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Abstract The source for triacylglycerol-rich lipoprotein 
cholesterol was investigated in CaCo-2 cells grown on filters 
separating an upper and a lower well. Oleic acid, a fatty acid 
that promotes triacylglycerol-rich lipoprotein synthesis and 
secretion in CaCo-2 cells, increased the vesicular-mediated 
influx of plasma membrane cholesterol to the endoplasmic 
reticulum. Unesterified and esterified cholesterol derived 
from the plasma membrane were increased in triacylglycerol- 
rich lipoproteins secreted by cells incubated with oleic acid. 
Fatty acids, which increased the number of lipoprotein parti- 
cles secreted (increased apoB secretion), increased plasma 
membrane cholesterol influx and secretion. Oleic acid caused 
a modest increase in the synthesis of cholesterol and a two- 
fold increase in cholesteryl esters. The amount of newly syn- 
thesized cholesterol secreted in lipoproteins of density < 
1.006 g/ml represented a small fraction of that present within 
the cell; however, oleic acid did increase the amount of both 
newly synthesized cholesterol and cholesteryl esters in triacyl- 
glycerol-rich lipoproteins. Oleic acid did not affect the frac- 
tion of newly synthesized cholesterol trafficking to the plasma 
membrane. Compared to cholesterol delivered to cells in 
micelles, plasma membrane cholesterol was the much pre- 
ferred substrate for acyl-CoAcholesterol acyltransferase. 
Micellar cholesterol displaced cholesterol from the plasma 
membrane causing more of it to influx intracellularly for 
esterification and secretion. I We propose that plasma 
membrane cholesterol is the major source for triacylglycerol- 
rich lipoprotein cholesterol in CaCq2 cells. Micellar choles- 
terol and newly synthesized cholesterol replenish the plasma 
membrane cholesterol that is being used for the transport of 
lipids.-Field, F. J., E. Born, and S. N. Mathur. Triacyl- 
glycerol-rich lipoprotein cholesterol is derived from the 
plasma membrane in CaCo-2 cells. J. Lipid Res. 1995. 36: 
265 1-2660. 
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The mechanisms involved in the assembly and secre- 
tion of triacylglycerol-rich lipoprotein particles by the 
intestine are poorly understood. These large particles, 
which essentially transport all dietary and biliary lipids 
into the blood, are composed of polar lipids and 
apolipoproteins on the surface of the particle and neu- 

tral lipids within the core (1). It is believed that the 
endoplasmic reticulum (ER) is the site at which lipids 
and apolipoproteins, particularly apolipoprotein B, are 
assembled together following the translocation of apoB 
into the lumen of the ER (2-4). In response to an influx 
of fatty acid and the need to transport triacylglycerols, 
the intestinal cell increases the secretion of apoB, sug- 
gesting that more lipoprotein particles are being se- 
creted to accommodate an increased flux of lipid (5-7). 
It is clear, therefore, that after the ingestion of fat and 
the promotion of lipoprotein production, the intestinal 
cell must also recruit or synthesize the necessary lipid 
components of the lipoprotein particle to ensure nor- 
mal assembly and transport. Cholesterol, both unesteri- 
lied and esterified, is an important component of the 
triacylglycerol-rich lipoprotein and is found on the sur- 
face and in the core of the particle, respectively. In the 
liver, it has been suggested that the synthesis of choles- 
terol and/or cholesteryl esters may be regulatory in the 
secretion of VLDL (8,9). It is not clear in the intestine, 
however, where lipoprotein cholesterol originates 
within the absorptive cell and whether cholesterol avail- 
ability affects lipoprotein synthesis and secretion. 

The present study was performed in the human intes- 
tinal cell line, CaCo-2, to investigate the cellular origins 
of triacylglycerol-rich lipoprotein cholesterol. The re- 
sults suggest that in cells incubated with micellar solu- 
tions of oleic acid and/or cholesterol, the amount of 
plasma membrane cholesterol that influxes to the en- 
doplasmic reticulum is increased. Cholesterol derived 
from the plasma membrane is then used for the assem- 
bly and secretion of triacylglycerol-rich lipoprotein par- 
ticles. The plasma membrane cholesterol pool is then, 
in turn, replenished by cholesterol derived from the 
lumen and from newly synthesized cholesterol. We can- 

Abbreviations: ER, endoplasmic reticulum; VLDL, very low density 
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lipoprotein; ACAT, acyl-CoAcholesterol acyltransferase. 
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Fig. 1. Effect of oleic acid on esterification of plasma membrane cholesterol and its secretion into the 
basolateral medium. CaC& cells were incubated with [3H]cholesterol for 90 min at 4°C to label plasma 
membrane cholesterol as described in Methods. After the labeling, cells were incubated for 5 h at 37°C with 1 
ml M199 containing 5 mM taurocholate or taurocholate and increasing concentrations of oleic acid. In one set 
of cells incubated with taurocholate and 0.5 mM oleic acid, verapamil 50 p~ was included in the incubation. 
Lipids were extracted from cells and the basolateral medium and separated by thin-layer chromatography as 
described in Methods. Bands corresponding to unesterified and esterified cholesterol were scraped from the 
plate and counted. The data represent the means * SE of four determinations for each treatment from one 
representative experiment of three sets of incubations; * P  < 0.05 vs. taurocholate. 

not rule out the possibility, however, that a small frac- 
tion of newly synthesized cholesterol is used directly for 
lipoprotein assembly without first going to the plasma 
membrane. 

MATERIALS AND METHODS 

[7-SH]cholesterol, [14C]cholesterol, [SHIwater, and 
[ 14C]acetate were purchased from New England Nuclear 
(Boston, MA). [SH]cholestenone was prepared by incu- 
bating [SH]cholesterol with cholesterol oxidase and 
recovering the labeled cholestenone by thin-layer 
chromatography. Cholesterol, cholestenone, sodium 
taurocholate, oleic acid, palmitic acid, linoleic acid, ei- 
cosapentaenoic acid, arachidonic acid, and verapamil 
were purchased from Sigma Chemical Co. (St. Louis, 
MO). ApoB and apoB monoclonal antibody (clone No. 
1607) (immunoglobulin G 26 fraction purified by col- 
umn chromatography) and apoB sheep immunopuri- 
tied polyclonal antibody conjugated to horseradish 
peroxidase were from Biodesign International (Ken- 
nebunkport, ME). TMB Microwell Peroxidase Sub- 
strate System was from Kirkegaard and Perry Labs Inc. 
(Gaithersburg, MD). Ninety-six well Nunc-Immuno 
plates were from VWR Scientific (Batavia, IL). All other 
reagents were reagent grade. 

Cell culture 

CaCo-2 cells were grown in T-75 flasks as described 
previously (10). They were subcultured on polycarbon- 
ate micropore membranes inserted in Transwells (Co- 
star, Cambridge, MA). Cells were used 14 days after 
plating and medium was changed every 2 days. 

Esterification of plasma membrane cholesterol 
Plasma membrane cholesterol was labeled by incubat- 

ing cells for 90 min at 4°C with 5 yCi [3H]cholesterol in 
0.4 ml of M199 (medium-lSg/Earle's, Gibco, Grand 
Island, NY) containing 1% delipidated fetal calf serum. 
Radiolabeled cholesterol was added to this medium in 
ethanol. The final concentration of ethanol in the me- 
dium was 1.2%. The solution containing the labeled 
cholesterol was added to the top well (apical side) only. 
To remove unincorporated labeled cholesterol, cells 
were washed twice with cold M199. They were then 
incubated at 37°C in 1 ml of M199 containing the 
different solutions to be tested. After the incubation, 
cells were washed with cold phosphate-buffered saline 
and the lipids were extracted twice directly from the cells 
on the filter by adding 1 ml hexanes-isopropanol-water 
3:2:0.1 (v/v). Unlabeled cholesterol and cholesteryl 
oleate were added as carriers. The lipids were separated 
by thin-layer chromatography, and cholesterol and 
cholesteryl esters were localized by authentic standards, 
scraped from the plate, and counted. 

2652 Journal of Lipid Research Volume 36,1995 
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Using the cholesterol oxidase method (described be- 
low) to ensure that plasma membrane cholesterol was 
being labeled and not intracellular organelles, we ob- 
served that after labeling CaCo-2 cells for 90 min at 4 ’ C, 
between 85 and 92% of labeled cholesterol was accessi- 
ble to cholesterol oxidase. Thus, the labeling technique 
used in this study appears to label predominately cho- 
lesterol of the plasma membrane. 

Oxidation of plasma membrane cholesterol 

The methodology used was described by Freeman for 
cultured cells (1 1). After the incubation as described for 
each experiment, the cells were placed on ice. The 
media were removed and the cells were washed twice 
with ice-cold phosphate-buffered saline. After washing 
two more times with 10 mM sodium phosphate buffer 
(pH 7.4), the cells were incubated for 10 min at 4’C with 
water. The water was removed and the cells were fixed 
by incubating them for 10 min at 4°C with 1% glutaral- 
dehyde. After removing the glutaraldehyde, the cells 
were washed twice at 37°C with 10 mM sodium phos- 
phate buffer (pH 7.4) containing 310 mM sucrose. They 
were then incubated in this buffer for 15 min at 37°C. 
Cholesterol oxidase, 100 IU/ml, was added and the cells 
were incubated for 45 min at 37°C. The cells were again 
washed twice with cold phosphate-buffered saline and 
the lipids were extracted with hexanes-iso- 
propanol-water 32:O.l (v/v). Unlabeled cholestenone 
and [SH]cholestenone were added as a carrier and inter- 
nal standard, respectively. The hexane phase was dried 
under a stream of nitrogen and the lipids were saponi- 
fied by heating at 80°C in an alkaline methanol solution. 

After reextracting the lipids in hexanes, cholesterol and 
cholestenone were separated by thin-layer chromatog- 
raphy using heptane-diethyl ether-acetic acid 85: 15: 1 
(v/v) as an elution solvent. Bands corresponding to 
cholesterol and cholestenone were scraped from the 
plate and counted. Recoveries for cholestenone were 
between 92-95%. 

ApoB mass measurement 

The estimation of apoB mass secreted into the baso- 
lateral medium was determined as previously described 
(7). 

Micelle solutions and cholesterol uptake and 
esterification 

Appropriate aliquots of stock solutions of taurocho- 
late in 95% ethanol, oleic acid in chloroform, and cho- 
lesterol in chloroform were taken and dried down under 
a stream of nitrogen. M199 was added and the solutions 
were stirred until clear. To address cholesterol uptake, 
cells were incubated in a micellar solution containing 5 
mM taurocholate, 250 pM oleic acid, and 10 PM [3H]cho- 
lesterol. At the times specified, cells were rinsed twice 
with cold phosphate-buffered saline; lipids were ex- 
tracted twice from the cells on the filter by adding 2 ml 
hexanes-isopropanol-water 3:2:0.1 (v/v). Carrier lipids 
were added and the solvent was dried under a stream of 
nitrogen. The lipids were separated by thin-layer chro- 
matography and the bands corresponding to cholesterol 
and cholesteryl esters were scraped from the plate and 
counted. 

TABLE 1. Effects of fatty acids on apoB secretion and the esterification and secretion of cholesterol 
derived from the plasma membrane 

Taurocholate 
Taurocholate 

+ Oleic 
+ Palmitic 
+ Linoleic 
+ Arachidonic 
+ Eicosapentaenoic 

Plasma Membrane Cellular Cholestely 

Cholesterol Esterified Esters Secreted 

percent 

3.0 k 0.1 3.5 f 0.8 

4.5 f 0.1” 
2.9 f 0.2 
4.2 f 0.3” 
2.9 i 0.1 
0.6 k 0.0” nd 

5.6 f 0.4a 
2.7 f 0.3 
4.0 f 0.3 
2.9 f 0.3 

ApoB Secreted 

ndwell 

125 ? 3 

177 f 8‘ 
128 f 8 
165 f 4a 
143 f 10 
35*4 

After the labeling of plasma membrane cholesterol as described in Methods, cells were incubated for 5 h 
at 37’C with 5 mM taurocholate or taurocholate containing 1 mM of oleic, palmitic, linoleic, arachidonic, or 
eicosapenraenoic acids. The percent of plasma membrane cholesterol esterified and the percent of cellular 
cholesteryl esters secreted were determined as described in Methods. In another set ofcells, apoB mass secretion 
into the basolateral medium was estimated after a 16-h incubation with taurocholate or taurocholate containing 
one of the fatty acids. For plasma membrane cholesterol esterification and secretion, the data represent the 
mean f SE of four individual transwells from one experiment of two, both showing similar results; nd, none 
detected. The data for apoB mass represents the mean i SE of 6-8 transwells for each treatment. 

“P < 0.05 vs. taurocholate. 
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Isolation of lipoproteins of density < 1.006 g/ml 

After the incubation of cells as described in the ex- 
periment, the basolateral media from two wells were 
combined. Two hundred fifty pl of human plasma 
heated to 60°C for 10 min was added and the samples 
were centrifuged at 105,000 g for 18 h at 4°C. Lipopro- 
teins that floated at the top were collected by slicing the 
tube. Lipids were extracted with chloroform-methanol 
2:l (v/v) from the density fraction < 1.006 g/ml as well 
as the bottom fraction. Cholesterol and cholesteryl es- 
ters were separated by thin-layer chromatography. 

a 

6 -  

4 -  

2 -  

0 

Estimation of cholesterol synthesis 

Cholesterol synthesis was estimated by the incorpora- 
tion of [I4C]acetate into cholesterol or [SH]water into 
nonsaponifiable sterols as we have described previously 
(12, 13). In these experiments, the final acetate concen- 
tration was 10 pM with a specific activity of 120 
dpm/pmol. 

- Medium 

RESULTS 

1 . 1 . 1 . 1 . 1 . .  

Effect of oleic acid on the esterification of plasma 
membrane cholesterol 

In previous studies performed in CaCo-2 cells, we 
have shown that oleic acid increases the secretion of 
triacylglycerol-rich lipoproteins by increasing triacyl- 
glycerol and apoB mass secretion (7, 14). To investigate 
whether the plasma membrane of the cell contributes 
cholesterol for the normal assembly of triacylglycerol- 
rich lipoprotein particles, cells were incubated at 4°C 
with [3H]cholesterol to label the plasma membrane 
cholesterol pool. They were then incubated at 37°C with 

6 

. Cells 

al 

B 

Q O  

0 2 4 e a t o  

Hours 

5 mM taurocholate or taurocholate and increasing con- 
centrations of oleic acid. Influx of plasma membrane 
cholesterol to the endoplasmic reticulum was estimated 
by measuring the percent of plasma membrane choles- 
terol that was esterified by the ER-bound enzyme, 
ACAT. As an estimate of triacylglycerol-rich lipoprotein 
cholesterol secretion, the amount of labeled cholesterol 
and cholesteryl esters secreted into the basolateral me- 
dium was determined. Figure 1 shows these results. In 
a concentration-dependent fashion, oleic acid increased 
the influx of plasma membrane cholesterol to the ER, 
plateauing at a concentration of 0.5 mM. Verapamil, an 
agent that we have shown to interfere with cholesterol 
influx without affecting ACAT activity (E), at concen- 
trations of 50 pM, prevented the influx of plasma mem- 
brane cholesterol after the addition of oleic acid. Thus, 
oleic acid caused more plasma membrane cholesterol to 
move intracellularly to the ER. Moreover, oleic acid also 
caused an increase in the secretion of plasma mem- 
brane-derived cholesteryl esters, suggesting that plasma 
membrane cholesterol was being used for lipoprotein 
assembly and secretion. In the presence of verapamil, 
however, the secretion of cholesteryl esters was pre- 
vented. In response to oleic acid, there was a tendency 
for more plasma membrane-derived unesterified choles- 
terol to be secreted, but this was not consistent from 
experiment to experiment. Moreover, verapamil had no 
apparent effect on the secretion of labeled unesterified 
cholesterol. The reason for this variability became clear 
when triacylglycerol-rich lipoproteins were first isolated 
from the basolateral medium by ultracentrifugation at 
d 1.006 g/ml (data not shown). Of the labeled 
cholesteryl esters secreted into the basolateral medium 
from control cells incubated with taurocholate alone, 
70% was found in the lipoprotein fraction that floated 

0 2 4 e a i o  

Hours 

Fig. 2. Effect of oleic acid on the esterification of plasma membrane cholesterol and its secretion into the 
basolateral medium. The experimental design is the same as described in Fig. 1, except that cells were incubated 
for up to 8 h with 5 mM taurocholate or taurocholate and 0.5 mM oleic acid. The data represent the mean f SE 
of three individual dishes at each time point. The error bars are smaller than the data symbols. 

2654 Journal of Lipid Research Volume 36, 1995 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


at d 1.006 g/ml. From cells incubated with oleic acid, a 
3-fold increase in the secretion of labeled cholesteryl 
esters was exclusively due to an increase in cholesteryl 
esters recovered in the 1.006 g/ml density fraction, 
representing 87% of the total secreted. Thus, cholesteryl 
esters recovered from the basolateral medium reflected 
the amount of cholesteryl esters secreted as part of a 
triacylglycerol-rich lipoprotein particle. In contrast, in 
control cells and cells incubated with oleic acid, most of 
the secreted labeled unesterified cholesterol was recov- 
ered in the density fraction greater than 1.006 g/ml. 
Only 24% of the secreted unesterified cholesterol was 
isolated at d 1.006 g/ml which did significantly increase 
to 36% in medium collected from cells incubated with 
oleic acid. The secretion of triacylglycerol-rich lipopro- 
tein unesterified cholesterol that was derived from the 
plasma membrane was increased 2-fold by oleic acid (P 
< 0.01). Thus, the initial results that were obtained 
without first isolating triacylglycerol-rich lipoproteins 
were obscured by a large background of labeled 
unesterified cholesterol found in the basolateral me- 
dium that was not associated with triacylglycerol-rich 
lipoproteins. 

The effect of oleic acid on the influx and esterification 
of plasma membrane cholesterol was evident by 30 min 
and continued to increase over 6 h of incubation (Fig. 
2). The secretion of labeled cholesteryl esters by cells 
incubated with oleic acid was not measurable for the 
first hour of incubation; thereafter, however, labeled 
cholesteryl esters increased linearly in the basolateral 
medium. In control cells that were not driven to pro- 
duce lipoproteins, basolateral secretion of plasma mem- 
branederived cholesteryl esters was not appreciated 
until 4 h into the incubation and the percent of cellular 

0 1 2 3 4 5 6 7  

Hours 

cholesteryl esters secreted was significantly less than that 
observed in cells incubated with oleic acid. 

It is believed that plasma membrane cholesterol is 
transported into the cell within vesicles derived from the 
plasma membrane (16). To investigate whether oleic 
acid increased the trafficking of plasma membrane cho- 
lesterol via vesicles, cells labeled with cholesterol at 4°C 
were further incubated at 4, 15, 22, and 37°C in the 
presence or absence of oleic acid. Oleic acid did not 
increase the influx of plasma membrane cholesterol at 
4'C or 15"C, but did so at 22" and at 37"C, suggesting 
that the fatty acid was causing more plasma membrane 
cholesterol to influx to the endoplasmic reticulum 
within vesicles (data not shown). These data, taken 
together with the effects of verapamil, which prevented 
the increased influx of plasma membrane cholesterol by 
oleic acid, suggest that normal vesicular trafficking is 
necessary for oleic acid to promote cholesterol influx 
from the plasma membrane to the endoplasmic reticu- 
lum. 

Effect of fatty acids on the esterification of plasma 
membrane cholesterol 

Not all fatty acids promote triacylglycerol-rich lipo- 
protein production equally (14). For example, com- 
pared to oleic acid, eicosapentaenoic acid is a weak 
inducer of lipoprotein secretion in CaCo-2 cells (7, 17). 
To address a possible relationship between lipoprotein 
secretion and the influx of plasma membrane choles- 
terol, cells labeled with [SH]cholesterol at 4"C, were 
incubated at 37°C with taurocholate or taurocholate 
and oleic, palmitic, linoleic, arachidonic, or eicosapen- 
taenoic acids. The influx of plasma membrane choles- 

Medium 

0 1 2 3 4 5 8 7  

HWrs 
Fig. 3. Effect of oleic acid on the esterification of micellar or plasma membrane cholesterol and their secretion 
into the basolateral medium. Plasma membrane cholesterol was labeled at 4°C with [SH]cholesterol as described 
in Methods. The cells were then incubated for 6 h at 37°C with 5 mM taurocholate, 250 p~ oleic acid, and 10 
VM [14C]cholesterol. At the times indicated in the figure, lipids were extracted from the cells and the whole 
basolateral medium and separated by thin-layer chromatography. Bands corresponding to unesterified and 
esterified cholesterol were scraped from the plate and counted. The data represent the mean f SE of three 
dishes at each time point from a representative experiment of two sets of incubations. 
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Fig. 4. Effect of oleic acid and cholesterol on the esterification of 
plasma membrane cholesterol and its secretion into the basolateral 
medium. Plasma membrane cholesterol was labeled as described in 
Fig. 1. Cells were then incubated for 6 h at 37°C with 5 mM taurocho- 
late (TC), taurocholate and 0.5 mM oleic acid, or taurocholate, oleic 
acid and increasing concentrations of cholesterol. After the incuba- 
tion, lipids were extracted from the cells and basolateral medium and 
separated by thin-layer chromatography. Bands corresponding to 
unesterified and esterified cholesterol were scraped from the plate 
and counted. The data represent the mean +_ SE of 4 individual dishes 
for each treatment. A The number in parentheses is the percent of 
cellular labeled cholesteryl esters secreted; *P < 0.01 vs. taurocholate; 
**P < 0.01 vs. taurocholate and oleic acid. 

terol to the endoplasmic reticulum and the secretion of 
labeled cholesteryl esters into the basolateral medium 
were estimated and compared to the effects of these 
fatty acids on the secretion of apoB mass. The results 
are shown in Table 1. Oleic and linoleic acids were the 
only fatty acids that increased the influx of plasma 
membrane cholesterol and caused an increase in the 
secretion of apoB mass. Although there was a tendency 
for more plasma membrane-derived cholesteryl esters 
to be secreted by cells incubated with linoleic acid, only 
oleic acid significantly increased the secretion of labeled 
cellular cholesteryl esters. The n-3 fatty acid, eicosapen- 
taenoic acid, actually caused an inhibition of plasma 
membrane cholesterol esterification suggesting that it 
interfered with cholesterol influx. Because of the small 
amount of labeled cellular cholesteryl esters synthesized 
from the plasma membrane in cells incubated with 
eicosapentaenoic acid, no labeled cholesteryl esters 
were detected in the basolateral medium. It should be 
noted, however, that despite interference with choles- 
terol influx and a decrease in the synthesis of cholesteryl 
esters derived from the plasma membrane, apoB mass 
secretion was maintained. 

Esterification of plasma membrane versus micellar 
cholesterol 

In fibroblasts, macrophages, and hepatocytes, choles- 
terol derived from the plasma membrane is believed to 
be the predominate substrate for ACAT (16, 18, 19). In 
intestinal cells, it has been suggested that cholesterol 
taken up from micelles is the preferred substrate for 
ACAT (20). To investigate the esterification of micellar 
versus plasma membrane cholesterol in CaCo-2 cells, 
plasma membrane cholesterol was labeled with tritium 
at 4°C. The cells were then incubated at 37°C with a 
micellar solution containing 5 mM taurocholate, 250 pM 
oleic acid, and 10 p~ [~4C]cholesterol. The rate of 
esterification of plasma membrane-derived cholesterol 
([3H]cholesteryl esters) versus that derived from the 
uptake of micellar cholesterol ([ 14C]cholesteryl esters) 
was estimated and compared during a 6-h incubation 
(Fig. 3). At each of the time points, the percent esterifi- 
cation of plasma membrane-derived cholesterol was 
significantly greater than the percent esterification of 
cholesterol taken up from a micellar solution. At 3 and 
6 h, similar amounts of 3H- and I4C-labeled unesterified 
cholesterol were associated with the cell and yet, the 
esterification of plasma membrane cholesterol was 
much preferred over micellar cholesterol. Only labeled 
cholesteryl esters derived from the plasma membrane 
were recovered in the basolateral medium. 

Effect of micellar cholesterol on the influx of plasma 
membrane cholesterol 

To address why so little micellar cholesterol was being 
esterified, the effect of micellar cholesterol on the influx 
of plasma membrane cholesterol was investigated. After 
the labeling of plasma membrane cholesterol at 4 ° C  the 
cells were incubated for 5 h at 37°C with 5 mM tauro- 
cholate, taurocholate plus 500 pM oleic acid, or tauro- 
cholate and oleic acid plus increasing concentrations of 
cholesterol. The percent of plasma membrane choles- 
terol esterified was estimated as well as the basolateral 
secretion of plasma membrane-derived cholesteryl es- 
ters (Fig. 4). As demonstrated previously, oleic acid 
increased the influx of plasma membrane cholesterol 
and increased the secretion of labeled cholesteryl esters. 
Moreover, when cholesterol was added to the micelle, 
significantly more labeled cholesterol from the plasma 
membrane moved to the endoplasmic reticulum and 
was esterified. Likewise, the secretion of total cholesteryl 
esters derived from the plasma membrane increased as 
well. In contrast to oleic acid, however, which promotes 
triacylglycerol-rich lipoprotein secretion and increases 
the secretion of both total cholesteryl esters and the 
percent secretion of cellular cholesteryl esters (Fig. l) ,  
the percent secretion of intracellular cholesteryl esters 
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was not significantly altered by micellar cholesterol (ap- 
proximately 4%). This supports a previous observation 
in CaCo-2 cells that demonstrated a lack of effect of 
micellar cholesterol on triacylglycerol-rich lipoprotein 
secretion (21). 

Effect of oleic acid on the secretion of newly 
synthesized cholesterol 

To investigate whether newly synthesized cholesterol 
was used for triacylglycerol-rich lipoprotein secretion, 
cells were incubated with increasing concentrations of 
oleic acid and [Wlacetate. After 6 h, the incorporation 
of label into cellular unesterified and esterified choles- 
terol was determined. The secretion of newly synthe- 
sized cholesteryl esters was estimated as the percent of 
intracellular labeled cholesteryl esters secreted. The re- 
sults are shown in Fig. 5. Oleic acid significantly in- 
creased the synthesis of cholesterol, an observation that 
was confirmed using [3H]water as substrate (data not 
shown). In a concentration-dependent manner, the 
amount of label found in cellular cholesteryl esters was 
increased also by oleic acid. After the saponification of 
cholesteryl esters, 85% of the label was incorporated 
into cholesterol with the remaining 15% incorporated 
into the fatty acid (data not shown). The basolateral 
secretion of labeled cholesteryl esters was not signifi- 

cantly altered by oleic acid, which resulted in an ob- 
served decrease in the percent of cellular cholesteryl 
esters secreted in response to the fatty acid. To address 
whether oleic acid increased the secretion of newly 
synthesized unesterified and esterified cholesterol in 
triacylglycerol-rich lipoproteins, the basolateral media 
were collected and lipoproteins were isolated after ul- 
tracentrifugation at d 1.006 g/ml. Similar to what was 
observed with the plasma membrane-derived choles- 
terol, oleic acid did increase the secretion of both newly 
synthesized cholesterol (5.3 pmol/6 h vs. 2.7, P < 0.05) 
and cholesteryl esters (2.6 pmol/6 h vs. 1.0, P < 0.05) in 
triacylglycerol-rich lipoproteins (data not shown). 

Effect of oleic acid on the transport of newly 
synthesized cholesterol to the plasma membrane 

As oleic acid increased the rate of cholesterol synthe- 
sis and increased the amount of plasma membrane 
cholesterol influxing to the endoplasmic reticulum, the 
question was asked whether more of the newly synthe- 
sized cholesterol would be transported to the plasma 
membrane to replenish cholesterol leaving, or instead 
be translocated into the lumen of the endoplasmic 
reticulum to be used for the assembly of the lipoprotein 
particle. To address this, cells were incubated with tauro- 
cholate or taurocholate and oleic acid together with 

Total Chokterol Choktetyl Esters 

800 150 

c r 

f 100 

50 
f 400 

0 0 
0.00 0.10 0.25 0.50 0.00 0.10 0.25 0.50 

mM oleic Acid 

0.00 0.10 0.25 0.50 

m M O k ( c A d d  

Fig. 5. Effect of oleic acid on the incorporation of [I4C]acetate into cholesterol within cells and that secreted 
into the basolateral medium. Cells were incubated for 6 h with [I*C]acetate and 5 mM taurocholate or taurocholate 
and increasing concentrations of oleic acid. At the end of the incubation, lipids were extracted from the cells and 
the basolateral medium and separated by thin-layer chromatography. Bands corresponding to unesterified and 
esterified cholesterol were scraped from the plate and counted. The data represent the mean f SE of four dishes 
from a representative experiment of four; *P < 0.05 vs. taurocholate; **P < 0.01 vs. taurocholate. 

Field Bo% and Mathur Triacylglycerol-rich lipoprotein secretion 2657 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


[14C]acetate. At intervals over a 6-h incubation, cells 
were fured with glutaraldehyde and exposed to choles- 
terol oxidase to convert plasma membrane cholesterol 
to cholestenone. The percent of newly synthesized cho- 
lesterol found in the plasma membrane is estimated by 
measuring the amount of newly synthesized cholesterol 
converted to cholestenone (Fig. 6). As shown previously, 
oleic acid increased the rate of cholesterol synthesis (left 
panel). The amount of newly synthesized cholesterol 
found in the plasma membrane also increased in cells 
incubated with oleic acid compared to controls (right 
panel). As can be appreciated from the similarity of the 
slopes of the two lines in both panels, however, the 
percent of total cholesterol found in the plasma mem- 
brane was not altered by oleic acid. Thus, driving triacyl- 
glycerol-rich lipoprotein synthesis and secretion by oleic 
acid increases the influx of plasma membrane choles- 
terol to the endoplasmic reticulum but does not appre- 
ciably alter the fraction of newly synthesized cholesterol 
trafficking from its site of synthesis to the plasma mem- 
brane. 

DISCUSSION 

The results of this study clearly indicate that in CaCo-2 
cells, the plasma membrane is an important intracellular 
source for esterified and unesterified cholesterol for the 
assembly of triacylglycerol-rich lipoproteins. Oleic acid, 
a recognized potent inducer of triacylglycerol-rich lipo- 
protein secretion, caused a significant increase in the 
movement of plasma membrane cholesterol to the ER. 
Results from a recent study, also performed in CaCo-2 
cells, demonstrated that several recognized inhibitors of 
pglycoprotein or temperatures of 15°C or below pre- 

Total Cholesterol r (surfam as Cholestenone 

vented the normal influx of plasma membrane choles- 
terol to the ER (15). In agreement with previous obser- 
vations made in several different cell types, the present 
results suggest that trafficking of cholesterol from the 
plasma membrane to the ER is mediated by vesicles 
derived from the plasma membrane (16, 18, 22, 23). 
Oleic acid increased the vesicular-mediated transport of 
plasma membrane cholesterol to the ER, as demon- 
strated by the fact that verapamil, a pglycoprotein in- 
hibitor, or maintaining cells at a temperature that does 
not permit vesicular trafficking prevented oleic acid 
from increasing cholesterol influx. Thus, in CaCo-2 
cells, the absorption of oleic acid leads to an increase in 
the amount of vesicular-mediated trafficking of choles- 
terol from the plasma membrane to the ER. 

An explanation for why this should occur became 
clear when it was observed that both unesterified and 
esterified cholesterol derived from the plasma mem- 
brane were increased in triacylglycerol-rich lipoproteins 
isolated from cells incubated with oleic acid. In times of 
increased requirements for cholesterol in assembling 
the lipoprotein particle, the intestinal cell uses plasma 
membrane cholesterol to meet these immediate needs. 
In support of this, a correlation was observed between 
the ability of a particular fatty acid to drive lipoprotein 
secretion and its ability to cause an influx of plasma 
membrane cholesterol to the ER. Fatty acids that did not 
promote apoB secretion and, therefore, did not in- 
crease the number of lipoprotein particles secreted, did 
not alter trafficking of cholesterol from the plasma 
membrane to the ER. These results, taken together, 
suggest that the plasma membrane serves as a reservoir 
for cholesterol used for the normal assembly and secre- 
tion of triacylglycerol-rich lipoproteins. 

TC+Obic add 

TC 

0 1 2 3 4 5 6 7  

Hours 
Fig. 6. Effect of oleic acid on cholesterol synthesis and its transport to the plasma membrane. CeUs were incubated for 6 h with ['%]acetate 
and 5 mM taurocholate or taurocholate and 0.5 mM oleic acid. At the times indicated, cells were f%ed with glutaral&hyde and incubated with 
cholesterol oxidase as described in Methods. Cholesterol and cholestenone were then separated by thin-layer chromatography, scraped from 
the plate, and counted. The data represent the mean of two dishes at each time point from one experiment of four all showing similar results. 
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In earlier reports using CaCo-2 cells to investigate 
cholesterol absorption, we observed that only a small 
fraction of cholesterol that was taken up from a micellar 
solution was esterified, despite significant amounts of 
cholesterol being absorbed (10). The present data pro- 
vide some insight as to why this occurred. It is clear from 
the results that micellar cholesterol displaces cholesterol 
within the plasma membrane causing more of the sterol 
to influx to the ER. It is also apparent that under the 
present experimental conditions micellar cholesterol 
did not equilibrate with or enrich the cholesterol pool 
of the plasma membrane. If this were to occur, dilution 
of the labeled plasma membrane pool with the unla- 
beled micellar cholesterol would have caused a decrease 
in the amount of labeled cholesteryl esters being synthe- 
sized (Fig. 4). Not only did this not occur, but more 
cholesteryl esters were produced from the labeled 
plasma membrane cholesterol pool. These results sug- 
gest that the cholesteryl esters synthesized within an 
intestinal cell in response to an increased flux of fatty 
acids or cholesterol do not come directly from choles- 
terol within the lumen, but rather, from the influx of 
plasma membrane cholesterol into the cell. These data 
are consistent with the observations of others suggesting 
that cholesterol of the plasma membrane serves as the 
predominate substrate for ACAT (16, 18, 19, 22). 

Incubating CaCo-2 cells with oleic acid modestly but 
significantly increased the synthesis of cholesterol. In 
hepatocytes, some investigators have observed an in- 
crease in cholesterol synthesis with increased lipopro- 
tein production (24). It has been argued that during 
lipoprotein synthesis, the demand for more unesterified 
cholesterol to package the lipoprotein particle is met by 
increased synthesis of cholesterol. In support of this 
argument, a few studies have shown that hepatic triacyl- 
glycerol-rich lipoprotein secretion can be disrupted by 
inhibiting the activity of HMGCoA reductase, suggest- 
ing that newly synthesized cholesterol is required for the 
normal assembly and secretion of lipoproteins (8, 25). 
There exist other data, however, that do not support 
that argument (26-29). It remains unclear whether, 
within an intestinal cell, newly synthesized cholesterol 
contributes directly to lipoprotein assembly. Oleic acid 
did increase cholesterol synthesis and, compared to 
control cells, more newly synthesized cholesterol and 
cholesteryl esters were recovered in secreted lipoprote- 
ins of d < 1.006 g/ml. This implied that a fraction of 
newly synthesized cholesterol was being used for triacyl- 
glycerol-rich lipoprotein assembly. We initially specu- 
lated that this newly synthesized cholesterol was first 
transported to the plasma membrane prior to its incor- 
poration into the lipoprotein particle. In data not 
shown, however, verapamil, which decreased the trans- 

port of plasma membrane cholesterol to the endoplas- 
mic reticulum by some 70% (Fig. l), had little effect on 
the esterification of newly synthesized cholesterol over 
a 6-h incubation (1 11 f 3 pmol/well versus 97 f 3, P 
0.05). Thus, transport of newly synthesized cholesterol 
to the plasma membrane was not first required for its 
esterification. Although we speculate that oleic acid 
increases cholesterol synthesis because of the cell's need 
to replace plasma membrane cholesterol that is moving 
inward and being secreted as a component of a lipopro- 
tein particle, the data do suggest that a s m a l l  fraction of 
newly synthesized cholesterol is shunted directly from 
its site of synthesis to A U T  and into the lumen of the 
endoplasmic reticulum. To this point, however, under 
similar experimental conditions that were used to show 
a significant fractional increase in the secretion of 
plasma membrane-derived cholesteryl esters (Fig. l), we 
could not demonstrate an increase in the secretion of 
newly synthesized cholesteryl esters in response to oleic 
acid (Fig. 5). In fact, the fractional secretion of intracel- 
lular labeled cholesteryl esters actually decreased. This 
can best be explained by an expansion of the cholesteryl 
ester pool by unlabeled cholesteryl esters derived from 
the influx of plasma membrane cholesterol causing an 
apparent decrease in the secretion of newly labeled 
cholesteryl esters. Moreover, if newly synthesized cho- 
lesterol was a major source of lipoprotein cholesterol, 
one might speculate that during lipoprotein produc- 
tion, the intestinal cell would redirect the normal traf- 
ficking of newly synthesized cholesterol away from the 
plasma membrane and into the lumen of the endoplas- 
mic reticulum to maintain a sufficient supply of choles- 
terol for assembly and secretion of the particle. This did 
not occur. During triacylglycerol-rich lipoprotein assem- 
bly and secretion, and with this an increased demand 
for unesterified cholesterol, the cell continued to deliver 
a similar fraction of newly synthesized cholesterol to the 
plasma membrane. 

We would conclude from these studies that in CaCo-2 
cells, the plasma membrane is the predominant source 
for triacylglycerol-rich lipoprotein cholesterol. This 
makes good sense for a cell whose needs for cholesterol 
are immediate to assemble and transport exogenous 
lipids following the ingestion of a fatty meal. By regulat- 
ing the normal trafficking of the sterol within transport 
vesicles derived from the plasma membrane, the cell can 
manipulate how much plasma membrane cholesterol 
influxes to the endoplasmic reticulum for secretion. 
Although driving lipoprotein production by oleic acid 
does modestly increase cholesterol synthesis and a small 
fraction of this newly synthesized cholesterol is found in 
secreted triacylglycerol-rich lipoproteins, we speculate 
that it is the loss of plasma membrane cholesterol that 

Field, Bong and Muthur Triacylglycerol-rich lipoprotein secretion 2659 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


stimulates cholesterol synthesis as the  cell attempts to 
rep1ace that cholesterol moving to the 
reticulum to be secreted as part  of a lipoprotein particle. 
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