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Abstract The production of lipids, apolipoproteins (apo), and 
lipoproteins induced by oleic acid has been examined in Caco-2 
cells. The rates of accumulation in the control medium of 15-day- 
old Caco-2 cells of triglycerides, unesterified cholesterol, and 
cholesteryl esters were 102 f 8, 73 * 5, and 11 f 1 ng/mg cell 
proteidh, respectively; the accumulation rates for apolipoproteins 
A-I, B, C-111, and E were 111 f 9, 53 f 4, 13 f 1, and 63 f 4 
ng/mg cell proteidh, respectively. Whereas apolipoproteins A- 
IV and C-I1 were detected by immunoblotting, apoA-I1 was ab- 
sent in most culture media. In contrast to an early production 
of apolipoproteins A-I and E occurring 2 days after plating, the 
apoB expression appeared to be differentiation-dependent and was 
not measurable in the medium until the sixth day post-confluency. 
In the control medium, very low density lipoproteins (VLDL), 
low density lipoproteins (LDL), high density lipoproteins (HDL), 
and lipid-poor very high density lipoproteins (VHDL) accounted 
for 1276, 46%, 18%, and 24% of the total lipid and apolipoprotein 
contents, respectively. The triglyceride-rich VLDL contained 
mainly apoE (75%) and apoB (23%), while the protein moeity 
of LDL was composed of apoB (59%), apoE (20%), apoA-I (15%), 
and apoC-I11 (6%). The cholesterol-rich HDL contained mainly 
apoA-I (69%) and,apoE (27%). In the control medium, major 
portions of apolipoproteins B and C-I11 (93-97%) were present 
in LDL, whereas the main parts of apoA-I (92%) and apoE (76%) 
were associated with HDL and VHDL. Oleate increased the 
production of triglycerides 10-fold, cholesteryl esters 7-fold, and 
apoB 2- to +fold. There was also a moderate increase (39%) in 
the production of apoC-I11 but no significant changes in those 
of apolipoproteins A-I and E. These increases were reflected 
mainly in a 55-fold elevation in the concentration of VLDL, and 
a 2-fold increase in the level of LDL; there were no significant 
changes in HDL and VHDL. VLDL contained the major parts 
of total neutral lipids (74-86%), apoB (65%), apoC-I11(81%) and 
apoE (58%). In the presence of oleate, the VLDL, LDL, HDL, 
and VHDL accounted for 76%, 15%, 376, and 6% of the total 
lipoproteins, respectively. Oleate had no major effect on the com- 
position of apolipoproteins in LDL, but altered the composition 
of VLDL by producing particles that had significantly higher rela- 
tive contents of apoA-I (14%), apoB (51%), and apoC-I11 (7%), 
and a lower content of apoE (28%) in comparison with those of 
control VLDL. These observations indicate that in Caco-2 
cells, oleate causes a coordinated induction in the production of 
triglycerides and apoB.-Dashti, N., E. A. Smith, and P. Alau- 
povic. Increased production of apolipoprotein B and its 
lipoproteins by oleic acid in Caco-2 cells. J. Lipid Res. 1990. 31: 
113-123. 

Supplementary key words 
fatty acids VLDL intestine 

triglyceride synthesis - apoB synthesis 

The biosynthesis, assembly, and secretion of plasma lipo- 
proteins occur both in the liver and intestine. Although 
numerous in vivo and in vitro studies have been conducted 
on the regulation of hepatic and intestinal lipoprotein pro- 
duction using various animal species, the lack of adequate 
experimental models has hindered similar studies in humans. 
In recent years, two human-derived cell lines, HepG2 and 
Caco-2 representing human liver and intestine, respectively, 
have been shown to be the most convenient and accessible 
models for studying human lipoprotein metabolism. The 
human hepatoblastoma-derived cell line HepG2 has suc- 
cessfully been used for establishing the regulatory role of 
lipids (1-4) and hormones (5-8) in the synthesis and secre- 
tion of apolipoproteins. The human colonic adenocarci- 
noma Caco-2 cells undergo in vitro differentiation and ex- 
press structural characteristics and functional properties (9) 
typical of the small intestinal enterocytes. The synthesis and 
secretion of human apolipoproteins A-I, B, E, and C pep- 
tides by Caco-2 cells have been demonstrated (10, 11). 

Intestinal lipoprotein production is markedly influenced 
by the nutritional state of the animal. In vivo studies have 
shown that, on a fat-free diet, rat intestine contributes 
10-20% to plasma VLDL (12) and that the intestinal 
chylomicrons and VLDL secretion rates are increased pro- 
portionately with the amount of fat in the diet (13). The 
effect of dietary fat on the concentrations of intestinal 
apolipoproteins A-I and B is, however, controversial. In the 
rat, the apoA-I content of both whole mesenteric lymph 
(14, 15) and corresponding d < 1.006 g/ml lipoproteins (15) 
was increased by lipid infusion. In addition, the apoA-I con- 
tent of intestinal mucosa from both the rat (16) and human 
(17) has been shown to increase upon fat feeding. O n  the 
other hand, the apoA-I content of rat enterocytes was 

Abbreviations: apo, apolipoprotein; d, density; FBS, fetal bovine se- 
rum; DMEM, Dulbecco's Modified Eagle's Medium; VLDL, very low 
density lipoprotein; LDL, low density lipoprotein; HDL, high density 
lipoprotein; VHDL, very high density lipoprotein; PBS, phosphate- 
buffered saline; PAGE, polyacrylamide gel electrophoresis; SDS, sodium 
dodecyl sulfate. 
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reported to decrease shortly after fat feeding (18). Whereas 
lipid infusion was shown to stimulate apoB secretion into 
whole lymph and d < 1.006 g/ml lipoproteins in the in- 
tact rat (15) and intestinal mucosa (16), fat feeding was 
reported to decrease the apoB content of human jejunal 
mucosa (19). Similar controversy exists with regard to fatty 
acid-induced changes in apoB secretion by Caco-2 cells. 
Studies by Traber, Kayden, and Rindler (11) have shown 
that prior incubation of Caco-2 cells with lipoprotein- 
deficient serum decreased the secretion of apoB and addi- 
tion of oleate to the medium restored the level of apoB to 
that observed in control cultures. On the other hand, 
Hughes, Ordovas, and Schaefer (20) have reported the lack 
of regulation in the synthesis of apoB by Caco-2 cells in 
response to fatty acid addition. 

The purpose of the present study was to determine the 
rates of accumulation of neutral lipids, apolipoproteins, and 
lipoprotein density classes in the medium of Caco-2 cells, 
and to assess the effect of oleic acid on these processes with 
special emphasis on the production of apoB and its lipopro- 
teins. Preliminary results have been already reported in an 
abstract form (21). 

EXPERIMENTAL PROCEDURES 

Materials 

Fetal bovine serum, trypsin, L-glutamine, nonessential 
amino acids, and all culture media were purchased from 
Grand Island Biological Company (Grand Island, NY). 
Oleic acid and kanamycin sulfate were obtained from 
Sigma Chemical Co. (St. Louis, MO). Fatty acid-free 
bovine serum albumin was purchased from Miles Labora- 
tories (Elkhart, IN). All reagents used for the slab gel elec- 
trophoresis were obtained from Bio-Rad Laboratories 
(Richmond, CA). 

Cell culture 

The human colonic adenocarcinoma cell line Caco-2 was 
obtained from American Type Culture Collection (Rock- 
ville, MD). The cells were maintained in 25-cm2 tissue cul- 
ture flasks in 5 ml of Dulbecco's Modified Eagle's Medium 
(DMEM) supplemented with 2 mM glutamine, 1% nones- 
sential amino acids, kanamycin sulfate (50 pg/ml), and 10% 
fetal bovine serum (FBS) in a 5% COP, 95% air at- 
mosphere at 37OC. The cells were split at a 1:4 ratio every 
4 days when they were 80% confluent and medium was 
changed 48 h after plating. For each experiment, cells were 
seeded in 12-15 dishes (100 mm diameter) in 12 ml of sup- 
plemented DMEM. The first medium change was 48 h af- 
ter plating and then daily after cells reached confluency. 
All experiments were conducted with 10-12 days post- 
confluence cells unless otherwise stated. At the start of each 
experiment, the maintenance medium was removed, mono- 
layers were washed twice with phosphate-buffered saline 

(PBS), and 12 ml of serum-free DMEM was added to each 
dish. In studies where the effect of fatty acid was to be as- 
sessed, medium was supplemented with various concen- 
trations of oleate bound to 1.5% bovine serum albumin. 
At the end of each incubation period, the conditioned me- 
dum was removed and centrifuged at 2000 rpm for 30 min 
at 4OC to remove small amounts of cells and debris. To pre- 
vent oxidative and proteolytic damage, preservatives added 
to conditioned medium were EDTA (1 mg/ml), glutathione 
(0.2 mg/ml), €-amino caproic acid (1.3 mg/ml), penicillin 
G (500 unitdml), and chloramphenicol (0.02 mg/ml). The 
monolayers were washed twice with PBS, scraped off the 
plate after addition of 2 x 2 ml of PBS, and sonicated. Ali- 
quots of cell suspension were analyzed for cellular neutral 
lipids and proteins. 

Isolation of lipoproteins. VLDL (d < 1.006 g/ml), LDL (d 
1.006-1.063 g/ml), HDL (d 1.063-1.21 g/ml), and VHDL 
(d > 1.21 g/ml) were isolated by sequential preparative 
ultracentrifugation (22). The isolated lipoproteins were 
dialyzed against PBS containing preservatives described 
above. The conditioned medium and lipoprotein density 
classes were concentrated approximately 10- to 15-fold by 
polyvinylpyrrolidone (PVP) and sucrose placed outside the 
dialysis bag (M, 5000 mol wt cut-off). Concentrations of 
lipoprotein density classes were expressed as the sum of 
measured neutral lipids and apolipoproteins of each den- 
sity class. 

Determination of neutral lipidr and apo1;Popmteins. The concen- 
trations of triglycerides and free and esterified cholesterol 
were determined by gas-liquid chromatography (23). The 
concentrations of apolipoproteins A-I, A-11, B, C -111, and 
E were measured by electroimmunoassays developed in this 
laboratory as previously described (24-27). Cell protein was 
measured by the method of Lowry et al. (28) and ranged 
from 14 to 18 mg per dish in 15-day-old cultures. 

Polyacrylamide gel electrophoresis and immunoblotting. Electro- 
phoresis of 10 p1 of concentration (10- to 15-fold) culture 
medium was carried out in an SDS containing 12% poly- 
acrylamide slab gel using the Laemmli buffer system (29). 
The proteins were transferred to Nitroplus 2000 nitrocel- 
lulose by electroblotting using the Bio-Rad minitransblot 
electrophoretic transfer cell. The membranes were im- 
munoblotted with polyclonal antibodies to apoA-IV and 
apoC peptides as described previously (30). 

RESULTS 

Rates of neutral lipid and apolipoprotein production as 
a function of fetal bovine serum concentration and 
duration of culture 

The term production, used herein, refers to combined 
processes of synthesis and secretion and is measured by the 
rate of accumulation of lipids and apolipoproteins in the 
culture medium. To determine the optimal concentration of 
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FBS for production of lipoproteins, Caco-2 cells were plated 
and grown in DMEM containing either 10% or 20% FBS 
for 15 days. This study showed that increasing concentra- 
tion of serum from 10 to 20% had no effect on the rates of 
accumulation of neutral lipids and apolipoproteins (data 
not presented). Therefore, in all subsequent experiments, 
cells were grown in medium containing 10% FBS. 

The next series of experiments were conducted to estab- 
lish the duration of culture necessary for the maximum rate 
of lipoprotein accumulation in the medium. Caco-2 cells 
were plated and grown in DMEM containing 10% FBS for 
23 days. As shown in Fig. 1, apolipoproteins A-I and E 
were present in the medium 3 days after plating (the time of 
the first measurement), reaching the maximum level in 15- 
day-old .cultures and declining thereafter. ApoB was not 
measurable in medium during the first 11 days of culture; it 
was present in considerable amount after 13 days and 
reached its maximum level in culture medium approxi- 
mately 15 days after plating (Fig. 1). Similarly to apoA-I 
and apoE, the accumulation of apoB in medium was declin- 
ing in cultures older than 18 days (Fig. 1). Small amounts of 
triglycerides and cholesterol were detected in the medium 3 
days after plating, reaching the maximum level on the 15th 
day and declining thereafter (data not shown). Based on 
these results, Caco-2 cells were cultured and maintained in 
DMEM containing 10% FBS and all experiments were con- 
ducted with 14- to 15-day-old cells unless otherwise stated. 

Effects of oleate on the rates of neutral lipid and 
apolipoprotein accumulation in the culture medium 

After 15 days in culture, the maintenance medium was 
removed, monolayers were washed with PBS, and the 
serum-free DMEM (control medium) was added. The con- 
centrations of triglycerides, cholesterol, and apolipoproteins 

40 

"0 5 10 15 20 25 
Days l n  Culture 

Fig. 1. Accumulation of apolipoproteins A-I, B, and E in the medium 
during the growth in culture of Caco-2 cells. At each time point, main- 
tenance medium was removed, monolayers were rinsed with PBS and in- 
cubated in serum-free DMEM. The rates of accumulation of a@-I (.), 
apoB (0), and apoE (A)  in the culture medium were determined after 
a 17-h incubation. Values are mean of three experiments. 

in the culture medium were determined after an incubation 
period of 15-17 h. In the control medium, triglycerides ac- 
counted for 5476, unesterified cholesterol for 40%, and cho- 
lesteryl esters for 6% of the total neutral lipid content 
(Table 1). Approximately 87% of total cholesterol in the 
medium was in the unesterified form and the remaining 
13% was in the form of cholesteryl esters (Table 1). 

Apolipoprotein A-I was the major apolipoprotein that 
accumulated in the culture medium followed, in the order of 
decreasing concentrations, by apolipoproteins E, B, C -111, 
and A-I1 (Table 2). Although small amounts of apoA-I1 
were detected in some culture media, in most experiments 
the concentration of this apolipoprotein, if present, was too 
small to be detected by either electroimmunoassay or im- 
munoblotting. In addition, the presence in the culture 

TABLE 1 .  Effect of oleate on the accumulation of neutral lipids in the culture medium and Caco-2 cells 

Triglycerides 

Medium" 
Control 101.9 f 8.2 
Oleic acid 1053.8 t. 157.2' 

Cellsb 
Control 4369.4 t. 445.0 
Oleic acid 9158.9 f 2Ad 

Unesterified Cholesterol Total 
Cholesterol Esters Cholesterol 

ng/mg cell protein per h 

11.0 f 0.8 80.0 f 5.8 73.4 f 5.4 
124.1 f 10.4' 73.4 f 11.8' 167.8 f 15.7' 

1449.4 f 26.7 451.1 f 4.4 1718.9 * 24.4 
1395.6 f 23.3 581.7 f 21.7' 1742.2 f 36.1 

Cells were cultured in DMEM containing 10% FBS for 15 days. The maintenance medium was removed, cells 
were washed three times with PBS, and DMEM with or without 0.8 mM oleate-1.5% bovine serum albumin was 
added. The concentrations of triglycerides and cholesterol in the medium and cells were measured after a 15-19 
h incubation. Statistical analysis was performed by Student's t-test. 

Values are mean * SEM of 1 1  experiments. 
bValues are mean * SEM of triplicate dishes. 
'The difference between the control and oleate-supplemented system was significant at P < 0.001. 
dThe difference between the control and oleate-supplemented system was significant at P < 0.005. 
'The difference between the control and oleate-supplemented system was significant at P < 0.02. 
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TABLE 2. Effect of oleate on the accumulation of apolipoproteins in the culture medium of Caco-2 cells 

Medium ApoA-I ApoA-I1 ApoB A@-111 ApoE 

ng/mg cell protein per h 
DMEM 110.6 f 9.3 2.4 f 1.3 52.8 * 3.9 12.7 f 1.0 63.2 f 4.3 
DMEM + oleate 135.6 f 13.5 2.8 f 1.9 171.8 f 15.6 17.6 f 1.3 76.4 5.8 
'$6 Increase 22.6 16.7 225 39 21 

P N S b  N S b  < 0.001 < 0.01 N S b  

Cells were grown under the experimental conditions described in Table 1 .  Values are mean f SEM of I 1 ex- 

'Determined by Student's f-test. 
bNS, not significant (P > 0.05). 

periments. 

medium of apoA-IV and apoC-I1 was demonstrated by im- 
munoblotting (Fig. 2). Under the present experimental 
conditions, apoC-I was not detected in the culture medium. 

To determine the optimal concentration of fatty acid, cells 
were incubated in the presence of 0.1-1.2 mM oleic acid 
bound to bovine serum albumin (1.5% final concentration). 
As shown in Fig. 3, there was a dose-dependent increase 
in the accumulation of neutral lipids in the culture medium. 
Bovine serum albumin alone (indicated as 0.0 mM oleate) 
had no significant effect on the production of lipids (Fig. 3). 
Triglycerides were the major neutral lipids affected by oleate 
followed by cholesteryl esters; the production of unesterified 
cholesterol was less sensitive to oleate addition (Fig. 3). 

The effect of increasing concentrations of oleate on the 
accumulation of apolipoproteins in Caco-2 cell culture 
medium is shown in Fig. 4. There was a small increase of 
9-15% in the production of apolipoproteins when medium 
was supplemented with 1.5% bovine serum albumin and in 
the absence of oleate (Fig. 4). The concentrations of apo- 
lipoproteins A-I and E in the medium were not altered sig- 
nificantly by oleate, while a@-I11 levels showed a moderate 
increase of 38% at 0.2 mM oleate without any further 
change (Fig. 4). On the other hand, oleate caused a dose- 
dependent increase in the apoB production paralleled by 
similar changes in triglyceride accumulation at low con- 
centrations of oleic acid. However, at concentrations higher 
than 0.4 mM oleic acid, the increase in triglyceride ac- 
cumulation (Fig. 3) exceeded that of apoB (Fig. 4). This 
difference was not related to the possible effect of oleate 
on molecular species of apoB, because apoB-100 was the 
major form of this apolipoprotein in both systems (data not 
shown). Since apoB concentration reached maximum at 
0.8 mM fatty acid (Fig. 4), all subsequent experiments were 
performed in the presence or absence of 0.8 mM oleate 
bound to 1.5% albumin. 

In a series of 11 experiments, the concentrations of 
triglycerides, cholesteryl esters, and to a lesser extent, un- 
esterified cholesterol were significantly elevated by oleate 
(Table 1). Triglycerides were the major neutral lipids 
produced in the presence of oleate accounting for 84% of 
the total neutral lipid content of the medium (Table l), 

which was significantly higher (P < 0.001) than that in con- 
trol medium. In oleate-supplemented medium, the contri- 
bution of unesterified cholesterol to the total neutral lipids 
was only IO%, a value significantly lower (P < 0.001) than 
that in the control system (Table 1). Although oleate had 
no effect on the percent composition of cholesteryl esters 
(6% of the total neutral lipids), it caused a marked increase 
in their contribution (37%) to the total cholesterol mass 
as compared to the 13% observed in the control system 
(Table 1). The rate of triglyceride accumulation in Caco-2 
cells were increased significantly by oleate (Table 1). There 
was also a 29% increase in the cholesteryl esters content 
of oleate-treated cells, while the total cholesterol was not 
affected by the addition of fatty acid. 

The rate of apoB accumulation in the culture medium 
was increased two- to fourfold by oleate (Table 2). There 
was also a moderate increase in the a@-I11 accumulation 

M W  1 2 3 
(kDa) 

97 - 
66 - 
42- .. 
31 - 
21 - 
14 - 

Fig. 2. Analysis of Caco-2 cell culture medium by electrophomis and 
immunoblotting. After 15 days in culture, maintenance medium was re- 
moved, monolayera were rinsed with PRS and incubated in serum-free 
DMEM for 17 h. The concentrated medium was analyzed by 12% poly- 
acrylamide gel slab electrophoresis in the presence of SDS. The proteins 
were transferred to nitrocellulose and immunoblotted with polyclonal an- 
tisera to apoA-IV (lane l) ,  apoC-I1 (lane 2). and apoC-111 (lane 3). 
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Oleic Acid Concentration (mH) 
Fig. 3. Effect of increasing concentration of oleic acid on the accumu- 
lation of neutral lipids in Caco-2 cell culture medium. After 15 days in 
culture, maintenance medium was removed, cells were washed with PBS, 
and DMEM containing 1.5% bovine serum albumin with and without 
oleic acid was added. The effect of increasing concentration of oleic acid 
on the rates of accumulation of triglycerides (O), cholesteryl esters (A), 
and unesterified cholesterol (0) after a 17-h incubation was determined. 
Values are mean + SEM of triplicate plates. The absence of error bars 
indicate that these values were too small to be detected by the plotter. The 
100% values for triglycerides, unesterified cholesterol, and cholesteryl es- 
ters were 162.3, 90.2, and 18.2 ng/mg cell protein per h, respectively. 

in response to oleate, while small changes in those of apo- 
lipoproteins A-I, A-11, and E were not significant (Table 2). 
Because of the specific stimulation of apoB net accumulation, 
the weight percent apolipoprotein composition in oleate- 
supplemented medium was considerably different from that 
of the control system. As a major apolipoprotein in the con- 
trol medium, apoA-I accounted for 45% of the total apolipo- 
protein (Table 2). In oleate-supplemented medium, how- 
ever, apoB was the major apolipoprotein, representing 42 % 
of the total apolipoprotein content which was significantly 
higher (P < 0.001) than that observed in the control sys- 
tem (Table 2). The percent compositions of apoC-III(4.6%) 
and apoE (20%) were similar to those observed in the con- 
trol medium (Table 2). Thus, when data were expressed 
on a relative molar basis, the ratios of apolipoproteins A- 
1:B:C-1II:E were 39:1:13.3:18.5 in the control and 
14.7:1:5.6:6.8 in the oleate-supplemented culture media, 
demonstrating a preferential stimulation of apoB produc- 
tion by oleic acid. The results of the present study do not 
rule out the possibility that the accumulated lipids and 
apolipoproteins in the medium might reflect postsecretory 
modification of secreted lipoproteins during the 15-19 h in- 
cubation. Although the catabolism of nascent lipoproteins 
was not examined directly, a time study (data not shown) 
demonstrated that the concentrations of triglycerides and 
apoA-I in the medium increased linearly with time up to 
20 h in the presence or absence of oleate. A constant rate 
of lipid and apolipoprotein accumulation for several hours 
is indicative of constant rates of both synthesis and secre- 
tion and, possibly, degradation of lipoproteins. These re- 
sults also indicate that oleate had little or no effect on the 
degradation or postsecretory modification of lipoproteins. 

Effects of oleate on the concentrations of lipoprotein 
density classes 

In the control medium, LDL were the major lipoproteins 
followed, in the order of decreasing concentrations, by 
VHDL, HDL, and VLDL (Table 3). Thus, in the absence 
of oleate, VLDL, LDL, HDL, and VHDL accounted for 
1270, 46%, 18%, and 24% of the total lipoproteins, respec- 
tively (Table 3). The addition of oleic acid to the culture 
medium stimulated the accumulation in the medium of 
lipoproteins with d < 1.006 g/ml by 55-fold and LDL by 
2-fold (Table 3). The slight to moderate increases in the 
HDL and VHDL concentrations were not statistically sig- 
nificant (Table 3). Thus, in the presence of oleate, VLDL, 
LDL, HDL, and VHDL accounted for 7670, 1576, 3%, and 
6% of the total lipoproteins, respectively (Table 3). 

Effects of oleate on the neutral lipid and apolipoprotein 
composition of lipoprotein density classes 

In the control medium, triglycerides were the major neu- 
tral lipids in both VLDL and LDL, whereas unesterified 
cholesterol was the main neutral lipid of HDL (Table 4). 
ApoE was the major apolipoprotein of VLDL, while apoB 
was the predominant apolipoprotein of LDL (Table 4). 
ApoA-I was the main apolipoprotein of both HDL and 
VHDL followed by apoE as the next most abundant apo- 
lipoprotein (Table 4). In the control system, apoC-I11 was 
detected only in lipoproteins with d < 1.063 g/ml (Table 4). 

The addition of oleate to the culture medium not only 
increased the total concentration of VLDL (Table 3), but 
also altered their neutral lipid and apolipoprotein compo- 
sition. The VLDL particles contained significantly lower 
percentages of unesterified cholesterol and apoE and higher 

LII", T 

A 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 
Oleic Acid Concentration (mH) 

Fig. 4. Effect of increasing concentration of oleaic acid on the accumu- 
lation of apolipoproteins in Caco-2 culture medium. Cells were grown 
under experimental conditions described in the legend to Fig. 3. The effect 
of increasing concentration of oleic acid bound to bovine serum albumin 
(1.5% final concentration) on the rates of accumulation of a p d - I  (A),  
apoB (O), apoC-I11 (A), and apoE (0) after a 17-h incubation was de- 
termined. Values are mean + SEM of triplicate plates. The absence of 
error bars indicate that these values were too small to be detected by the 
plotter. 
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TABLE 3. Effect of oleate on the concentration and distribution of liouourotein densitv classes 

Distribution Concentration 
Lipoprotein 
Density Class Control Oleate Control Oleate 

g/ml ng/mg cell protein per h % 

1168.9 i 220.9" 11.7 k 2.9 76.1 k 5.0" d < 1.006 21.3 c 6.1 

1.006 < d < 1.063 86.4 i 14.4 199.3 k 27.4' 45.9 k 3.9 15.2 k 4.3" 

1.063 < d < 1.21 32.2 i 4.2 40.3 1 .1  17.7 k 2.0 2.9 + 0.4" 

5.8 i 1.0" d > 1.21 47.6 i 11.0 78.8 i 9.4 24.7 k 3.8 

Cells were grown under the experimental conditions described in Table 1 .  Values are mean + SEM of five ex- 
periments. The concentration of lipoproteins represents the sum of all measured neutral lipids and apolipoproteins 
in each density class. 

"The difference between the control and oleate-supplemented medium was significant at P < 0.001. 
'The difference between the control and oleate-supplemented medium was significant at P < 0.01. 
'The difference between the control and oleate-supplemented medium was significant at P < 0.005. 

percentages of triglycerides and apolipoproteins A-I, B, and 
C-I11 when compared to control medium (Table 4). ApoB 
was the major (51% of the total) apolipoprotein component 
of VLDL produced by oleate-treated cells (Table 4). Oleate 
caused a 2.5-fold increase in the absolute concentration of 
triglyceride in LDL without affecting their cholesterol con- 
tent and thus producing particles with a significantly higher 
percentage of triglycerides and a lower percent content of 
unesterified cholesterol (Table 4). The addition of oleate did 
not alter the apolipoprotein composition of LDL (Table 4). 
Although the HDL particles produced by oleate-treated 
cells were characterized by a higher percentage of triglycer- 
ides and cholesteryl esters and a lower percentage of unes- 
terified cholesterol, these changes were not statistically 

significant (Table 4). Except for a slightly decreased rela- 
tive content of apoE in HDL, there were no other sig- 
nificant changes in the apolipoprotein composition of HDL 
and VHDL (Table 4). 

Effects of oleate on the distribution of neutral lipids and 
apolipoproteins between lipoprotein density classes 

In control medium, the major amounts of triglycerides, 
cholesterol, apoB, and apoC-I11 were associated with 
VLDL and LDL (d < 1.063 g/ml), while the major por- 
tions of apoA-I and apoE were present in the d > 1.063 
g/ml fraction (Table 5). Analysis of lipoprotein density 
classes showed that 24% triglycerides and cholesteryl esters, 
13 %I of unesterified cholesterol, 3-5 % of apolipoproteins 

TABLE 4. Effect of oleate on the neutral lipid and apolipoprotein composition of lipoprotein density classes produced by Caco-2 cells 

Medium 

Neutral lipids Apolipoproteins 

Unesterified Cholesteryl 
Triglyceride Cholesterol Esters ApoA-I ApoB ApoC-111 ApoE 

DMEM 
d < 1.006 g/ml 
d 1.006-1.063 g/ml 
d 1.063-1.21 g/ml 
d > 1.21 g/ml 

DMEM + oleate 
d < 1.006 g/ml 
d 1.006-1.063 g/ml 
d 1.063-1.21 g/ml 
d > 1.21 g/ml 

71.1 f 2.1  
67.2 f 2.9 
21.8 k 5.0 

ND 

87.3 rt 1.5" 
81.4 rt 2.0' 
31.3 f 2.8 

ND 

% 

19.9 f 3.2 
25.5 i 2.8 
72.0 k 7.7 

100.0 i 0.0 

9.1 k 1.6' 
11.9 k 1.5" 
55.2 i 3.1 

100.0 f 0.0 

% 

9.1 f 2.4 1.2 + 1.2 22.6 i 14.2 1.6 rt 1.6 74.7 i 15.5 
7 . 2 k 0 . 3  1 5 . 3 k 3 . 6  5 9 . 1 i 7 . 0  6 . 1 k 1 . 6  1 9 . 5 i 4 . 5  

0 26.9 i 0.2 6.3 i 3.0 68.6 i 4.7 4.6 i 4.6 
ND 63.8 k 3.4 0 0 36.3 f 3.4 

3.6 * 0.5 13.7 i 2.3d 51.2 k 2.1e 6.6 i 0.66 28.6 i 3.0' 
6.7 * 0.8 15.8 f 3.1 64.7 k 2.5 3.7 f 0.9 15.8 i 0.8 

13.5 k 0.8 73.2 f 9.6 6.9 i 5.3 2.1 f 2.1 17.9 f 2.7' 
ND 76.2 i 9.3 0 0 23.3 i 8.9 

Experimental conditions are described in Table 1. Neutral lipid and apolipoprotein compositions of lipoprotein density classes produced by Caco-2 
cells were determined after a 15-19 h incubation in DMEM with or without 0.8 mM oleate-1.5% bovine serum albumin. Values are mean f SEM 
of four experiments; ND, not detectable. 

'The difference between the control and oleate-supplemented medium was significant at P < 0.001. 
'The difference between the control and oleate-supplemented medium was significant at P < 0.025. 
'The difference between the control and oleate-supplemented medium was significant at P < 0.01. 
dThe difference between the control and oleate-supplemented medium was significant at P < 0.005. 
'The difference between the control and oleate-supplemented medium was significant at P < 0.05. 
'The difference between the control and oleate-supplemented medium was significant at P < 0.02. 
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TABLE 5. Effect of oleate on the neutral lipid and apolipoprotein distribution between lipoprotein density classes produced by Caco-2 cells 

Neutral lipids Apolipoproteins 

Unesterified Cholesteryl 
Triglyceride Cholesterol Esters ApoA-I ApoB ApoC-111 ApoE Medium 

% % 

DMEM 
d < 1.006 g/ml 2 4 . 2 k 6 . 0  1 3 . 0 f 3 . 7  2 2 . 7 k 5 . 8  0 . 1 f O . 1  4.5 f 3.1 3.2 f 3.2 7.6 f 3.3 
d 1.006-1.063 g/ml 72.6 k 5.5 56.0 f 2.8 68.8 + 5.3 7 . 5  f 1 . 3  92.9 f 3.4 96.8 f 3.2 16.4 f 3.4 
d 1.063-1.21 g/ml 3.2 f 0.5  23.8 k 2.2 8.5 * 2.3 32.4 k 4.3 2.6 f 1.6 0 24.0 f 3.7 

52.0 f 5.1 d > 1.21 g/ml 0 7.2 * 3.1 0 60.0 f 4.2 0 0 

DMEM + oleate 
d < 1.006 g/ml 86.1 f 4.4' 73.8 f 5.8' 75.2 * 4.9" 22.3 f 3.4" 65.3 f 6.0" 81.0 f 6.6' 57.9 f 6.8" 
d 1.006-1.063 g/ml 13.4 f 4.3' 15.4 f 4.0" 20.4 k 4.3" 8 .6  f 1.3 33.1 i 5.7" 13.4 f 2.8" 13.0 f 2.6 
d 1.063-1.21 g/ml 0 .5  k O.lb 6 .8  It 1.0" 4 . 4 k 0 . 8  1 6 . 8 f 1 . 3 c  1 . 6 f 0 . 8  3 . 1 k 3 . 1  6.8 f 1.4' 

22.3 f 6.7d d > 1.21 g/ml 0 4.1 + 1.2 0 52.3 f 3.3 0 0 

Experimental conditions are described in Table 3. Values are mean + SEM of four experiments. 
"The difference between the control and oleate-supplemented medium was significant at P < 0.001. 
'The difference between the control and oleate-supplemented medium was significant at P < 0.005. 
'The difference between the control and oleate-supplemented medium was significant at P < 0.02. 
dThe difference between the control and oleate-supplemented medium was significant at P < 0.01. 

B and C-111, and 8% of apoE were associated with VLDL 
(Table 5). The LDL particles contained 56-73% of the total 
neutral lipids and 93-9796 of total apoB and apoC-111 
(Table 5). The HDL particles accounted for a small amount 
(3%) of total triglycerides and apoB, 24% of unesterified cho- 
lesterol and apoE, and 32% of apoA-I (Table 5). Whereas 
apolipoproteins B and C-I11 were not detected in VHDL, 
over 50% of apolipoproteins A-I and E were recovered in 
this lipid-poor fraction (Table 5). 

When culture medum was supplemented with oleate, the 
d < 1.006 g/ml lipoproteins contained the major part of 
triglycerides (86%), cholesterol (75%), apoB (65%), apoC- 
I11 (8l%), and apoE (58%); there was also an increase in 
the apoA-I in this fraction (Table 5). Oleate resulted in the 
redistribution of apoE from HDL and VHDL to particles 
with d < 1.006 g/ml (Table 5). While there was a moderate 
redistribution of apoA-I from HDL to d < 1.006 g/ml lipo- 
proteins subsequent to oleate addition, the major portion 
(52 %) of this apolipoprotein remained in the lipoprotein- 
deficient fraction (Table 5). 

DISCUSSION 

The major goal of the present study was to establish the 
type and properties of lipoprotein particles synthesized and 
secreted by Caco-2 cells in the presence and absence of 
oleate. 

To select the appropriate experimental conditions, we 
have first established that the optimal rate of lipoprotein pro- 
duction is achieved when cells are grown in DMEM con- 
taining 10% FBS. Since Caco-2 cells undergo spontaneous 
in vitro differentiation into enterocytes (9), it has been 
equally important to examine the differentiation-dependent 

apolipoprotein gene expression. The results have shown that 
apolipoproteins A-I and E are already present at high 
concentrations in the culture medium of 3-day-old undiffer- 
entiated cells. Whereas the accumulation rate of apoE re- 
mained relatively constant for 18 days, the apoA-I concen- 
tration reached maximum level after 15 days and declined 
slowly thereafter. In contrast, apoB was not measurable in 
the culture medium until the 6th day after cells reached 
confluency; however, a marked elevation and subsequent 
maintenance of its rate of accumulation occurred as late as 
12 days after plating. The pattern of apoA-I appearance in 
the culture medium of Caco-2 cells was similar to the ex- 
pression of apoA-I mRNA in rat fetal small intestine during 
development (31). However, the high rate of apoE produc- 
tion by Caco-2 cells observed in the present study is in con- 
trast with reports of either undetectable or very low levels 
of apoE mRNA in the small intestine of adult rat (31) and 
nonhuman primate (32), and the negligible contribution of 
rat intestine to the plasma pool of apoE (33). The differen- 
tiation-dependent expression of apoB gene in Caco-2 cells 
is similar to that reported by Demmer et al. (34) who 
demonstrated that the low levels of apoB mRNA in the rat 
fetal small intestine persisted almost throughout the entire 
gestational period and then increased 20-fold during its last 
2 days. 

The major neutral lipid produced by Caco-2 cells grown 
in basal culture medium was triglycerides followed by un- 
esterified cholesterol and cholesteryl esters. Similar results 
have been reported with rat perfused liver (35), cultured 
rat hepatocytes (36), and our previous studies using HepG2 
cells (4). The high percentage of unesterified cholesterol 
in the Caco-2 cell conditioned medium was similar to that 
observed in the rat perfused liver system (35), rat cultured 
hepatocytes (36, 37), and HepG2 cells (4). The low concen- 
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tration of cholesteryl esters in the culture medium, in com- 
parison to that in human plasma (38), may reflect the low 
activity of 1ecithin:cholesterol acyltransferase (LCAT) in 
Caco-2 cells grown in control medium. The cellular neutral 
lipid composition in the present study was similar to that 
reported recently by Field, Albright, and Mathur (39) with 
the exception of a higher percent content of cholesteryl es- 
ters. This variation may be due to differences in the culture 
medium and the age of the cells used in these two studies. 

ApoA-I was the major apolipoprotein in the culture me- 
dium followed, in the order of decreasing concentrations, 
by apolipoproteins E, B, and C-111. Although a small 
amount of apoA-I1 was present in some cultures, in most 
experiments it could not be detected by either electroim- 
munoassay or immunoblotting. Although apoA-I1 is syn- 
thesized mainly in the liver (40), its presence in the intes- 
tine has been reported by the use of both immunochemical 
techniques (41) and mRNA analysis (42). Further studies 
are necessary to establish unequivocally the presence of 
apoA-I1 in Caco-2 cells. The occurrence of apoA-IV and 
apoC-I1 in Caco-2 culture medium is consistent with their 
reported (43) presence in rat intestinal lymph. The detec- 
tion of apoA-IV by immunoblotting in the present study 
is in agreement with that reported by Traber et al. (11) but 
is at variance with the studies by Hughes et al. (10) demon- 
strating the lack of apoA-IV secretion or the presence of 
corresponding mRNA in Caco-2 cells. The lack of apoC-I 
production by Caco-2 cells observed in the present study 
is similar to that reported for the rat small intestine (33). 

In agreement with our previous study on HepG2 cells 
(4), the concentration profile of lipoprotein density classes 
in the control medium of Caco-2 cells was characterized 
by LDL as the major (46%) and VLDL (12%) and HDL 
(18%) as the minor lipoproteins; VHDL accounted for a 
relatively high percentage (25%) of the total lipoproteins. 
The LDL were found to contain major portions of total 
neutral lipids and apolipoprotein B and C-I11 (Table 5). 
On the other hand, HDL and VHDL contained 80-90% of 
the total apoA-I and apoE. These findings are in agreement 
with those reported by Traber et al. (ll), but differ consider- 
ably from those of Hughes et al. (10) who found HDL 
(76%) to be the major and VLDL (10%) and LDL (14%) 
the minor lipoproteins. However, in this latter study, 
VHDL also represented a large proportion of total lipo- 
proteins. The VLDL and LDL particles produced by 
Caco-2 cells contained triglycerides as the major, and 
cholesteryl esters as the minor neutral lipid constituents, 
a finding similar to those reported for rat intestinal Golgi 
VLDL (44) and intestinal intracellular LDL (45). In 
VLDL, apoE was the major and apoB the minor apolipo- 
protein constituent, whereas in LDL, apoB was the major 
and apoE the minor protein component. In both density 
classes, apoB was identified as apoB-100, consistent with 
findings reported by others (10, 11). The lipid composition of 
HDL and VHDL was characterized by a very high percent- 

age of unesterified cholesterol; apoA-I accounted for ap- 
proximately 60-70% and apoE for 30-4070 of the protein 
moiety of these two lipoprotein density classes. A relatively 
large proportion of apolipoproteins A-I and E ( 5 2 4 0 % )  
occurred in VHDL in accordance with a report by Magun, 
Mish, and Glickman (45) showing that in fasting rat in- 
testine, 90% of intracellular apoA-I is not associated with 
lipoproteins. The high concentration of apoA-I and apoE 
in lipid-poor VHDL observed in this study may represent 
artifacts caused by dissociation of apolipoproteins from 
lipoproteins during ultracentrifugation (46). Alternatively, 
it may suggest that in Caco-2 cells, a large proportion of 
apolipoproteins A-I and E occur in a lipid-deficient form. 

The plasma concentrations of lipoproteins are markedly 
influenced by the nutritional state of the animal. In the 
present study total triglyceride and cholesteryl esters in- 
creased by 10- and 7-fold, respectively, when the culture 
medium was supplemented with 0.8 mM oleate. The 
oleate-mediated increase in triglyceride accumulation is in 
agreement with that reported recently by Field et al. (39). 
The observed 2-fold increase in the accumulation of un- 
esterified cholesterol was similar to previous studies from 
this laboratory using HepG2 cells (4). While there is general 
agreement that long-chain fatty acids stimulate the synthe- 
sis and secretion of hepatic and intestinal lipids, their effects 
on apolipoprotein secretion remain controversial. It has 
been reported that, in HepG2 cells, apoB secretion is in- 
creased (1, 2), decreased (5), or unchanged (3, 47). Our 
previous studies using HepG2 cells (4) demonstrated only a 
moderate increase in the apoB accumulation by oleate. The 
lack of a coordinated induction of triglycerides and apoB 
has also been demonstrated in cultured rat hepatocytes (48, 
49). In contrast to the lack of regulation of apoB by fatty 
acids in hepatocytes, the present study has demonstrated 
a marked elevation in the apoB accumulation in Caco-2 
cell culture medium in the presence of oleate; apolipopro- 
teins A-I and E were not significantly affected. Studies from 
several laboratories have shown decreased (19), increased 
(16, 50), or unchanged (51) intestinal apoB synthesis and 
secretion after a fat infusion. Our data, demonstrating 
clearly and reproducibly the stimulation of apoB produc- 
tion by oleate in Caco-2 cells, are at variance with results 
reported by Hughes et al. (20) using the same cell line. 
Whereas these differences may possibly be explained by 
differences in the culture conditions and methodology used 
for apoB measurement in these two studies, the exact fac- 
tors responsible for these variations require further inves- 
tigation. The finding of unchanged levels of apoA-I in re- 
sponse to oleate addition observed in the present study is 
in agreement with that reported by Hughes et al. (ZO), but 
is at variance with reports showing either an increase (14, 
16, 17) or decrease (18) in the concentration of this apo- 
lipoprotein under similar nutritional manipulation. In con- 
trast to unaltered levels of apoC-I11 in rat small intestine 
after fat feeding (18), our data suggest that, in Caco-2 cells, 
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fatty acids cause a moderate increase in apoC -111 produc- 
tion. Although the effect of oleate on apoA-IV secretion 
was not investigated in the present study, an elevation in 
its synthesis in response to dietary fat has been shown to 
occur in the rat intestine (52). 

Although there was a twofold increase in the concentra- 
tion of LDL, there were only minor changes in the compo- 
sition of this lipoprotein density class; there were no changes 
in the concentration and composition of HDL. Similar 
results were obtained in our previous study (4) using 
HepG2 cells. ..- 

The oleate-induced increases in the levels of neutral lipids 
and apoB were, thus, reflected primarily in the concentra- 
tion, distribution, and composition of VLDL. The highly 
significant increase in the concentration of VLDL (55-fold) 
was brought about by marked increases in the concentra- 
tions of triglycerides (58-fold) and apolipoproteins B 
(53-fold), C-111 (61-fold), and E (15-fold). Consequently, 
there was also a significant shift in the distribution of neu- 
tral lipids and apolipoproteins A-I, B, C-111, and E from 
higher density classes to VLDL. The main compositional 
change in VLDL was a significant increase in the relative 
content of apoB and an equally significant decrease in the 
percentage of apoE. The elevated concentration of VLDL 
lipids in response to fatty acid substrate was also observed 
in experiments with the rat perfused liver (35), HepG2 cells 
(3, 4), and Caco-2 cells (39). However, a commensurate 
increase in the concentration of apolipoproteins, especially 
apoB, was not demonstrated either in rat hepatocytes (48, 
49) or HepG2 cells (4). Instead, a redistribution of apo- 
lipoproteins B and E from higher density lipoprotein classes 
to VLDL was found to occur in both the liver (3, 4, 48, 
49) and intestine (20, 39). It appears that the oleate-induced 
changes in the concentration and composition of VLDL 
particles were brought about by both increased size and 
number of these lipoprotein particles. This is supported by 
the observations that I) oleate caused a marked redistri- 
bution of apolipoproteins A-I and E from VHDL and apo- 
lipoproteins B and C-111 from LDL to VLDL-like lipo- 
proteins; 2) these latter particles contained a higher ratio 
of triglycerides to apoB (9.7 & 1.3) than the correspond- 
ing particles isolated from control medium (5.7 & 0.3); and 
3) the marked elevation in triglycerides was concurrent with 
two- to fourfold increase in apoB levels. 

The present study has shown the ability of Caco-2 cells to 
synthesize and secrete all the major neutral lipid and apo- 
lipoprotein constituents of human plasma lipoprotein den- 
sity classes. Furthermore, these data have clearly demon- 
strated the coordinated induction in the production of 
triglycerides and apoB by oleate suggesting that, in human- 
derived intestinal Caco-2 cells, the regulation of VLDL- 
triglyceride and apoB by fatty acids may be a coordinated 
process. I 

We would like to express our appreciation to Dr. Walter J. 
McConathy for providing the antiserum to human apoA-IV. The 
technical assistance of Ms. Cindy Saelim and Mr. Randall 
Whitmer is gratefully acknowledged. This investigation was sup- 
ported by a research grant HR7-032 from the Oklahoma Health 
Research Program and, in part, by research grant HL-23181 from 
the National Institutes of Health and by the resources of Oklahoma 
Medical Research Foundation. 
Manuscript receiucd 12Junc 1989 and in nuisedfonn 21 A q w t  1989. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

Rash, J. M., G. H. Rothblat, and C. E. Sparks. 1981. 
Lipoprotein apolipoprotein synthesis by human hepatoma 
cells in culture. Biochim. Biophys. Acta. 666: 294-298 
Erickson, S. K., and P. E. Fielding. 1986. Parameters of 
cholesterol metabolism in the human hepatoma cell line, 
HepG2. J. Lipid Rcs. 27: 875-883. 
Ellsworth, J. L., S. K. Erickson, and A. D. Cooper. 1986. 
Very low and low density lipoprotein synthesis and secretion 
by the human hepatoma cell line HepG2: effects of free fatty 
acid. J.  Lipid Res. 27: 858-874. 
Dashti, N., and G. Wolfbauer. 1987. Secretion of lipids, 
apolipoproteins and lipoproteins by human hepatoma cell 
line HepG2: effects of oleic acid and insulin. J.  Lipid Rcs. 

Craig, W. Y., R. Nutik, and A. D. Cooper. 1988. Regula- 
tion of apoprotein synthesis and secretion in the human hepa- 
toma HepG2. The effect of exogenous lipoprotein. J.  Bioi. 

Tam, P-S., T. K. Archer, and R. G. Deeley. 1985. Effects 
of estrogen on apolipoprotein secretion by the human 
hepatocarcinoma cell line, HepG2. J.  Bioi. Chm. 260  

Archer, T. K., S-P. Tam, K. V. Deugau, andR. G. Deeley. 
1985. Apolipoprotein C-I1 mRNA levels in primate liver. In- 
duction by estrogen in the human hepatocarcinoma cell line 
HepG2. J. Biol. Chm.  2 6 0  1676-1681. 
Archer, T. K., S-P. Tam, and R. G. Deeley. 1986. Kinetics 
of estrogen-dependent modulation of apolipoprotein A-I syn- 
thesis in human hepatoma cells. J. Bioi. C h .  261: 

Pinto, M., S. Robine-Leon, M-D. Appay, M. Kedinger, N. 
Triadou, E. Dussaulx, B. LaCroix, P. Simon-Assmann, K. 
Haffen, J. Fogh, and A. Zweibaum. 1983. Enterocyte-like 
differentiation and polarization of the human colon carci- 
noma cell line Caco-2 in culture. Bioi. Cell. 47: 323-330. 
Hughes, T. E., W. V. 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. 
Bioi. Chem. 262: 3762-3767. 
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 1ine.J. Lz@dRes. 28: 1350-1363. 
Windmuller, H. G. 1968. Production of P-lipoproteins by in- 
testine in the rat. J.  Biol. Chem. 2 4 3  4878-4884. 
Kalopissis, A-D., S. Griglio, and X. LeLiepvre. 1982. Intes- 
tinal very low density lipoprotein secretion in rats fed vari- 
ous amounts of fat. Biochim. Biophys. Acta. 711: 33-39. 
Glickman, R. M., and P. H. R. Green. 1977. The intestine 

28: 423-436. 

Chm. 263: 13880-13890. 

1670-1675. 

5067-5074. 

Dashti, Smith, and Alaupovic Regulation of apoB by oleate in Caco-2 cells 121 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

122 

as a source of apolipoprotein A-I. Proc. Natl. Acad. Sci. USA. 

Renner, F., A. Samuelson, M. Rogers, and R. Glickman. 
1986. Effect of saturated and unsaturated lipid on the com- 
position of mesentric triglyceride-rich lipoproteins in the rat. 
J. Lipid Res. 27: 72-81. 
Schonfeld, G., E. Bell, and D. H. Alpers. 1978. Intestinal 
apoproteins during fat absorption. J Clin. Invest. 61: 

Rachmilewitz, D., and M. Fainaru. 1979. Apolipoprotein A-I 
synthesis and secretion by cultured human intestinal mucosa. 
Metabolism. 28: 739-743. 
Alpers, D. H., N. Lancaster, and G. Schonfeld. 1982. The 
effects of fat feeding on apolipoprotein A-I secretion from 
rat small intestinal epithelium. Metabolirm. 31: 784-790. 
Rachmilewitz, D., J. J. Albers, and D. R. Saunders. 1976. 
Apoprotein B in fasting and postprandial human jejunal 
mucosa. J. Clin. Invest. 57: 530-533. 
Hughes, T. E., J. M. Ordovas, and E. J. Schaefer. 1988. 
Regulation of intestinal apolipoprotein B synthesis and secre- 
tion by Caco-2 cells. Lack of fatty acid effects and control 
by intra-cellular calcium ion. J Biol. Chem. 263: 3425-3431. 
Dashti, N., E. A. Carter, and P. Alaupovic. 1988. Effects of 
oleic acid on the production of lipoproteins and 
apolipoproteins by Caco-2 cells. 8th International Sympo- 
sium on Atherosclerosis. 181 (abstract). 
Alaupovic, P., D. M. Lee, and W. J. McConathy. 1972. 
Studies on the composition and structure of plasma 
lipoproteins. Distribution of lipoprotein families in major 
density classes of normal human plasma lipoproteins. Biochim. 
Biophys. Acta. 260: 689-707. 
Kuksis, A., J. J. Myher, L. Marai, and K. Geher. 1975. De- 
termination of plasma lipid profiles by automated gas chro- 
matography and computerized data analysis. J Chromotogl: 
Sci. 13: 423-430. 
Curry, M. D., P. Alaupovic, and C. A. Suenram. 1976. De- 
termination of apolipoprotein A and its constitutive A-I and 
A-I1 polypeptides by separate electroimmunoassay. Clin. 
Chem. 22: 315-322. 
Curry, M. U., A. Gustafson, P. Alaupovic, and W. J. 
McConathy. 1978. Electroimmunoassay, radioimmunoassay, 
and radial immunodiffusion assay evaluated for quantifica- 
tion of human apolipoprotein B. Clin. Chem. 24: 280-286. 
Curry, M. D., W. J. McConathy, J. D. Fesmire, and P. Alau- 
povic. 1980. Quantitative determination of human apolipo- 
protein C-111 by electroimmunoassay. Biochim. Biophys. Acta. 
617: 503-513. 
Curry, M. D., W. J. McConathy, P. Alaupovic, J. H. Led- 
ford, and M. Popovic. 1976. Determination of human apo- 
lipoprotein E by electroimmunoassay. Biochim. Biophys. Acta. 
439: 413-425. 
Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. 
Randall. 1951. Protein measurement with the Folin phenol 
reagent. J Biol. Chem. 193: 265-275. 
Laemmli, U. K. 1970. Cleavage of structural proteins dur- 
ing the assembly of the head of bacteriophage T4. Nature. 
227: 680-685. 
Lee, D. M., N. Dashti, and T. Mok. 1988. Apolipoprotein 
B-100 is the major form of this apolipoprotein secreted by 
human intestinal Caco-2 cells. Biochim. Biophys. Res. Commun. 

Elshourbagy, N. A., M. S. Boguski, W. S. L. Liao, L. S. 
Jefferson, J. I. Gordon, and J. M. Taylor. 1985. Expression 
of rat apolipoprotein A-IV and A-I genes: mRNA induction 
during development and in response to glucocorticoids and 
insulin. Proc. Natl. Acad. Sci. USA. 82: 8242-8246. 

74: 2569-2573. 

1539-1550. 

156: 581-587. 

Journal of Lipid Research Volume 31, 1990 

32. Newman, T. C., P. A. Dawson, L. L. Rudel, and D. L. 
Williams. 1985. Quantitation of apolipoprotein E mRNA in 
the liver and peripheral tissues of nonhuman primates. J 
Biol. C h .  260: 2452-2457. 

33. Wu, A. L., and H. G. Windmuller. 1979. Relative contribu- 
tion by liver and intestine to individual plasma 
apolipoproteins in the rat. J Biol. Chem. 254: 7316-7322. 

34. Demmer, L. A,, M. S. Levin, J. Elovson, M. A. Reuben, 
A. J. Lusis, and J. I. Gordon. 1986. Tissue-specific expres- 
sion and developmental regulation of the rat apolipoprotein 
B gene. Pmc. Natl. Acad. Sci. USA. 83: 8102-8106. 

35. Wilcox, H. G., G. D. Dunn, and M. Heimberg. 1975. Effect 
of several common long chain fatty acids on the properties 
and lipid composition of the very low density lipoproteins 
secreted by the perfused rat liver. Biochim. Biophys. Acta. 398: 
39-54. 

36. Dashti, N., W. J. McConathy, and J. A. Ontko. 1980. Produc- 
tion of apolipoproteins E and A-I by rat hepatocytes in 
primary culture. Biochim. Biophys. Acta. 618: 347-358. 

37. Davis, R. A., S. C. Engelhorn, S. H. Pangburn, D. B. Wein- 
stein, and D. Steinberg. 1979. Very low density lipoprotein 
synthesis and secretion by cultured rat hepatocytes. J Biol. 

38. Dashti, N., P. Alaupovic, C. Knight-Gibson, and E. Koren. 
1987. Identification and partial characterization of discrete 
apolipoprotein B containing lipoprotein particles produced 
by human hepatoma cell line HepG2. Biochemzsty. 26: 

39. 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. 

40. Bisgaier, C., and R. M. Glickman. 1983. Intestinal synthe- 
sis, secretion, and transport of lipoproteins. Annu. Rev. Phys- 
iol. 45: 625-636. 

41. Schwartz, D. E., L. Liotta, E. J. Schaefer, and H. B. Brewer, 
J .  1978. Localization of apolipoproteins A-I, A-11, and B 
in normal, Tangier and abetalipoproteinemia intestinal 
mucosa. Circulation. 58, Suppl. 11: 90. 

42. Gordon, J. I., K. A. Budelier, H. E Sims, C. Edelstein, A. M. 
Scanu, and A. W. Strauss. 1983. Biosynthesis of human 
preapolipoprotein A-11. .J Biol. Chem. 258: 14054-14059. 
Holt, P. R., A-L. Wu, and S. Bennett Clark. 1979. Apopro- 
tein composition and turnover in rat intestinal lymph dur- 
ing steady-state triglyceride absorption. J Lipid Res. 20: 

44. Swift, L. L., P. D. Soul6, M. E. Gray, and V. S. LeQuire. 
1984. Intestinal lipoprotein synthesis. Comparison of nas- 
cent Golgi lipoproteins from chow-fed and hypercholestero- 
lemic rats. J. Lipid Res. 25: 1-13. 

45. Magun, A. M., B. Mish, and R. M. Glickman. 1988. In- 
tracellular apoA-I and apoB distribution in rat intestine is 
altered by lipid feeding. J.  Lipid Res. 29: 1107-1116. 

46. Fainaru, M., R. J. Havel, and K. Imaizumi. 1977. Apo- 
protein content of plasma lipoproteins of the rat separated 
by gel chromatography or ultracentrifugation. Biochm. Med. 

47. Thrift, R. N., T. M. Forte, B. E. Cahoon, and V. G. Shore. 
1986. Characterization of lipoproteins produced by the hu- 
man liver cell, HepG2, under defined conditions. J Lipid 
Res. 27: 236-250. 

48. Davis, R. A., and J. R. Boogaerts. 1982. Intrahepatic as- 
sembly of very low density lipoproteins. Effect of fatty acids 
on triacylglycerol and apolipoprotein synthesis. J Biol. Chem. 

49. Patsch, W., T. Tamai, and G. Schonfeld. 1983. Effect of fatty 

Chm. 254: 2010-2016. 

4837-4846. 

43. 

494-502. 

17: 347-355. 

257: 10908-10913. 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


acids on lipid and apoprotein secretion and association in 
hepatocyte cultures. J.  Clin. Res. 72: 371-378. 

plasma apolipoproteins by rat small intestine without dietary 
or biliary fat. J.  Biol. Chem. 256: 3012-3016. 

51. Davidson, N. O., M. E. Kollmer, and R. M. Glickman. 1986. 

Apolipoprotein B synthesis in rat small intestine: regulation 
by dietary triglyceride and biliary lipid. J.  Lipid Res. 27: 

52. Apfelbaum, T. E, N. 0. Davidson, and R. M. Glickman. 
1987. Apolipoprotein A-IV synthesis in rat intestine: regu- 
lation by dietary triglyceride. Am J.  Physiol. 252: G662-G666. 

50. Windmuller, H. G., and A. L. Wu. 1981. Biosynthesis of 30-39. 

Dashti, Smith, and Alaupovic Regulation of apoB by oleate in Caco-2 cells 123 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

