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Abstract The regulation of apoB synthesis and secretion by
lipids present within bile was investigated in CaCo-2 cells grown
on semipermeable filters. Bile acids decreased the basolateral
secretion of immunoreactive apoB. Taurocholic acid decreased
the secretion of newly synthesized apoB by increasing the rate
of apoB degradation, but had no effect on the synthesis and
secretion of apoA-I or trichloroacetic acid-precipitable proteins.
The calcium ionophore, A23187, decreased apoB secretion simi-
lar to that observed for taurocholate. The addition of the iono-
phore and taurocholate together did not cause a further decrease
in apoB secretion. Cholesterol or its hydroxylated derivative,
25-hydroxycholesterol, did not alter secretion of immunoreactive
or newly synthesized apoB. Phosphatidylcholine increased apoB
synthesis and secretion without affecting the synthesis or secre-
tion of apoA-I. Phosphatidylcholine also reversed the effect of
A23187 on apoB secretion. When phosphatidylcholine was ad-
ded to the basolateral medium, apoB secretion was not altered.
ApoB secretion was not increased by phospholipids of other
classes. Dioleoylphosphatidylcholine increased apoB secretion,
whereas dipalmitoylphosphatidylcholine did not. Fatty acid-
labeled phosphatidylcholine was not hydrolyzed in the apical
medium. Only 2% of the added phosphatidylcholine was cell-
associated, and of this, 80% of the label remained as phos-
phatidylcholine with most of the remainder in triacylglycerols,
fatty acids, and phosphatidylethanolamine. B The results sug-
gest that bile acids decrease apoB secretion by increasing its rate
of degradation. This effect may be related to their ionophoric
property. Cholesterol flux does not regulate apoB secretion.
Phosphatidylcholine, independent of triacylglycerol flux and in-
dependent of its hydrolysis, increases the secretion of apoB by
increasing apoB synthesis. Luminal phosphatidylcholine may
play a role in apoB secretion in the intestine.— Field, F. J., E.
Born, H. Chen, S. Murthy, and 8. N. Mathur. Regulation of
apolipoprotein B secretion by biliary lipids in CaCo-2 cells. J.
Lipid Res. 1994. 35: 749-762.
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Dietary lipids are transported by the intestine in large
triacylglycerol-rich lipoproteins. An integral structural
component of these lipoproteins is apolipoprotein (apo)B
which is essential for the normal assembly, secretion, and
catabolism of lipoproteins derived from the intestine.
Through a novel post-transcriptional editing mechanism
occurring in apoB mRNA of intestine, apoB is secreted as

apoB-48, the amino-terminal half of apoB-100, an
apolipoprotein synthesized and secreted exclusively by the
liver (1, 2). Although the regulation of hepatic apoB syn-
thesis and secretion has been extensively studied (3-8),
there is a paucity of information on the regulation of apoB
secretion by the intestine.

Studies designed to explore what factors might regulate
the secretion of intestinal apoB could lead to further un-
derstanding of mechanisms involved in the absorption of
luminal cholesterol and fat from the gut. Conflicting
results were obtained from two earlier studies that inves-
tigated the effects of triacylglycerol flux on intestinal apoB
secretion. In contrast to the results of Windmueller and
Wu (9) who observed a direct relationship between apoB
secretion and triacylglycerol flux, Davidson, Kollmer, and
Glickman (10) found that the synthesis of intestinal
apoB-48 was unrelated to the quantity and quality of tria-
cylglycerol transported. However, in a chronic bile-
diverted rat model, it was discovered that the reinfusion
of either taurocholate or taurocholate and lysophosphatidyl-
choline into the duodenums of these animals caused a
reexpression of apoB-48 synthesis (11). More recently, tak-
ing advantage of cell culture to investigate the regulation
of apoB metabolism, different fatty acids were shown to
regulate apoB secretion by CaCo-2 cells (12-15).

Because so little is known about the regulation of apoB
synthesis and secretion by the intestine, the present inves-
tigation was performed in the human intestinal cell line,
CaCo-2, to study the effects of biliary lipids on apoB
secretion. Using cell culture, each lipid can be tested in-
dividually and its effect on apoB secretion can be deter-
mined without interference from the effects of other
lipids. The results demonstrate that taurocholic acid and
other bile acids decrease the secretion of newly synthe-
sized and immunoreactive apoB. The influx of cholesterol

Abbreviations: apo, apolipoprotein; TCA, trichloroacetic acid; CMC,
critical micellar concentration.
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does not alter apoB secretion. In contrast, incubation of
cells  with and  phosphatidylcholine
significantly increases the synthesis and secretion of apoB.
The results suggest that luminal phosphatidylcholine is
important for the secretion of apoB by CaCo-2 cells.

taurocholate

METHODS AND MATERIALS

Trans-[35S]methionine (1,100 Ci/mmol) was purchased
from ICN Radiochemicals (Irvine, CA). Phosphatidyl-
choline, L-dioleoyl(di-[1-!*C]oleoyl) (114 mCi/mmol) was
from New England Nuclear (Boston, MA). Egg phosphati-
dylcholine, dioleoylphosphatidylcholine, dipalmitoylphos-
phatidylcholine, phosphatidylserine, phosphatidylethanola-
mine, sphingomyelin, cholesterol, lysophosphatidylcholine,
taurocholate, taurochenodeoxycholate, taurodeoxycholate,
tauroursodeoxycholate, choline chloride, and fatty acid-
poor bovine serum albumin were purchased from Sigma
Chemical Co. (St. Louis, MO). 25-Hydroxycholesterol
was from Steraloids, (Wilton, NH). ApoB and apoB
monoclonal antibody (clone No. 1607) (immunoglobulin
G 26 fraction purified by column chromatography), and
apoB sheep immunopurified polyclonal antibody con-
Jjugated to horseradish peroxidase were purchased from
Biodesign International (Kennebunkport, ME). Rabbit
polyclonal antibody (IgG fraction) specific for human
apoB was from Calbiochem (San Diego, CA). Rabbit sera
containing antibody to human apoA-I were graciously
provided by Dr. Dennis Black, Department of Pediatrics,
University of Chicago, Chicago, IL. Protein A bound to
Sepharose was from Repli Gen (Cambridge, MA). TMB
Microwell Peroxidase Substrate System was purchased
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

GaCo-2 cells were grown in T-75 flasks as described
previously (16). They were subcultured on polycarbonate
micropore membranes (0.4 pm pore size) inserted in
Transwells (Costar, Cambridge, MA). Unless otherwise
stated, inserts of 6.5 mm diameter were used and cells
were initially plated at a density of 0.2 x 10° cells per
filter. Medium was changed every 2 days and the cells
were used 14 days after plating.

Bile acid solutions

Bile acids were dissolved in a stock solution of 95%
ethanol. Stock solutions of cholesterol, 25-hydroxycholesterol,
fatty acids, and phospholipids were kept in chloroform
under nitrogen. On the day of the experiment, appropri-
ate amounts of the stock solutions were added together
and dried under a stream of nitrogen.., M199

750 Journal of Lipid Research Volume 35, 1994

(medium-199/Earle’s Gibco, Grand Island, NY) contain-
ing 10 mM HEPES, pH 7.4, was added to make the cor-
rect concentrations of the lipids and vortexed until clear.
The bile acid solutions were added to the apical medium
unless otherwise specified. Multilamellar liposomes of
phosphatidylcholine were prepared by drying appropriate
amounts of phosphatidylcholine under a stream of nitro-
gen. M199 at 37°C was added and the mixture was
vigorously vertexed.

Hydrolysis and/or uptake of
[**C]dioleoylphosphatidylcholine

Cells grown on semipermeable filters of 24.5 mm di-
ameter were incubated for 18 h with 1 mM taurocholate
and 500 pM phosphatidylcholine containing 0.2 uCi of
dioleoylphosphatidylcholine/dish. In a total volume of 1.5
ml, the apical medium contained 750 nmol of phos-
phatidylcholine or 1500 nmol of fatty acid. To estimate the
amount of nonspecific adsorption of the labeled phos-
pholipid, some cells were pretreated for 1 h with a solu-
tion containing 37% formalin and M199 (1:1, vol/vol).
These cells were washed twice with M199 to remove the
formalin solution prior to adding the taurocholate and la-
beled phosphatidylcholine. After the overnight incuba-
tion, apical and basolateral media were collected and the
cells were washed twice with 1 ml of 1 mM taurocholate.
The washings were then combined with the apical
medium. The cells were dissolved in 0.2 N NaOH and
neutralized with 6 N HCI1. The lipids from the media and
cells were extracted in chloroform-methanol-water (final
ratio of 1:1:0.9, vol/vol, pH < 3.0). Neutral lipids were
separated by thin-layer chromatography using the solvent
system of hexanes-diethylether-acetic acid 80:20:1
(vol/vol). Phospholipid separation was performed using
the solvent system of chloroform-methanol-acetic
acid-water-acetone 40:25:2:2:4 (vol/vol). Bands were

TABLE 1. Effect of bile acids on the secretion of apoB mass

Bile Acid ApoB Mass
ng/well
Control 256 + 11
Taurocholate
0.5 mmMm 252 + 8
1.0 mM 167 + 6
5.0 mm 162 + 10°
Taurochenodeoxycholate (1 mM) 159 + 28°
Taurodeoxycholate (1 mm) 120 + 16°
Tauroursodeoxycholate (1 mm) 194 + 8°

Cells grown on semipermeable filters were incubated for 18 h with the
respective bile acid added to the apical medium. The amount of apoB
mass secreted into the basolateral medium was estimated by ELISA. The
data represent the mean + SE of at least three individual transwells as-
sayed in triplicate.

“P < 0.05 vs. control.

*P < 0.01 vs. control.
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localized by authentic standards and scraped from the
plate and counted.

ApoB and apoA-I measurements

The estimation of apolipoprotein mass by ELISA, esti-
mation of apolipoprotein synthesis and degradation by
pulse-chase, and immunoprecipitation of apolipoproteins
were performed exactly as previously described (15).

Cell viability and chemical analysis

The viability of cells was determined by measuring the
release of cellular LDH as described (15) and by the
release of formazan from tetrazolium salt (MTT assay)
(17). No significant differences were observed among the
treatments compared to controls. Protein was estimated
by the method of Lowry et al. (18).

CELLS MEDIUM

RESULTS

Bile acids

Because of the amphiphilic nature of bile acids and
their recognized propensity to damage cells (19),
taurocholic acid, the major bile acid of humans, was
chosen to address the effects of bile acids on apoB secre-
tion in this study. Except for tauroursodeoxycholic acid,
taurocholic acid is the least toxic of the bile acids towards
CaCo-2 cells (20). Cells were incubated for 18 h with 0.5,
1.0, or 5.0 mM taurocholate and the amount of apoB
mass secreted into the basolateral medium was estimated
(Table 1). The secretion of apoB mass was significantly
decreased by 1 and 5 mM taurocholic acid. The inhibi-
tory effect of 1 mM taurocholate on apoB mass secretion
was very consistent but the degree of inhibition among

Fig. 1. Effect of taurocholate on the synthesis and
secretion of apoB. Cells grown on semipermeable
filters were incubated fgr 18 h with M199 (C) or M199

C C TCTC C C TCTC containing 1 mM taurocholate (TC) on the apical
side. The basolateral medium contained M199 alone.
- After the incubation, the cells were pulsed for 2 h with
B 100 ! el . .
WD S -1 B 48 100 pCi of [33S]methionine and the incorporation of
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label into apoB, apoA-I, and TCA-precipitable protein
from cells and basolateral media was estimated after
immunoprecipitation and polyacrylamide gel elec-
trophoresis as described in Methods. a) This figure is
a representative autoradiogram from one experiment.
b) The data represent the mean + SE of 22 transwells
from four individual experiments; diagonal line, con-
trol; cross hatched, taurocholate; *P < 0.05 wvs.
control.
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many experiments varied from 20 to 50% (n > 50
dishes). The effect of taurocholate on apoB secretion was
reversible. After an overnight incubation with 1 mM
taurocholate, cells were allowed to recover by incubating
them for 8 h in medium containing 20% fetal calf serum
without the bile acid. The amount of apoB secreted after
a second 18-h incubation with 1 mM oleic acid attached

CELLS

CONTROL 0O 10 20 30 60 90 120 150

to albumin was similar to the amount secreted by control
cells not initially exposed to taurocholate but treated in a
similar manner (448 ng vs. 465 ng, respectively). At 1
mM concentrations, taurochenodeoxycholic, taurodeoxy-
cholic, and tauroursodeoxycholic acids also decreased
apoB mass secretion by 37%, 53 %, and 25%, respectively.

The effect of taurocholate on the synthesis and secre-
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Fig. 2. Effect of taurocholate on the rate of apoB degradation. After
an 18-h incubation with M199 or M199 containing 1 mM taurocholate
as described in Fig. 1, cells were pulsed for 30 min with 150 uGCi of
[33S]methionine and chased for up to 2.5 h with excess unlabeled methio-
nine. The amount of label secreted into the basolateral medium as apoB
and A-I and the loss of label from these two apolipoproteins within cells
were estimated following immunoprecipitation and polyacrylamide gel
electrophoresis. a) This figure is a representative autoradiogram from
three separate experiments having similar results. b) Percent of radi-
olabel remaining in apoB-100 and apoB-48. The data points represent
the mean + SE from three separate experiments; O, control; O,
taurocholate.
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tion of newly synthesized apoB was then addressed. Cells
were incubated overnight with 1 mM taurocholate. The
following day, the incorporation of [3*S]methionine into
apoB within cells and that secreted into the basolateral
medium was estimated. The incorporation of label into
total TCA-precipitable protein and apoA-I was used as a
control to study the specificity of the effect of the bile acid
on apoB. Fig. 1a shows a representative autoradiogram
after immunoprecipitation and separation of proteins by
polyacrylamide gel electrophoresis after a 2-h pulse with
[3*S]methionine. Fig. 1b shows the amount of radioac-
tivity in the protein bands from four separate experi-
ments. The incubation of cells with taurocholate caused
a modest but significant decrease in the synthesis of
apoB-100 and B-48. It had no effect on the incorporation
of label into cellular apoA-I or TCA-precipitable proteins.
Taurocholate did, however, cause a significant decrease in
the secretion of newly synthesized apoB without altering
the secretion of labeled apoA-I or total proteins.
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To investigate the effect of the bile acid on apoB degra-
dation, cells incubated for 18 h with taurocholic acid were
pulsed for 30 min with [3*S]methionine and then chased
for up to 3 h with excess unlabeled methionine. The loss
of label in cellular apoB and the appearance of apoB in
the basolateral medium were estimated after im-
munoprecipitation and separation of the proteins by poly-
acrylamide gel electrophoresis (Fig. 2a and b). It can
again be appreciated from the gel (Fig. 2a) that the secre-
tion of labeled apoB was significantly decreased in cells
incubated with taurocholate. There was also a more rapid
loss of label in cellular apoB, suggesting that apoB was
turning over faster and less of the labeled apoB remained
within the cell after the chase period. Fig. 2b shows the
percent of radiolabel remaining in apoB-100 and B-48
during the chase from three individual experiments. The
peak of incorporation of the label into apoB occurred at
15 min into the chase. The rate of disappearance of the
label from apoB-100 and B-48 from this maximal point

1 1 mM Taurocholate

0.1 1.0  pM A23187 Calcium lonophore

B 48

mM Taurocholate

UM A23187 Calcium lonophore

Fig. 3. Effect of A23187 with or without taurocholate on apoB secretion. Cells were incubated for 18 h with M199 containing 0.1 or 1.0 uM of the
calcium ionophore A23187, 1 mM taurocholate, or A23187 plus taurocholate on the apical side. a) The amount of apoB mass secreted into the
basolateral medium was estimated by ELISA. The data represent the mean + SE of six individual transwells. b) The incorporation of [**S]methionine
into apoB secreted basolaterally was determined at 2 h. The values are the mean + SE of three transwells; *P < 0.05 vs. control; **P < 0.001 vs.

control.
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was more rapid in cells incubated with taurocholate com-
pared to what was observed in control cells. In contrast,
taurocholate had no effect on the turnover or secretion of
labeled apoA-I. These data would suggest that taurocho-
late causes a decrease in the secretion of apoB mass and
newly synthesized apoB by enhancing apoB degradation
within cells.

In hepatocytes, bile acids have been shown to release
intracellular calcium (21, 22). To investigate whether cal-
cium flux was playing a role in the inhibition of apoB
secretion by taurocholate, cells were incubated with the
calcium ionophore, A23187, with or without taurocholate.
Fig. 3 shows these results for immunoreactive and newly
synthesized apoB. At both concentrations, the calcium
ionophore decreased the secretion of apoB mass (Fig. 3a).
When taurocholate and the calcium ionophore were ad-
ded together, there was no additional decrease in apoB
secretion. Similar results were obtained when the incor-
poration of [3*S]methionine into apoB secreted into the
basolateral medium was determined (Fig. 3b). The results
suggest that taurocholate and the calcium ionophore may
be acting by a similar mechanism to decrease apoB secretion.

Effect of cholesterol flux

To address the effect of sterol flux on apoB secretion,
cholesterol or its hydroxylated derivative, 25-hydroxycho-
lesterol, was solubilized with 1 mM taurocholic acid and
added to cells for 18 h. The amount of apoB within cells
and that secreted into the basolateral well was then deter-
mined (Fig. 4). ApoB mass within cells was not affected
by any of the treatments. As shown above, cells incubated
with taurocholate alone secreted less apoB into the lower
well. The addition of cholesterol or 25-hydroxycholesterol
did not alter the amount of apoB mass secreted. To study
the effect of cholesterol flux on the secretion of newly syn-
thesized apoB, cells were incubated for 18 h with
taurocholic acid with or without the sterols. They were
then incubated for up to 3 h with [33S]methionine and the
secretion of labeled apolipoproteins into the basolateral
medium was assessed (Fig. 5). As expected, taurocholate
decreased the secretion of labeled apoB. The addition of
cholesterol or 25-hydroxycholesterol did not significantly
alter the amount of newly synthesized apoB secreted com-
pared to that secreted from cells incubated with taurocho-
late alone. The secretion of labeled apoA-1 was also not al-
tered by the sterols except at 3 h at which time less A-I
was secreted. The combined data suggest that changes in
cholesterol flux do not affect the secretion of immunoreac-
tive or newly synthesized apoB.

Effect of phospholipid flux

As phosphatidylcholine is the predominant biliary
phospholipid, cells were incubated for 18 h with 1 mM
taurocholic acid plus increasing concentrations of phos-
phatidylcholine. ApoB mass was estimated within cells
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Fig. 4. Effect of cholesterol flux on apoB mass. Cells were incubated
for 18 h with M199 (control), M199 containing 1 mM taurocholate (TC),
M199 containing 1 mM taurocholate and 500 uM cholesterol (CHOL),
or 25 uM 25-hydroxycholesterol (25 OHCHOL). The amount of apoB
mass within cells and that secreted into the basolateral medium was esti-
mated by ELISA. The data represent the means + SE of six individual
transwells assayed in triplicate; *P < 0.01 vs. control.

CONTROL ™ TC+CHOL TC+25 OHCHOL

and the basolateral medium (Fig. 6). Again, the amount
of apoB secreted by cells incubated with taurocholic acid
was significantly decreased. With the inclusion of 250 or
500 uM phosphatidylcholine, however, the amount of
apoB secreted into the basolateral well was increased com-
pared to cells incubated with taurocholate alone. In cells
incubated with these concentrations of phosphatidylcho-
line, intracellular apoB mass was also significantly in-
creased over controls. Phosphatidylcholine alone, added
as multilamellar liposomes, increased apoB mass within
cells and that secreted basolaterally compared to controls.
Thus, phosphatidylcholine has an independent effect on
apoB secretion and is not acting solely to prevent the in-
hibitory effect of taurocholate on apoB secretion.
Moreover, phosphatidylcholine reversed the inhibitory
effect of the calcium ionophore on apoB secretion. In the
basolateral medium of cells incubated with medium
alone, 1 uM A23187, or A23187 and 500 uM phos-
phatidylcholine, apoB mass was 201 + 15, 69 + 5, and
294 + 18 ng apoB secreted/18 h per dish, respectively.
To investigate the specificity of the effect of phos-
phatidylcholine on apoB mass secretion, cells were in-
cubated for 18 h with 1 mM taurocholate and 500 uM of
phosphatidylethanolamine, sphingomyelin, or phos-
phatidylserine (Fig. 7). Only phosphatidylcholine in-
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Fig. 5. Effect of cholesterol flux on the secretion of newly synthesized apoB. After an 18 h incubation with M199
(control), M199 and 1 mM taurocholate, 1 mMm taurocholate plus 500 pm cholesterol or 25 um
25-hydroxycholesterol, cells were pulsed for up to 3 h with 100 xCi of [**S]methionine. The rate and the amount
of labeled apoB and A-I secreted were estimated following immunoprecipitation and polyacrylamide gel electropho-
resis as described in Methods. The figure is a representative autoradiogram from two experiments with similar

results.

creased the amount of apoB found within cells and the
basolateral medium.

Similar to biliary phosphatidylcholine, phosphatidyl-
choline derived from egg contains mostly palmitic (sn-1),
oleic and linoleic acids (sn-2). To address whether the fatty
acid composition of the phosphatidylcholine molecule was
important in the regulation of apoB secretion, cells were
incubated for- 18 h with 1 mM taurocholate and 500 uM
egg phosphatidylcholine, dioleoylphosphatidylcholine, or
dipalmitoylphosphatidylcholine. After the incubation, the
amount of apoB mass within cells and that found in the
basolateral medium was estimated (Fig. 8). Cells in-
cubated with egg phosphatidylcholine contained more
apoB and secreted more apoB mass than cells incubated
with the other two phosphatidylcholines. Dioleoyl-
phosphatidylcholine was almost as potent as egg phos-
phatidylcholine in increasing the amount of apoB mass
secreted into the basolateral well. In contrast, phos-
phatidylcholine containing two palmitic acid moieties had
no effect on the amount of apoB found within cells or in
the basolateral medium compared to cells incubated with
taurocholate alone.

To assess whether hydrolysis or uptake of phosphatidyl-

choline was playing a role in this regulation, cells were in-
cubated for 18 h with 1 mM taurocholate and fatty acid-
labeled phosphatidylcholine. To estimate nonspecific ad-
sorption of the phospholipid, some cells were treated with
formalin prior to adding the label. After the incubation,
the amount of fatty acid label in the apical and basolateral
medium and that associated with cells was determined
(Fig. 9). Fig. 9A shows that the amount of radioactivity
found in the basolateral medium of viable cells was simi-
lar to formalin-treated cells. The amount of label remain-
ing in the apical medium was also similar in viable cells
versus formalin-treated cells. There was, however, ap-
proximately 30 nmol of labeled fatty acid, representing
2% of the total added, which was cell-associated and
could not be attributable to nonspecific adsorption.

Of the label remaining in the apical medium, 98% was
in phosphatidylcholine (Fig. 9B). The amount of label in
apical free fatty acids, triacylglycerols, and
lysophosphatidylcholine was not above background. Ap-
proximately 80% of the label which was cell-associated
was in phosphatidylcholine (Fig. 9C). The remaining
20% was found mainly in triacylglycerols, free fatty acids,
and phosphatidylethanolamine with smaller amounts
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Fig. 6. Effect of phosphatidylcholine on apoB mass. Cells were in-
cubated for 18 h with M199 (control), M199 containing 1 mM taurocho-
late (TC), TC and increasing concentrations of phosphatidylcholine, or
500 uM phosphatidylcholine multilamellar liposomes. The amount of
apoB mass within cells and that secreted into the basolateral medium
was estimated by ELISA (mean + SE, n = 6 separate transwells assayed

in triplicate); *P < 0.01 vs. control.

found in other lipids. Thus, 2% of labeled phosphatidyl-
choline was cell-associated after an 18-h incubation. Most
of the label remained as phosphatidylcholine. Small
amounts of label in other lipids suggested hydrolysis and
reincorporation of the phosphatidylcholine fatty acids.
Because only a small amount of the phosphatidylcho-
line was found to be cell-associated, the data suggested
that the regulation of apoB secretion by taurocholate and
taurocholate plus phosphatidylcholine involved the inter-
action of the lipid with the apical membrane. To deter-
mine the importance of this interaction, taurocholate or
taurocholate and phosphatidylcholine was added instead
to the basolateral side of the cells and the amount of apoB
mass secreted was estimated (Fig. 10). Similar to what
was observed when taurocholate was added apically, apoB
mass secretion was significantly decreased by the bile
acid. In contrast, however, taurocholate plus phos-
phatidylcholine did not increase apoB secretion when ad-
ded to the basolateral medium. The data suggest that
taurocholate regulates apoB secretion by interacting with
either the apical or basolateral membrane, but interaction
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Fig. 7. Effect of phospholipids on apoB mass. The experimental design
was exactly as described for Fig. 6 except that 500 M of phosphatidyl-
choline (PC), phosphatidylethianolamine (PE), sphingomyelin (SPH), or
phosphatidylserine (PS), was added with I mM taurocholate (TC). The
data represent the mean + SE of six individual transwells assayed in
triplicate; *P < 0.01 vs. control.
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Fig. 8. Effect of the fatty acid composition of phosphatidylcholine on
apoB mass. The experimental design was that described in Fig. 6: M199
(control); 1 mM taurocholate (TC); TC + 500 uM egg phosphatidylcho-
line (PC), dioleoylphosphatidylcholine (DOPC), or dipalmitoyiphospha-
tidylcholine (DPPC). The data represent the mean + SE of six separate
transwells assayed in triplicate; *P < 0.05 vs. control; **P < 0.02 vs.
control.
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Fig. 9. Hydrolysis and/or uptake of ['*C]dioleoylphosphatidylcholine. Cells were grown on semipermeable filters
and incubated for 18 h with 1 mMm taurocholate and 500 pM phosphatidylcholine containing 0.2 pCi of [4C]di-
oleoylphosphatidylcholine per filter. Nonspecific adsorption was estimated by pretreating some cells for 1 h with a
37% formalin solution prior to the addition of the labeled phosphatidylcholine. After the 18-h incubation, lipids
were extracted from the cells and the apical and basolateral media and separated by thin-layer chromatography (see
Methods). A) Total labeled fatty acid found in the apical and basolateral media and cell-associated. B) Labeled lipids
in the apical medium. C) Labeled lipids within cells; n = 6 transwells for each treatment; results are expressed as
nmol of fatty acid found in each lipid fraction; shaded column viable cells; open column formalin-treated cells;
*P < 0.05 vs. formalin-treated cells; **P < 0.01 vs. formalin-treated cells; ***P < 0.001 vs. formalin-treated cells.
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Fig. 10. ApoB secretion by cells incubated with taurocholate or
taurocholate and phosphatidylcholine added to the basolateral medium.
Cells grown on semipermeable filters were incubated for 18 h with M199,
M199 containing 1 mM taurocholate or taurocholate plus 500 uM phos-
phatidylcholine added to the basolateral medium. After the incubation,
the amount of apoB mass secreted into the basolateral medium was esti-
mated. Taurocholate or phosphatidylcholine did not interfere with the
estimation by ELISA of apoB mass secreted basolaterally. The data
represent the mean + SE of five transwells with the assays done in dupli-
cate; **P < 0.01 vs. control.

with the apical membrane is necessary for the regulation
of apoB secretion by phosphatidylcholine.

To investigate the effect of phosphatidylcholine on the
synthesis and secretion of newly synthesized apoB, cells
were again incubated 18 h with 1 mM taurocholate and
500 pM phosphatidylcholine. The next morning the in-
corporation of [3S]methionine into apoB within cells and
that secreted into the basolateral medium was estimated.
Fig. 11 shows these results. The rate of incorporation of
labeled methionine into cellular apoB was significantly in-
creased in cells incubated with phosphatidylcholine.
Moreover, the secretion of labeled apoB into the
basolateral medium was markedly increased as well.
Thus, phosphatidylcholine increases the synthesis of apoB
and the secretion of newly labeled and immunoreactive
apoB by CaCo-2 cells.

To address the effect of phosphatidylcholine on apoB
degradation, cells were pulsed for 30 min with
[3S]methionine and chased for 3 h with unlabeled
methionine after an overnight incubation with taurocho-
late or taurocholate plus phosphatidylcholine. The
amount of label remaining in apoB and that secreted into
the basolateral medium was estimated following im-
munoprecipitation and polyacrylamide gel electrophore-
sis. Fig. 12a and b show a representative autoradiogram
(a) and the percent decrease of radioactivity within
apoB-100, apoB-48, apoA-I from cells and basolateral me-
dia combined (b, three individual experiments). From the

Field et al. Intestinal apoB secretion 757

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

CONTROL TAUROCHOLATE TAUROCHOLATE

+
PHOSPHATIDYLCHOLINE

30 60 120 30 60 120 [30 60 120 Min.

B 100
B 48

A1

B 100
B 48

A1

MEDIUM

Fig. 11. Effect of phosphatidylcholine on the synthesis and secretion of
apoB. After an 18-h incubation with M199 (control), 1 mM taurocho-
late, or taurocholate and 500 uM phosphatidylcholine, cells were pulsed
for up to 2 h with 100 uCi of [**S]methionine. The incorporation of label
into cellular apoB and apoA-I and that secreted into the basolateral
medium was estimated after immunoprecipitation and polyacrylamide
gel electrophoresis. The figure is a representative autoradiogram from
more than six separate experiments, all demonstrating similar results.

gel, it can be appreciated that after a 30-min pulse of
[3S]methionine, more apoB was synthesized in cells in-
cubated with taurocholate plus phosphatidylcholine than
in cells incubated with the bile acid alone (0 time point).
More radiolabeled apoB was also secreted into the
basolateral medium by cells incubated with phosphatidyl-
choline. The rate of decrease, or loss, of labeled apoB (cell
plus medium), however, was not significantly altered by
the presence of phosphatidylcholine (b).

DISCUSSION

The results of this study clearly show that bile acids
alone, independent of luminal lipids, inhibit the secretion
of apoB by CaCo-2 cells. Taurocholate decreased the
secretion of both immunoreactive and newly synthesized
apoB without affecting apoA-I or total protein secretion.
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The predominant effect of taurocholate appeared to be on
the degradation of cellular apoB as the bile acid only
modestly decreased apoB synthesis. Intracellular degra-
dation of this apolipoprotein is thought to be one mechan-
ism by which the cell regulates the amount of apoB
secreted (3, 23-25). How taurocholate earmarks more
apoB for degradation rather than secretion is unknown.
ApoB mass within the cell remained constant, suggesting
that the amount of intracellular apoB was being main-
tained despite rather marked changes occurring in its rate
of secretion. This conservation of cellular apoB despite
changes in apoB secretion has been observed by others
(13, 26, 27). It is recognized that bile acids facilitate the
transport of lipids by the intestine (28). In light of the
present results, they likely do so by facilitating lipid uptake
from the lumen, not by enhancing lipoprotein secretion.

Bile acids have been shown to cause cell injury at con-
centrations above their critical micellar concentration
(CMC) (19, 20). In a recent study using CaCo-2 cells, cell
injury did not occur at concentrations of bile acids below
their CMC (20). In the present s{udy, the concentrations
of bile acids were purposefully kept below these concen-
trations. Although it could be argued that this may not
mimic the in vivo situation, the potential cytotoxic effects
of bile acids would likely have caused significant untoward
effects on apoB secretion, or for that matter, the secretion
of other proteins as well. Cell viability, as assessed by the
MTT assay, the amount of protein per filter, and the
secretion of apoA-I and total proteins were similar in con-
trol cells and cells incubated with taurocholic acid.
Moreover, cells incubated with 1 mM taurocholate and
then allowed to recover secreted similar amounts of apoB
as did controls. Thus, possible cytotoxic effects of
taurocholate cannot explain these results.

At 1 mM concentrations, bile salts exist within lipid
bilayers with their long axis parallel to the membrane, a
so-called reversed micelle (19). The formation of reversed
micelles within a membrane has been postulated to cause
the recognized ionophoric behavior of bile acids at low
concentrations (29). As changes in calcium flux alter cer-
tain secretory processes, it was postulated that taurocho-
late may be altering apoB secretion by increasing intracel-
lular calcium flux. The calcium ionophore, A23187,
caused a similar decrease in the secretion of immunoreac-
tive and newly synthesized apoB as did bile acids. The ad-
dition of the ionophore and taurocholate together did not
cause a further decrease in apoB secretion, suggesting
that both agents were acting through a common mechanism.

Results of previous studies investigating a possible role
for calcium in the secretion of apoB-containing
lipoproteins have been conflicting (8, 30). In a study by
Hughes, Ordovas, and Schaefer (30), apoB mass secretion
was increased in CaCo-2 cells incubated with 1 uM
A23187. In that study, however, cells were cultured on
plastic. Thus, apoB released from the apical membrane
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Fig. 12. Effect of phosphatidylcholine on apoB degradation. After an
18-h incubation with M199 containing 1 mM taurocholate or taurocho-
late plus 500 uM phosphatidylcholine, cells were pulsed for 30 min with
150 uCi of [**S]methionine and chased for up to 3.0 h with excess unla-
beled methionine. a) Representative autoradiogram after immunopre-
cipitation and polyacrylamide gel electrophoresis to separate the
apoproteins. b) Percent decrease of radioactivity within apoB-100, B-48,
and A-I from combined cell plus medium. The data represent the means

+ SE of three individual experiments.
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could not be distinguished from apoB released basolater-
ally. In addition, cells grown on filters, rather than plastic,
act more like mature intestinal epithelium (13). The
present results support the findings of Pullinger et al. (8)
who observed a 35% decrease in apoB secretion by
HepG2 cells with 1 uM A23187.

Few studies have addressed the regulation of apoB syn-
thesis or secretion by cholesterol. In rat intestine, an in-
crease in cholesterol absorption decreased the synthesis of
apoB-48; whereas, apoB-48 synthesis was increased when
cholesterol absorption was prevented (31). Davis and
Malone-McNeal (32) observed that hepatocytes from con-
trol rats synthesized and secreted apoB at similar rates as
hepatocytes from cholesterol-fed rats. In HepG2 cells,
Dashti (33) found that 25-hydroxycholesterol, but not na-
tive cholesterol, increased apoB secretion and that this in-
crease was directly related to the amount of cellular and
medium cholesteryl esters. Pullinger et al. (8), however,
failed to find an effect of 25-hydroxycholesterol on apoB
secretion in HepG2 cells. Our results do not implicate
cholesterol flux as a regulator of apoB secretion. Neither
cholesterol nor its hydroxylated analogue, 25-hydroxy-
cholesterol, which has been shown to down-regulate
cholesterol synthesis and LDL receptor activity in
CaCo-2 cells (34, 35), altered the secretion of apoB mass
or the synthesis and secretion of newly synthesized apoB.

A somewhat unexpected observation was the marked
increase in the synthesis and secretion of apoB by cells in-
cubated with taurocholate plus phosphatidylcholine. A
stimulatory effect of phosphatidylcholine on triacylglycerol
transport in the intestine has been observed by others,
although the effects have largely been attributed to the in-
traluminal hydrolysis of the phospholipid and the cellular
uptake of lysophosphatidylcholine and fatty acids (36-40).
The present results suggest an alternative mechanism.
Although 2% of the added phosphatidylcholine was found
to be cell-associated, the amount of fatty acid or
lysophosphatidylcholine that could have been generated
by hydrolysis is far below the amount that is observed to
promote apoB secretion (12-15, 25). Furthermore, other
classes of phospholipids that would have supplied similar
amounts of fatty acids or lysophosphatidylcholine did not
significantly alter apoB secretion.

The reasons why dioleoylphosphatidylcholine en-
hanced apoB secretion and dipalmitoylphosphatidylcho-
line did not are not entirely clear. It would seem, however,
that the positioning of the unsaturated fatty acid on the
sn-2 carbon atom of the phospholipid is important for its
effect on apoB secretion. Replacing palmitate with oleate
on the sn-1 position caused little effect on apoB secretion,
whereas replacing oleate with palmitate at sn-2 nullified
the stimulatory effect of the phospholipid. Tso, Lam, and
Simmonds (36) also found that the nature of the fatty acid
at the sn-1 position of phosphatidylcholine was not crucial
for triacylglycerol transport by the gut. These investiga-
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tors, however, found that dipalmitoylphosphatidylcholine
was as effective (albeit somewhat less) as dioleoyl-
phosphatidylcholine in enhancing lymphatic triacyl-
glycerol transport in a biliary fistula rat model (39). Ben-
nett Clark (37) also found that the effects of dipalmitoyl-
phosphatidylcholine were less than those observed with
vegetable phosphatidylcholine in perfused intestines of
bile-intact and bile-diverted rats. Aside from the obvious
differences between cell culture and intestinal perfusion,
the reasons for these differences remain unclear. The
present study was done in the absence of triacylglycerol
flux, i.e., apoB secretion was increased by phosphatidyl-
choline in the absence of fat transport. In studies using
bile-fistula rats, triacylglycerol flux was increased by the
perfusion of fatty acids or triacylglycerols (36-39). Our
results would suggest that the effect of phosphatidylcho-
line on apoB secretion is independent of triacylglycerol
transport. This agrees with the results of Bennett Clark
(37) in which she observed that the effect of phosphatidyl-
choline on triacylglycerol secretion into lymph was un-
related to the uptake of the lipid from the lumen.
Phosphatidylcholine increased apoB secretion in
CaCo-2 cells by increasing the synthesis of apoB without
altering its rate of degradation. As the release of intracel-
lular fatty acids through the hydrolysis of phosphatidyl-
choline cannot explain the present results, the data sug-
gest that the interaction of phosphatidylcholine with the
apical membrane triggers some type of signal, which may
involve calcium, which then leads to the increased secre-
tion of apoB. With the concentration of phosphatidylcho-
line in bile being approximately 10 mM (40) and with a
normal bile flow of 600 ml/24 h, it is likely that some lu-
minal phosphatidylcholine will escape hydrolysis. Interac-
tion of this unhydrolyzed phosphatidylcholine with the
apical membrane of the enterocyte could play a role in
regulating apoB secretion by the intestine. Bl
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