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Abstract The aim of this study was to determine the effect of 
oleic acid and insulin on the secretion of lipoproteins by HepG2 
cells grown in minimum essential medium. Triglycerides were 
the major neutral lipid (57% of total) and apoB was the pre- 
dominant apolipoprotein (56% of total) secreted by these cells. 
The addition of oleate resulted in a two-fold increase in the con- 
centration of neutral lipids but only a slight to moderate increase 
in the apolipoprotein (A-I, A-11, B, and E) levels. The secretion 
of very low density lipoproteins (VLDL) was stimulated by 
425%, low density lipoproteins (LDL) by 77%, and high density 
lipoproteins (HDL) by 68%. Whereas neutral lipid composition 
of LDL was unchanged, the VLDL particles contained a sig- 
nificantly higher percentage of triglyceride and lower percen- 
tages of cholesterol and cholesteryl esters compared with VLDL 
secreted in the absence of oleate. Oleate had no significant effect 
on the composition of apolipoproteins in VLDL, LDL and 
HDL. In balal medium, insulin caused a significant decrease in 
the secretion of neutral lipids and apolipoproteins, particularly 
triglycerides and apoB. In addition to a 60-68% reduction in the 
total concentration of VLDL and LDL, insulin altered their 
composition by producing particles that had a significantly lower 
content of triglycerides, contained less apoB, and were deficient 
in apoE. There were no major changes in the concentration or 
composition of HDL particles. Insulin had a similar but less pro- 
nounced effect on the concentration and composition of lipopro- 
teins secreted in the presence of oleate. I The increased 
accumulation of triglycerides in the HepG2 cells concomitant 
with their reduced levels in the medium suggests that insulin 
may affect the secretion rather than synthesis of triglyceride-rich 
lipoproteins. - Dashti, N., and G. Wolfbauer. Secretion of 
lipids, apolipoproteins, and lipoproteins by human hepatoma 
cell line, HepG2: effects of oleic acid and insulin. J. Lipid Res. 
1987. 28: 423-436. 
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apolipoproteins are synthesized by the intact rat liver 
(11-13) and cultured liver cells (8, 9, 14-16). The  hepatic 
lipoprotein synthesis and secretion are influenced by 
many factors, including nutrients and hormones. A 
number of studies with the perfused liver (17-21), liver 
slices (22), and hepatocytes in primary culture (10, 15, 23) 
have shown that long-chain fatty acids have a stimulatory 
effect on the synthesis of triglyceride secreted in the form 
of very low density lipoproteins (VLDL). However, the 
enhanced secretory rates of lipids in response to fatty acid 
provision were not paralleled by similar changes in the 
apolipoprotein (apo) secretion (24-26). In  contrast to the 
well-established effect of fatty acids, the role of insulin on 
the regulation of triglyceride secretion is controversial. In  
vivo studies have indicated that, in man, insulin in- 
creased hepatic triglyceride secretion (27-28). Direct stim- 
ulatory effect of insulin on fatty acid esterification and 
VLDL secretion by perfused rat liver (29-31) has also 
been demonstrated. Contrary to these results, acute in 
vivo inhibition of hepatic triglyceride secretion by insulin 
has been reported both in humans (32) and the rat (33). 
Furthermore, direct inhibitory effect of insulin on hepatic 
secretion of triglyceride-rich lipoproteins has been 
documented in two separate studies (34-35) using cul- 
tured rat hepatocytes. A recent report by Patsch, Gotto, 
and Patsch (36) has shown that insulin exerts its inhibi- 
tory effect through a receptor-mediated process which is 
subject to down-regulation by prior exposure of cells to 
this hormone. 

One  of the important functions of the liver is to synthe- 
size plasma lipoproteins (1 -3). Freshly isolated hepato- 
cytes (4-6), liver cells maintained in suspension (7), and 
hepatocytes in primary culture (8-10) have been shown to 
retain the ability to synthesize and secrete plasma lipopro- 
teins. Several studies have also demonstrated that major 

Abbreviations: apo, apolipoprotein; d, density; FCS, fetal calf serum; 
HDL, high density lipoproteins; LCAT, 1ecithin:cholesterol acyl- 
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medium; VHDL, very high density lipoproteins; VLDL, very low den- 
sity lipoproteins; PBS, phosphate-buffered saline. 
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Similar studies on the regulation of hepatic lipoprotein 
synthesis and secretion using the human liver system have 
been hampered by the lack of an adequate experimental 
model. The recently developed human hepatocellular car- 
cinoma cell line HepG2 (37) has been shown to retain the 
normal biochemical functions of liver parenchymal cells 
(38-40). The ability of HepG2 cells to synthesize and 
secrete into the medium the human apolipoproteins A-I, 
A-11, B, C-11, C-111, and E (41, 42) has rendered these 
cells a suitable model for studying factors that regulate the 
human hepatic lipoprotein production. The purpose of 
the present study was to determine the secretion rates of 
neutral lipids, apolipoproteins, and major lipoprotein 
density classes of HepG2 cells, and to assess the effects of 
oleic acid and insulin on these processes. Preliminary 
results have been already reported in an abstract form 
(43). 

MATERIALS AND METHODS 

Materials 

Modified minimum essential medium (MEM) and 
fetal calf serum (FCS) were purchased from Grand Island 
Biological Company (Grand Island, NY). Trypsin, sodium 
pyruvate, L-glutamine, and MEM vitamin solution were 
from KC Biological, Inc. (Lenexa, KS). Bovine insulin was 
obtained from Calbiochem-Behring (La Jolla, CA). Oleic 
acid was from Sigma Chemical Co. (St. Louis, MO). Fatty 
acid-free bovine serum albumin was purchased from Miles 
Laboratories (Elkhart, IN) and [l-'*C]oleic acid was from 
New England Nuclear (Boston, MA). 

Cell cultures 

Cells were seeded in 60-mm or 100-mm diameter dishes 
in 0.1-0.2 ml of supplemented MEM containing 10% 
FCS/cm2 surface area as described previously (44). Five 
to 6 days after seeding, maintenance medium was re- 
moved, cells were washed three times with phosphate- 
buffered saline (PBS), pH 7.4, fresh medium without FCS 
was added, and cells were incubated for a certain time 
period as indicated for each experiment. In studies where 
the effect of fatty acid was to be assessed, medium was 
supplemented with 0.4 mM oleate bound to 1.5% bovine 
serum albumin. Insulin, prepared as previously described 
(15), was included when indicated. At the end of each in- 
cubation period, the medium was removed, adjusted to 
0.1% EDTA, and centrifuged at 2000 rpm for 20 min at 
4OC to remove small amounts of cells and debris. The 
supernatant fraction was concentrated approximately 10- 
to 15-fold with sucrose placed outside the dialysis bag (5000 
mol wt cut-off). 

Isolation of lipoprotein density classes 

VLDL (d < 1.006 g/ml), LDL (d < 1.006-1.063 
g/ml), and HDL (d 1.063-1.21 g/ml) were isolated by se- 
quential preparative ultracentrifugation (45). The 
isolated lipoproteins were dialyzed against PBS contain- 
ing 0.01% EDTA (pH 7.4). 

Determination of neutral lipids and apolipoproteins 

Triglycerides and cholesterol contents of concentrated 
culture medium, lipoprotein density classes, and HepG2 
cells were determined as described by Kuksis et al. (46). 
The concentrations of apolipoproteins A-I, A-11, B, C-I, 
C-11, C-111, and E were measured by electroimmuno- 
assays developed in this laboratory as previously described 
(47-51). 

Determination of [l-'4C]oleic acid incorporation 
into various lipid fractions in culture medium 
and HepGP cells 

After 6 days in culture, maintenance medium was 
removed and cells were washed with PBS and incubated 
with MEM containing 0.4 mM [l-"C]oleic acid-1.5% 
bovine serum albumin for 4 hr at 37OC in the presence or 
absence of insulin. At the end of incubation, medium was 
removed and cells were washed three times with PBS. The 
monolayers were scraped off the plates with a rubber po- 
liceman after addition of 2 x l ml of PBS and sonicated. 
sonicated. One-milliliter aliquots of medium and cell 
suspension were extracted with chloroform-methanol 2:l; 
extracts were washed and applied to thin-layer chromato- 
graphy plates as described previously (52). Cell protein 
was measured by the method of Lowry et al. (53). 

RESULTS 

Rates of neutral lipid and apo1ipoprotei.n accumula- 
tion in the culture medium 

After 5-6 days in culture medium containing 10% 
FCS, the maintenance medium was removed and cells 
were washed with PBS. Fresh medium without FCS 
(basal medium) was added and the levels of triglycerides, 
cholesterol, and apolipoproteins were measured in the 
culture medium during the 24-hr incubation period. As 
shown in Fig. 1, the rates of triglycerides and total 
cholesterol accumulation in the culture medium were con- 
stant for -24 hr. In a series of six experiments, the max- 
imum rates of triglycerides and cholesterol accumulation 
in basal culture medium containing 5.5 mM glucose were 
505 and 233 pg/hr per g of cell protein, respectively. Thus, 
the HepG2 cells synthesized and secreted similar molar 
quantities of triglycerides and cholesterol. However, in 
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concentrations of lipoprotein B and lipoprotein B:E par- 
ticles in the medium were measured over a 24-hr incuba- 
tion period. The results demonstrated that the rates of 
accumulation of these particles in the medium were con- 
stant and that lipoprotein B particles were secreted inde- 
pendently and at a higher rate than lipoprotein B:E 
particles (Dashti, N., and G. Wolfbauer, unpublished 
data). A constant rate of accumulation of neutral lipids 
(Fig. 1) and apolipoproteins B and E (data not shown) in 
the culture medium for several hours is indicative of a 
steady state and reflects constant rates of both synthesis 
and secretion. Thus, the term production, used herein, 
refers to the combined processes of synthesis and secretion 
of products by the cells. 

Effects of insulin on the concentrations of neutral 
lipids and apolipoproteins in the basal culture medium 

Incubation of cells in the presence of 8-1,000 ng/ml 
(ZOO-25,000 pU/ml) of insulin resulted in decreased accu- 
mulation of unesterified cholesterol, cholesteryl esters, 
and triglycerides in the medium (Fig. 2). This reduction 
in the concentration of neutral lipids was dose-dependent 
and was observed when cells were incubated with either 
basal medium (Fig. 2A) or basal medium supplemented 
with oleate (Fig. 2B). The maximum effect of insulin, in 
both systems, was observed at 1 pglml of medium. Based 
on these results, all subsequent experiments were per- 
formed in the presence or absence of pharmacological 
concentrations of 1 pg insulin/ml of medium. 

Addition of insulin produced a significant decrease in 
the concentrations of the secreted triglycerides, 
cholesteryl esters, and total cholesterol (Table 1). 
Unesterified cholesterol accounted for 84% of the total 
cholesterol in the insulin-supplemented medium (Table 
1). The concentrations of apolipoproteins A-I, A-11, B, 
and E were also decreased in response to insulin adminis- 
tration (Table 2). The decrease in apoB secretion was 
more pronounced than that observed in other apolipopro- 
teins (Table 2). 

't 

b I1 U 14 

Incubation Time (hours) 

Fig. 1. Triglyceride and cholesterol secretion by Hep G2 cells. Cells 
were cultured in minimum essential medium containing 10% fetal calf 
serum for 5-6 days. The maintenance medium was removed, and cells 
were washed three times with PBS. Fresh medium without fetal calf 
serum was added and cells were incubated for 24 hr. At each time point 
the medium was removed and assayed for triglycerides (0) and total 
cholesterol (0). Each value is the mean i SEM of triplicate plates. 

weight percentages, triglycerides accounted for 57 %, 
while unesterified cholesterol accounted for 31'36, and 
cholesteryl esters for 12% of the total neutral lipid content 
(Table 1). Approximately 80% of cholesterol secreted by 
HepG2 cells was in the unesterified form and the remain- 
ing 20% was esterified. 

As shown in Table 2, apoB was the major apolipopro- 
tein secreted by HepG2 cells (56% of the total) followed 
by apoA-I (22% of the total), apoE (13% of the total), and 
apoA-I1 (9% of the total). Although apolipoproteins C-I, 
C-11, and C-I11 were detected in the culture medium, due 
to their low concentrations, their levels, particularly those 
of apoC-I and apoC-11, could not be accurately measured 
by the available immunoassays. In a separate study, the 

TABLE 1 .  Effect of insulin on the secretion of triglycerides and cholesterol by 
Hep G2 cells in minimum essential medium 

~ 

Unesterified Cholesteryl Total 
Triglycerides Cholesterol Esters Cholesterol 

Ig/g cell protein per hr 
318.11 * 70.25 171.63 i 22.52 66.21 f 8.82 211.37 f 25.99 Medium 

Medium + insulin 123.82 i 42.94 104.57 i 21.01 30.33 i 7.72 124.79 i 27.13 
% decrease 61.1 39.1 54.2 41 .O 
P < 0.05 NS' < 0.02 < 0.05 

After 24 hr incubation in serum-free MEM in the presence and absence of insulin ( 1  pg/ml), the concentrations 
of triglycerides and cholesterol in the medium were determined by gas-liquid chromatography. Values are means 
i SEM of six experiments. 

"Determined by Student's t-test. 
'NS, not significant (P > 0.05). 
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TABLE 2. Effect of insulin on the secretion of apolipoproteins by Hep G2 cells in minimum 
essential medium 

Apolipoproteins 

A-I A-I1 B E 

pg/g cell protein per hr 
Medium 120.84 f 11.18 47.52 f 6.70 312.36 f 15.06 74.54 f 12.82 
Medium + insulin 91.34 f 6.78 38.00 f 5.74 143.23 f 15.08 57.13 f 13.73 
W decrease 24.4 20 54.1 23.4 
p" < 0.05 N S b  < 0.02 NS' 

Experimental conditions are described in Table 1. Values are means f SEM of six experiments. 
"Determined by Student's f-test. 
b N S ,  not significant (P > 0.05). 

Rates of accumulation of neutral lipids and 
apolipoproteins in the medium in response 
to the addition of oleate 

The concentrations of triglycerides and cholesterol in 
the culture medium were elevated significantly 
(P < 0.05) upon addition of oleate (Table 3) as com- 
pared to basal medium alone (Table 1). The increase in 
triglycerides secretion was predominantly due to the 
elevation of a triglyceride consisting mainly of three fatty 
acids of 18-carbon atoms (designated TG-57) whose ab- 
solute concentration in oleate-supplemented medium was 
300% higher than that in basal medium. Major neutral 
lipids secreted in the presence of oleate (Table 3) were 
triglycerides which accounted for 58% of the total lipid; 
they were followed by unesterified cholesterol (32 %) and 
cholesteryl esters (8.8%). The major apolipoprotein syn- 
thesized and secreted by HepG2 cells incubated in 
oleate-supplemented medium was apoB (Table 4). The 
percent composition of apolipoproteins A-I, A-11, B, and 
E in the presence of oleate (Table 4) was similar to that 
observed in the basal medium (Table 2). Oleate produced 
small to moderate stimulation in the secretion of apolipo- 
proteins A-I (lo%), A-I1 (19%), B (28%), and E (8%). 

Insulin-related changes in the concentrations of 
neutral lipids and apolipoproteins in the 
oleate-supplemented medium 

The addition of insulin to HepG2 cells incubated in the 
presence of oleate caused a marked reduction in the con- 
centrations of triglycerides and cholesteryl esters in the 
medium (Table 3). There was a concomitant decrease in 
the secretion of apolipoproteins B and E upon insulin ad- 
ministration (Table 4). On the other hand, the concentra- 
tions of apolipoproteins A-I and A-I1 in the medium were 
unchanged by this hormone (Table 4). Whereas insulin 
had no major effect on the cellular cholesterol, it caused 
a 65% increase (P < 0.05) in the accumulation of trigly- 
cerides in the cells. 

Effects of oleate and insulin on the concentrations of 
lipoprotein density classes 

In the basal culture medium VLDL, LDL, and HDL 
accounted for 14%, 60%, and 2676, respectively, of the 
total lipoproteins (Fig. 3). Due to the low concentration 
of lipoproteins with d < 1.006 g/ml in the culture 
medium, the contribution of LDLi (d 1.006-1.03) to the 
total lipoproteins was further examined. In two separate 
experiments, it was determined that the contributions of 
VLDL + LDLl(d < 1.03 g/ml), LDL2 (d 1.03-1.063 
g/ml), and HDL + VHDL (d> 1.063 g/ml) to the total 
lipoproteins were 40.33 * 7.11%, 41.29 * 5.70%, and 
18.38 * 1.40% (mean * SEM), respectively. These data 
suggest that the high concentration of LDL in basal cul- 
ture medium is partially due to the presence of lipopro- 
teins with d 1.006-1.03 g/ml. The addition of oleic acid to 
the culture medium stimulated the secretion of VLDL by 
425% (P < 0.05) and LDL by 77% (P < 0.01). The 
observed 68% elevation in the HDL concentration was 
not statistically significant (Fig. 3). Thus, in the presence 
of oleate, VLDL, LDL, and HDL accounted for 33%, 
4796, and 2076, respectively, of the total lipoproteins. The 
amount of VLDL secreted by HepG2 cells in both basal 
and oleate-supplemented media was reduced by 60% 
(P < 0.05) in response to insulin administration (Fig. 3). 
Similarly, the LDL concentration was decreased by 68 % 
(P < 0.01) and 45% (P < 0.01) in basal and oleate- 
supplemented media, respectively, upon the addition of 
the hormone (Fig. 3). In contrast, there was no change in 
the concentration of HDL secreted into either basal or 
oleate-supplemented medium in the presence of insulin 
(Fig. 3). 

Effects of insulin and oleate on the composition of 
secreted lipoprotein density classes 

In the basal medium, triglycerides were the major neu- 
tral lipids in both VLDL and LDL, whereas unesterified 
cholesterol was the main neutral lipid of HDL (Table 5). 
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due not only to a lower concentration of lipids but also to 
decreased levels of apolipoproteins; the apolipoprotein 
contents of VLDL and LDL were reduced by 53% and 
5676, respectively. In addition, insulin altered the compo- 
sition of VLDL and LDL by producing particles that had 
a significantly lower content of triglycerides (Table 5), 
contained less apoB, and were deficient in apoE (Table 6). 
On the other hand, insulin had no significant effect on the 
neutral lipid composition of HDL (Table 5), and did not 
affect their total apolipoprotein concentration or composi- 
tion (Table 6). 

The addition of oleate to the culture medium not only 
increased the total concentration of VLDL, it also altered 
their neutral lipid composition. In the presence of oleate, 
the secreted VLDL particles contained significantly lower 
percentages of unesterified cholesterol and cholesteryl es- 
ters and a higher percentage of triglycerides when com- 
pared to basal medium (Table 5). On the other hand, the 
HDL particles had a significantly higher content of 
unesterified cholesterol and a lower content of cholesteryl 
ester as compared to basal medium (Table 5). The addi- 
tion of oleate did not alter the neutral lipid composition 
of LDL (Table 5). There were small to moderate eleva- 
tions in the concentration of total apolipoproteins in 
VLDL, LDL, and HDL; these changes were similar to 
those observed in the total medium. The major apolipo- 
protein in VLDL and LDL was apoB, while HDL con- 
tained similar concentrations of apolipoproteins A-I and 
E (Table 6). The insulin administration resulted in the 
secretion of VLDL and LDL particles containing slightly 
lower percentages of triglycerides and HDL with a slightly 
higher percentage of unesterified cholesterol (Table 5). 
There was a 41-51% decrease in the apolipoprotein con- 
centration of VLDL and LDL by insulin. The VLDL 

insulin concentration ( n g / m l  medium) particles secreted in the presence of insulin contained 
lower concentrations of aDoliDoDroteins B and E. while 

2. Effect of insulin on the concentrations of triglyceride, 
unesterified and esterified cholesterol in the medium. Hep G2 cells were 
cultured under conditions described in Fig. 1. The maintenance 
medium was removed, cells were washed, and fresh medium was added. 
The effect of various concentrations of insulin on the secretion of trigly- 
cerides (0). unesterified cholesterol (A), and cholesteryl estera (0) by 
Hep G2 cells incubated for 24 hr in basal medium (A) or basal medium 
containing 0.4 mM oleate-1.5% bovine serum albumin (B) was deter- 
mined. Each value is the mean of triplicate plates. 

ApoB was the major apolipoprotein of lipoproteins with 
d < 1.063 g/ml and accounted for 51% of total VLDL 
apolipoproteins and 84% of total LDL apolipoproteins 
(Table 6). We have previously shown (54) that in HepG2 
cells apoB-100 was the only form of apoB present in lipo- 
proteins with d < 1.063 g/ml. ApoA-I was the main apo- 
lipoprotein of HDL and accounted for 41% of the total 
apolipoproteins; apoE was the next most abundant apoli- 
poprotein (Table 6). The decreased concentration of total 
lipoproteins with d < 1.063 g/ml by insulin (Fig. 3) was 

I X I  

the LDL particles were characterized by lower levels of 
apolipoproteins A-I and B. A slight reduction in the total 
apolipoprotein content of HDL was due to a decrease in 
the apoB concentration (Table 6). 

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

In basal medium, the major amounts of cholesterol, 
triglyceride, and apoB were associated with VLDL + 
LDL (d < 1.063 g/ml), while 87% of apolipoproteins 
A-I and A-I1 and 58% of apoE were recovered in lipopro- 
teins with d > 1.063 g/ml (Table 7). Analysis of lipopro- 
teins with d < 1.063 g/ml showed that approximately 
15% of total neutral lipids, 7% of apoA-I, and 10-15% of 
apolipoproteins B and E were associated with VLDL. 
Whereas apoB was not detected in VHDL (d > 1.21 
g/ml), approximately 10% of apoE and 20-40% of apoA-I 
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TABLE 3.  Effect of insulin on the secretion of triglycerides and cholesterol by Hep G2 cells in oleate- 
supplemented medium 

Insulin Trialvcerides Cholesterol Esters 
Unesterified Cholesteryl Total 

Cholesterol 

lpg/ml medium pg/' cell protein per hr 
Medium + oleate - 679.88 + 170.87 382.22 f 47.36 103.02 f 18.24 443.81 f 57.99 
Medium + oleate + 380.75 f 72.29 316.33 f 37.83 60.89 f 9.72 353.76 f 42.73 
% decrease 44.0 17.0 40.9 20.3 
p" NSb NS' < 0.05 N S b  

The concentrations of triglycerides and cholesterol in the medium were measured after 24-hr incubation with MEM 
containing 0 .4  mM oleate-1.5W albumin with or without insulin. Values are means f SEM of six experiments. 

"Determined by Student's I-test. 
'NS, not significant (P > 0.05). 

were recovered in this lipid-poor fraction. Addition of in- 
sulin resulted in the recovery of major part of cholesterol 
and 96% of apoE in lipoproteins with d >LO63 g/ml 
(Table 7). The effect of insulin on VLDL was more pro- 
nounced than on LDL. Only 3-576 of total neutral lipids 
and apoB were present in VLDL. 

When culture medium was supplemented with oleate, 
95% of total triglyceride was recovered in lipoproteins 
with d < 1.063 g/ml (Table 8) and this was distributed 
equally between VLDL and LDL. The VLDL particles 
contained 30% of the total cholesteryl esters; there were 
also slight to moderate increases in the apolipoproteins 
A-I (14% of total), B and E (22% of total) contents of 
VLDL under these conditions. The effect of insulin on the 
distribution of neutral lipids and apolipoproteins between 
lipoprotein density classes (Table 8) was similar, although 
less pronounced, to that observed in basal medium (Table 
7). 

Effect of insulin on the incorporation of [ 1-14C]oleate 
into cellular and secreted lipids 

To evaluate the effects of insulin on the de novo synthe- 
sis of lipids, the rate of incorporation of [l-'4C]oleate into 
phospholipids and neutral lipids was determined. As 
shown in Table 9, insulin significantly decreased the 
secretion of newly synthesized labeled phospholipids, 
triglycerides, and cholesteryl esters. In contrast to 

decreased secretion, insulin increased the accumulation 
of most cellular lipids. With the exception of cholesteryl 
esters, which remained unchanged, there was a 19% in- 
crease in the accumulation of newly synthesized phospho- 
lipids and a highly significant elevation of 82 % in cellular 
triglycerides in the presence of insulin (Table 9). The total 
lipid esters in the medium and cells were increased from 
111 nmol of oleate converted/mg of cell protein in the con- 
trol system to 172 nmol of oleate converted/mg of cell pro- 
tein in the presence of insulin. Thus, insulin enhanced the 
synthesis of total lipid esters (medium and cellular) by 
5570, decreased their secretion into the medium by 36%, 
and enhanced the cellular accumulation of these newly 
synthesized lipids by 61%. 

DISCUSSION 

The present study was designed to establish the rates of 
secretion and composition of neutral lipids, apolipopro- 
teins, and lipoproteins in the basal culture medium of 
HepG2 cells in the presence of glucose and then in the 
same medium supplemented with oleic acid. The next set 
of experiments was designed to examine the effect of in- 
sulin on both of these processes. 

The maximum rates of triglyceride and cholesterol pro- 
duction by HepG2 cells grown in the basal culture 

TABLE 4. Effect of insulin on the secretion of apolipoproteins by Hep G2 cells in 
oleate-supplemented medium 

Apolipoproteins 

Insulin A-I A-I1 B E 

I pg/ml medium pg/g cell protein per hr 
Medium + oleate - 132.50 + 28.76 56.46 f 19.89 398.52 f 52.19 80.36 f 19.12 
Medium + oleate + 121.55 f 29.66 59.03 f 21.44 318.05 f 36.65 63.91 f 16.74 
% change - 8.3  + 4.6 - 20.2 - 20.5 
p" NS' NSb N S b  N S b  

Experimental conditions are described in Table 3. Values are means f SEM of six experiments. 
"Determined by Student's t-test. 
'"S, not significant (P > 0.05). 
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Fig. 3. Effects of oleate and insulin on the accumulation of lipoprotein density classes in the medium. After 5-6 days in culture, the maintenance 
medium was removed, cells were washed, and basal medium (left panel) or basal medium containing 0.4 mM oleate-1.5% bovine serum albumin 
(right panel) was added, and cells were incubated for 24 hr in the presence or absence of insulin (1 pglml). The concentrations of neutral lipids and 
apolipoproteins in VLDL (d< 1.006 glml), LDL (d 1.006-1.063 g/ml), and HDL (d 1.063-1.21 g/ml) isolated from culture media were determined. 
Values are expressed as total concentration of lipoproteins and represent mean f. SEM of four experiments. 

TABLE 5. Effects of oleate and insulin on the neutral lipids composition of lipoprotein density classes secreted by Hep G2 cells 

Medium Medium + Oleate 

Unesterified Cholesteryl Unesterified Cholesteryl 
Cholesterol Esters Triglycerides Cholesterol Esters Triglycerides 

% of total neutral lipia5 
Control 

d < 1.006 g/ml 22.9 f 0.6 15.4 i 1.8 61.7 + 2.1 13.9 f 1.7" 7.8 f 0.96 78.3 f 2.1" 
d 1.006-1.063 g/ml 23.1 i 2.7 11.1 i 1.4 65.8 i 2.9 24.3 f 1.6 8.2 * 1.3 67.5 f 1.6 
d 1.063-1.21 g/ml 47.0 f 6.2 23.2 f 2.9 29.8 f 5.6 74.0 f 9.0' 10.4 + 2.9' 15.6 f 8.1 

Insulin 
73.6 f 4.7 d < 1.006 g/ml 34.2 i 8.0 21.4 f 8.4 44.4 f 3.2d 17.4 f 2.9 

d 1.006-1.063 g/ml 37.6 i 3.9' 13.7 f 1.5 48.7 f 4.6' 30.8 f 3.9 7.0 i 0.4 62.2 f 4.1 
7.9 f 1.1 d 1.063-1.21 g/ml 65.5 f 2.1 15.2 f 6.7 19.3 f 6.6 

8.9 * 2.3 

83.21 f 2.7 8.9 f 2.6 

Experimental conditions are described in Table 1. The neutral lipid composition of lipoprotein density classes secreted by Hep G2 cells in minimum 
essential medium with or without 0.4 mM oleate-1.5% albumin was determined in the presence or absence of insulin. Values are means f 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 < 0.02. 
'The difference between the control and oleate-supplemented medium was significant at P < 0.05. 
dThe difference between the control and insulin treatment was significant at P < 0.005. 
'The difference between the control and insulin treatment was significant at P < 0.02. 
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TABLE 6. Effects of oleate and insulin on the apolipoprotein composition of lipoprotein density classes 
secreted by Hep G2 cells 

Medium Medium + Oleate 

A-I A-I1 B E A-I A-I1 B E 

% of total apolipoprotcim 
Control 

d < 1 . 0 0 6 g / m l  1 9 * 7  1 O f 4  5 1 f 9  2 O f 5  2 6 f 5  6 f 3  5 0 + 8  1 8 f 1 0  
d 1.006-1.063 g/ml 9 f 4 ND" 84 f 5 7 f 3 12 f 5 ND" 80 f 6 8 f 4 
d 1.063-1.21 g/ml 41 f 4 16 f 1 12 f 6 31 f 7 35 f 2 15 f 4 21 f 8 29 f 6 

Insulin 
d < 1.006 g/ml 56 f 19 27 f 4 17 f 17 ND" 36 f 6 5 f 2 46 f 6 13 f 7 
d 1.006-1.063 g/ml 11 f 5 ND" 88 f 6 1 f 1 13 f 6 ND" 82 * 6 5 f 2 
d 1.063-1.21 g/ml 40 f 5 23 f 4 14 f 8 23 f 7 39 f 4 16 f 4 15 f 6 30 f 6 

Experimental conditions are described in Table 5. Values are mean f SEM of five experiments. 
"ND, not detectable. 

medium containing glucose were similar to the secretion 
rates of neutral lipids observed in a previous study with 
rat hepatocytes in primary culture (15). The major neu- 
tral lipid secreted by HepG2 cells was triglyceride fol- 
lowed by unesterified and esterified cholesterol; similar 
results were reported in studies with rat perfused liver (55) 
and cultured hepatocytes (15). The high percentage of 
unesterified cholesterol, which was not affected by either 
oleate or insulin, was similar to that observed in the rat 
perfused liver system (55) and cultured hepatocytes (9, 
15). The low concentration of cholesteryl esters in culture 
medium, in comparison to that in human plasma, reflects 
the low activity of 1ecithin:cholesterol acyltransferase 
(LCAT) in the culture medium (56). ApoB was the major 
apolipoprotein in the culture medium followed, in the 
order of decreasing concentrations, by apolipoproteins A- 
I, E, A-11, and apoC peptides. Thus, the composition of 
apolipoproteins in the culture medium differs from that in 

plasma where apoA-I is the major apolipoprotein (57); the 
ratio of apolipoproteins A-I/A-I1 in the culture medium 
(2.5:l) was also greater than in plasma (2:l) (57). Another 
important difference in the apolipoprotein composition 
was the higher percent content of apoE in the culture 
medium (13%) when compared to that in plasma (3.5%) 
(57). These differences could be explained by the in- 
testinal contribution of apolipoproteins A-I and A-I1 (13) 
and different residence time of apolipoproteins in the 
plasma compartments. 

The major lipoprotein density class secreted by HepG2 
cells in basal culture medium was LDL which contained 
the major part of total neutral lipids and apoB. On the 
other hand, the contribution of VLDL to the total lipo- 
proteins was minimal accounting for only 10- 15 % of neu- 
tral lipids, apoB, and apoE. This reduced rate of VLDL 
production is in agreement with those reported by 
Ellsworth, Erickson, and Cooper (58) and Thrift et al. 

TABLE 7. Effect of insulin on the distribution of neutral lipids and apolipoproteins between lipoprotein 
density classes secreted by Hep G2 cells in minimum essential medium 

Neutral Lipids Apolipoproteins 

Unesterified Cholesteryl 
Cholesterol Esters Triglycerides A-I A-I1 B E 

% distribution 
Control 

d < 1.063 g/ml 6 4 * 7  6 4 f 1 0  8 6 f 4  1 2 f 3  1 3 f 6  8 0 f 4  4 2 f 6  
d > 1.063 g/ml 3 6 f 7  3 6 f 1 0  1 4 f 4  8 8 f 3  8 7 f 6  2 O f 4  5 8 f 6  

Insulin 
d < 1.063 g/ml 36 f 8" 48 f 14 62 f 7' 13 f 3 10 f 5 56 f 7' 4 f 4' 
d > 1.063 g/ml 64 f 8" 52 f 14 38 f 7' 87 f 3 90 f 5 44 f 7' 96 f 4' 

Experimental conditions are described in Table 5. Values are means f SEM of four experiments. 
"The difference between the control and insulin treatment was significant at P < 0.05. 
'The difference between the control and insulin treatment was significant at P < 0.02. 
'The difference between the control and insulin treatment was significant at P < 0.005. 
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TABLE 8. Effect of insulin on the distribution of neutral lipids and apolipoproteins between lipoprotein 
density dasses secreted by Hep G2 cells in oleate-supplemented medium 

Neutral Lipids Apolipoproteins 
Unesterified Cholesteryl 
Cholesterol Esters Triglycerides A-I  A-I1 B E 

W disfribufion 
Oleate 

d < 1.063 g/ml 5 1 * 2  6 6 f 8  9 5 f 3  2 7 * 5  1 3 f 9  8 7 * 4  4 1 f 6  
d > 1.063 g/ml 4 9 * 2  3 4 f 8  5 * 3  7 3 f 5  8 7 f 9  1 3 f 4  5 9 f 6  

Oleate + insulin 
d < 1.063 g/ml 4 7 * 9  6 7 f 1 2  9 4 f 2  2 0 * 5  2 f 2  8 3 f 9  2 8 * 4  
d > 1.063 glml 53 f 9 33 f 12 6 f 2  8 0 * 5  9 8 * 2  1 7 * 9  7 2 t 4  

Experimental conditions are as described in Table 5. Values are means f SEM of four experiments. 

(59). These observations, however, are at variance with 
results obtained with the human liver in the organ culture 
(60), hepatocytes in primary culture (61), or HepG2 cells 
(62), which all demonstrated that the majority of apoB is 
associated with the VLDL fraction. It is possible that this 
discrepancy in results may be due to the presence of 
specific hormones and/or metabolites in FCS-containing 
medium used in the above studies (60-62) rather than the 
methodology for quantifying apoB as recently suggested 
(59). The results of the present study do not completely 
rule out the possibility that the concentration and compo- 
sition of the accumulated lipoproteins might reflect 
postsecretory modification, e.g., catabolism and/or lipoly- 
sis of newly synthesized particles. Although the catabo- 
lism of de novo synthesized lipoproteins was not examined 
directly, a time study on the secretion of apoB-containing 
particles showed that lipoprotein B was not a degradation 
product of lipoprotein B:E (Dashti, N. and G. Wolfiauer, 
unpublished data). Furthermore, no lipolytic activity 
could be detected in the medium indicating the lack of a 
precursor-product relationship between particles present 
in VLDL and LDL. The lack of any significant lipolytic 
activities (34) or re-uptake of newly secreted VLDL has 

also been demonstrated in rat cultured hepatocytes (34, 

Direct hepatic synthesis of LDL, which appears to be 
operative in HepG2 cells, is a controversial issue. The 
general consensus, based on studies with several animal 
species using a liver perfusion system (3, 63-69), cultured 
hepatocytes (8- lo), and isolated Golgi apparatus (70-72), 
is that VLDL are the major and HDL the minor lipopro- 
teins, and that the contribution of LDL is minimal. 
Moreover, it has been suggested that the LDL-like par- 
ticles found in liver perfusate of rabbit (69), guinea pig 
(67), and rhesus monkey (68) are LDL contaminants 
from serum. On the other hand, a direct hepatic secretion 
of LDL has been demonstrated in the rat (73), miniature 
pig (74), and nonhuman primates (75-77). While direct 
synthesis of LDL-like particles does not appear to be 
limited to HepG2 cells, the underlying cause for their en- 
hanced secretion by this cell line remains to be elucidated. 

The major portion of neutral lipids and apoB was asso- 
ciated with lipoproteins with d < 1.063 g/ml. Both VLDL 
and LDL secreted by HepG2 cells were triglyceride-rich 
and cholesteryl ester-poor lipoproteins containing apoB 
as their major and apolipoproteins A-I, A-11, and E as 

35). 

TABLE 9. Effects of insulin on the incorporation of [1-"C]oleic acid into cellular and secreted lipids 

Incorporation of [ I-'%]Oleate into Secreted Lipids 

PL TG CE PL TG CE 

Incorporation of [ I-%]Oleate into Cellular Lipids 

nmoUmg cell protein 
Control 2.84 f 0.16 3.04 f 0.41 1.03 f 0.03 29.27 f 4.29 70.78 f 11.14 4.15 f 0.34 
+ Insulin 1.92 f 0.09 1.66 f 0.10 0.86 f 0.03 34.76 f 3.60 128.86 f 6.57 3.82 f 0.45 

P < 0.01 < 0.05 < 0.02 NS' < 0.005 NS' 
W change - 32.6 - 45.3 - 16.5 + 18.7 + 82.1 -8.1 

The incorporation of 0.4 mM [l-'4C]oleate-1.5% bovine serum albumin in MEM into cellular and secreted lipids was measured after 4 hr incuba- 
tion at 37OC in the presence and absence of insulin. Abbreviations: PL, phospholipids; TG, triglycerides; CE, cholesteryl esters. Values are means 
f SEM of triplicate plates. 

"Determined by Student's f-test. 
*NS, not significant (P > 0.05). 
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their minor protein moities; both were deficient in apoC 
peptides. This is in agreement with properties of nascent 
hepatic VLDL from several species which are trigly- 
ceride-rich and cholesteryl ester-poor (3, 9, 63, 66, 68, 69, 
72) with apolipoproteins B and E as the major and apoC 
as minor protein constituents (7, 9, 11, 12, 16, 63, 66, 72). 
The only exception appears to be a relatively high percent 
content of apolipoproteins A-I and A-I1 in VLDL par- 
ticles secreted by HepG2 cells. Similar to the composition 
of LDL from the basal medium of HepG2 cells, rat 
hepatic LDL particles produced under normal conditions 
seem to be triglyceride-rich and to contain both apolipo- 
proteins B and E (65, 66). In contrast to triglyceride-rich 
LDL particles secreted by HepG2 cells, their plasma 
counterparts are rich in cholesteryl esters; this composi- 
tional difference might be the reason why triglyceride-rich 
LDL particles may not be taken up by the HepG2 cells. 
It can be postulated that, in plasma, these nascent 
triglyceride-rich LDL-like particles will interact with 
apoC-peptides, rendering them a suitable substrate for 
lipoprotein lipase. The cholesteryl ester-rich lipoprotein B 
particles produced by the action of lipoprotein lipase are 
then directed to their sites of degradation including the 
liver. 

The major amounts of apolipoproteins A-I and A-I1 oc- 
curred in lipoproteins with d > 1.063 g/ml. The HDL 
particles secreted by HepG2 cells were deficient in 
cholesteryl esters and triglycerides and were enriched in 
unesterified cholesterol, probably due to the low levels of 
LCAT in cell culture medium. A previous study from our 
laboratory (56) has demonstrated the presence of LCAT 
in the HepG2 cell homogenate. In contrast, the cell cul- 
ture medium showed only a weak reaction with antiserum 
to human plasma LCAT (56). Although Chen et al. (78) 
have reported the synthesis and secretion of LCAT by 
HepG2 cells, it has been suggested (59) that the secreted 
LCAT may be inhibited under culture conditions. Alter- 
natively, the elevated concentration of unesterified chol- 
esterol in HDL might reflect a possible cell turnover, 
resulting in release of membrane fragments into the 
medium. In contrast to plasma HDL, lipoproteins with 
d 1.063-1.21 g/ml secreted by HepG2 cells were enriched in 
apoE. The production of HDL particles with similar pro- 
perties has been demonstrated in LCAT deficiency (79), in 
hypercholesterolemic animals (77, 80), and in the absence of 
LCAT in liver perfusate (3, 11, 63). Whereas no apoB was 
detected in the d > 1.21 g/ml fraction of culture medium, 
approximately 10% of apoE and 20-40% of total a p d - I  
were present in this fraction. Our findings are consistent 
with those in rat perfusate in which LCAT was inhibited 
(12), in HepG2 cells (59), and in patients with familial 
LCAT deficiency (81). 

Total triglycerides and unesterified cholesterol in- 
creased approximately twofold when the culture medium 

was supplemented with oleate. The increase in unesterifi- 
ed cholesterol could partly be due to the presence of 
bovine serum albumin in the system or possibly a higher 
cell turnover rate. Previous studies from our laboratory 
(15) and by others (25, 55) have demonstrated that, in 
contrast to stimulation in triglyceride secretion, the addi- 
tion of fatty acid did not significantly affect the hepatic 
secretion of unesterified cholesterol or cholesteryl esters. 
The oleate-induced increase in the secretion of trigly- 
ceride molecular species with 57 carbon atoms ( E - 5 7 )  is 
indicative of the incorporation of this fatty acid into newly 
synthesized and secreted lipoprotein triglycerides. In con- 
trast to the marked enhancement of the triglyceride and 
cholesterol accumulation in the medium, the provision of 
oleate caused only small to moderate increases in the con- 
centration of apolipoproteins. These results, 
demonstrating a lack of coordinate induction in the syn- 
thesis of neutral lipids and apolipoproteins, are in agree- 
ment with results reported in studies using rat hepa- 
tocytes (24, 25) or perfused liver (26). However, contrary 
to the unchanged rates of apoB synthesis reported in these 
studies, our findings showed that oleate increased the 
secretion of this apolipoprotein by 28%. 

The oleate-induced increases in total triglyceride and 
cholesteryl ester concentrations were reflected mainly in a 
425% stimulation of VLDL secretion. This response to 
fatty acid substrate is similar to that observed in perfused 
liver (55), rat cultured hepatocytes (10, 15, 23), and 
HepG2 cells (58). The addition of oleate altered the com- 
position of VLDL by increasing the percent content of 
triglycerides and slightly enhancing the levels of apolipo- 
proteins A-I, B, and E. Similar compositional changes 
have occurred in VLDL particles secreted by cultured rat 
hepatocytes incubated in the presence of oleate (24, 25) 
and in VLDL isolated from rat liver perfusate (82). 
Oleate had no major effect on the composition of LDL. 
The HDL particles produced under this condition were 
characterized by decreased percent contents of cholesteryl 
esters and triglycerides and increased relative contents of 
unesterified cholesterol. 

It appears that the oleate-induced changes in the con- 
centration and composition of VLDL particles were 
brought about by an increased association of apolipopro- 
teins with larger, triglyceride-rich lipoproteins. These 
particles contained a higher ratio of triglyceride to apoB 
(4.90 * 0.67) than the corresponding particles isolated 
from basal medium (1.06 * 0.20). When considered in 
conjunction with a twofold increase in triglyceride/apoB 
ratio in the total medium, this finding clearly 
demonstrates that in HepG2 cells, as in cultured rat (24) 
and chick (83) hepatocytes, the VLDL apolipoproteins 
may assemble into secretory vesicles with variable 
amounts of lipids. 

The addition of insulin to the culture medium produced 
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significant decreases in the secretion of all neutral lipids, 
especially triglycerides and cholesteryl esters. There was a 
concurrent reduction in the accumulation of all apolipo- 
proteins with apoB being reduced to a greater extent than 
apolipoproteins A-I, A-11, and E. The effect of insulin on 
the secretion of lipids and apolipoproteins in oleate- 
supplemented medium was less pronounced. These 
results differ from those indicating an increase in trigly- 
ceride secretion in rat perfused liver (31) by insulin, but 
are in agreement with the inhibitory effects of this hor- 
mone observed in cultured rat hepatocytes (34, 35). 

The lipid composition of both VLDL and LDL was 
markedly altered by insulin. These lipoproteins contained 
less triglyceride and more cholesterol in agreement with 
similar changes reported for VLDL particles secreted by 
rat cultured hepatocytes (34, 35). The total concentra- 
tions of apoB were markedly reduced in VLDL and LDL; 
these particles were deficient in apoE resulting in a com- 
plete shift of apoE from lipoproteins with d < 1.063 g/ml 
to lipoproteins with d > 1.063 g/ml. The low apoE con- 
tent in lipoproteins with d < 1.063 g/ml reported by 
Thrift et al. (59) most probably is due to the presence of 
insulin in the culture medium. Since there was little effect 
on the concentration and composition of HDL particles, 
it appears that insulin specifically inhibited the secretion 
of triglyceride-rich particles with apolipoproteins B and E 
as their main protein constituents. Insulin added to 
oleate-supplemented medium decreased the triglyceride, 
cholesterol, and apolipoproteins in lipoproteins with 
d < 1.063 g/ml without affecting those with d > 1.063 
g/ml. As in the basal medium, VLDL secreted into 
oleate-supplemented medium were the major lipoprotein 
density class altered by insulin. However, insulin de- 
creased the secretion of triglyceride-rich, apolipoprotein 
B- and E-containing lipoprotein particles in the oleate- 
supplemented medium to a lesser degree than in basal 
medium. The decreased concentration of '*C-labeled 
triglycerides, phospholipids, and cholesteryl esters in the 
medium concomitant with a simultaneous increase in the 
concentrations of these lipids in the cells suggest that, 
while enhancing the synthesis of lipids, insulin reduces 
their rate of secretion. Our studies and those reported by 
others (36) have demonstrated that the insulin-related in- 
hibition in the secretion of triglyceride-rich apoB- 
containing particles was maintained in the presence and 
absence of fatty acid substrate. These results suggest that 
the observed reduction in hepatic triglyceride secretion in 
vivo subsequent to insulin administration (32, 33) may 
not be due entirely to decreased concentration of plasma 
fatty acids, but may reflect a direct action of insulin on 
hepatic lipoprotein secretion. 

Since the intracellular concentrations of apolipopro- 
teins were not determined, no conclusion could be made 
regarding the effect of insulin on the synthetic rates of 
apolipoproteins. Direct effects of insulin on the mRNA 

levels and de novo synthesis of apolipoproteins remain to 
be established. The increased accumulation of trigly- 
cerides in the cells suggests that insulin either inhibits the 
synthesis of apolipoproteins or affects the assembly of 
lipoproteins and, therefore, their secretion. The divergent 
effects of insulin on the synthesis and secretion of trigly- 
cerides in the presence of oleate suggest that its function 
in HepG2 cells, as in rat hepatocytes (34), may be to in- 
crease the stored pool of triglyceride for future utilization. 

The present study has clearly demonstrated the ability 
of HepG2 cells to synthesize and secrete all the major 
neutral lipid and apolipoprotein constituents of human 
lipoprotein density classes. Furthermore, the respon- 
siviness of HepG2 cells to the addition of fatty acids and 
insulin documented in the present study provides further 
evidence for the usefulness of this cell line in studying the 
regulation of hepatic lipoprotein processing. I 
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