ASBMB

JOURNAL OF LIPID RESEARCH

I

HepG2 cell LDL receptor activity and the
accumulation of apolipoprotein B and E in
response to docosahexaenoic acid and cholesterol
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Abstract In the present study, the accumulation of apolipo-
proteins (apo) A-I, B, and E in culture medium was measured
after 0, 3, 6, 12, and 24 h of incubation with 150 uM docosahex-
aenoic acid complexed to 75 uM bovine serum albumin
(BSA-22:6), either in the presence or absence of 50 pg/ml
cholesterol and 4 pg/ml 25-hydroxycholesterol (C/25-OH).
HepG?2 cells incubated with BSA + C/25-OH for 24 h accumu-
lated approximately 2.0-fold greater apoE and B as compared to
BSA-treated cells. Moreover, HepG2 cell apoB accumulation af-
ter 24 h of BSA-22:6 treatment was approximately 2.0-fold
greater than apoB accumulation from cells treated with BSA
alone. When BSA-22:6 and C/25-OH were both included in the
incubation, apoB accumulation was approximately 5.0-fold
greater than BSA-treated cells. Comparative studies using
BSA-18:1 were carried out for 24 h and showed similar levels of
apoA-L, B, and E accumulation in culture medium as compared
to BSA-22:6-treated cells. In addition, apoA-I, B, and E mRNA
abundance were found to be unaffected by type of fatty acid
treatment or length of incubation, averaging 48.2 + 7.5, 222 1 33.6,
and 17.1 + 0.7 pg mRNA/ug RNA (mean + SEM), respec-
tively. As the accumulation of apoB and apoE in culture
medium may be modified by HepG2 cell LDL receptor expres-
sion, LDL receptor mRNA abundance and LDL receptor ac-
tivity were quantified at various times over the course of the
study. By 6 h of BSA + C/25-OH treatment, LDL receptor
mRNA was reduced approximately 2.3-fold, while receptor ac-
tivity was reduced approximately 1.5-fold, as compared to BSA
controls. In an experiment designed to determine uptake of
HepG2 cell lipoproteins, 3H-labeled apoB-containing lipoproteins
derived from HepG2 cells were prepared. The 3H-labeled
lipoproteins were 1.25-fold more likely to be removed from the
media of HepG2 cells treated with BSA than from cells treated
with BSA + C/25-OH. B From these results, we postulate
that HepG2 cell LDL receptor activity mediates the removal of
apoB, E-containing lipoproteins from culture medium and con-
tributes to the lower accumulation of apoB and E observed in
culture mediur from cells treated with BSA as compared to cells
treated with C/25-OH.—Sorci-Thomas, M., C. L. Hendricks,
and M. W, Kearns. HepG2 cell LDL receptor activity and the
accumulation of apolipoprotein B and E in response to docosa-
hexaenoic acid and cholesterol. J Lipid Res. 1992. 33:
1147-1156.

Supplementary key words apolipoprotein « low density lipoprotein
receptor ¢ 25-hydroxycholesterol » mRNA

Mechanisms that regulate triglyceride-rich apolipoprotein
(apo) B, E-containing particle synthesis and catabolism
by the liver are of considerable importance as plasma
LDL concentrations correlate with the risk of developing
coronary heart disease. Humans and nonhuman pri-
mates, as well as cell culture model systems, have been
used in the effort to study effects of fish oil on
apolipoprotein synthesis. In human populations that con-
sume oils rich in n-3 fatty acids, a lower incidence of
cardiovascular disease is observed as compared to those
consuming diets rich in saturated fat (1-3). In humans,
dietary fish oils have a variety of effects on plasma
lipoprotein fractions but in virtually every case reported
fish oils reduce plasma triglyceride levels (for review see
ref. 4), with much of the variability due to the duration
of the study and dosage or type of dietary fat used. In
nonhuman primates fed fish oil for periods longer than 5
months, the concentration of plasma cholesterol 1is
significantly decreased as compared to levels in animals
fed a lard diet. Consistently, fish oil-fed African green
monkeys show decreases in HDL cholesterol, apoA-I,
LDL cholesterol, and total plasma cholesterol concentra-
tions, without significant decreases in plasma apoB con-
centrations, (for review see ref. 5). These reductions in to-
tal plasma cholesterol concentrations correlated with a
lower incidence of coronary artery atherosclerosis (6)
when compared to their lard-fed counterparts.

Fatty acid-mediated changes in triglyceride-rich apoB-
containing particle synthesis have also been studied in rat
liver and primary hepatocytes (7-10), and in human hepa-
toma cells (HepG2) (11-23). The fatty acid most exten-

Abbreviations: FBS, fetal bovine serum; BSA, bovine serum albumin;
PBS, phosphate-buffered saline.
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sively studied in HepG?2 cells, oleic acid (18:1), has been
shown to increase apoB accumulation in culture medium
to a small or insignificant degree (12, 14-17), or 2.0- to
7.0-fold (13, 18-23). Fish oil-derived fatty acids such as ej-
cosapentaenocic acid (20:5) and docosahexaenoic acid
(22:6) have been shown to decrease apoB-containing
lipoprotein accumulation when compared to 18:1-treated
cells (12, 13). While it is generally agreed that fatty acid
effects on apoB accumulation are associated with little if
any change in apoB mRNA abundance (12, 16, 18, 19),
recent results suggest that fatty acid treatment may alter
apoB secretion at a post-transcriptional level. Studies in-
vestigating the synthesis and secretion of apoB-containing
lipoproteins in HepG2 cells indicate that the rate of apoB
degradation (20, 24) determines the overall rate of in-
tracellular apoB secretion. Furthermore, these studies
have shown that treatment of HepG2 cells with 18:1 in-
hibits the intracellular degradation of apoB (20), resulting
in a greater accumulation of apoB-containing particles.

The effects of fish oil on HepG2 cell apoB-containing
particle catabolism have been less well studied, although
expression and regulation of LDL receptors in HepG2
cells have been demonstrated (25-30). In one report by
Wong and Nestel (13) eicosapentaenoic acid treatment
was shown to reduce HepG2 cell radiolabeled LDL
saturable binding as compared to oleic acid and control
incubations; whereas the binding of triglyceride-rich
lipoproteins containing chylomicron remnants was not
affected by fish oil treatment.

We undertook the present study to establish a relation-
ship between HepG2 cell apolipoprotein gene expression
and LDL receptor activity in response to docosahexaenoic
acid (22:6) and cholesterol treatment. These studies show
that by 12 h of treatment both apoB and apoE accumula-
tion were stimulated approximately 2.0-fold after treat-
ment with BSA + cholesterol/25-hydroxycholesterol as
compared to cells treated only with BSA. When
BSA-22:6 + cholesterol/25-hydroxycholesterol were both
included in the incubation, apoB accumulation was ap-
proximately 5.0-fold greater than in BSA-treated cells. In
contrast, apoE accumulation was stimulated 1.8-fold in
response to cholesterol/25-hydroxycholesterol and not by
BSA-22:6 treatment. Another aspect of these studies was
to determine the extent to which LDL receptor activity
influences apolipoprotein accumulation. In  studies
designed to show that HepG2 cell LDL receptor activity
alters the overall mass accumulation of apoB and E in cul-
ture medium with time, HepG2 cells removed 1.25-fold
less HepG2 cell-derived 3H-labeled apoB-containing
lipoproteins when pretreated with BSA + cholesterol/25-
hydroxycholesterol than BSA controls. From these results,
we postulate that HepG2 cell LDL receptor activity medi-
ates the removal of apoB, E-containing particles from the
culture medium and contributes to the lower accumula-
tion of B and E observed in the culture medium from cells
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treated with BSA as compared to cells treated with
cholesterol/25-hydroxycholesterol.

MATERIALS AND METHODS

All radioactive nucleotides were purchased from Du
Pont New England Nuclear; Na 12°] (carrier-free) was ob-
tained from Amersham. Modification and restriction en-
zymes were purchased from GIBCO/BRL. Ultrapure
nucleotides and S1 nuclease were purchased from Phar-
macia LKB Biotechnology Inc. Cell culture medium and
nutrients were obtained from Hazelton Dutchland, Inc.
Fatty acid-free bovine serum albumin (BSA) fraction V
and cholesterol (99 + % pure) were purchased from
Sigma Chemical Co. Docosahexaenoic acid (22:6) was
supplied by Nu-Chek-Prep and was found to be greater
than 99% pure as determined by gas-liquid chromatogra-
phy. 5-Cholesten-38, 25-diol (25-hydroxycholesterol)
(99 + %) pure was supplied from Steraloids Inc.
Triglycerides were measured from sonicated cell pellets
with an enzymatic reagent kit from Boehringer Mann-
heim Diagnostics.

HepG2 cell culture

Human hepatoma (HepG2) cells were maintained at
37°C in equilibration with 5% CQ,-95% air in 75-cm?
flasks containing maintenance medium plus 10% fetal bo-
vine serum (FBS). The maintenance media (MEM) con-
sisted of minimal essential medium containing Earle’s
salts and nonessential amino acids supplemented with
minimal essential medium vitamins and a final concen-
tration of 2 mM L-glutamine and 1 pM sodium pyruvate.
Subcultures of cells for use in experiments were obtained
from a 1:4 split of confluent monolayers. Cells were seeded
on 60-mm plates and grown to 85-90% confluence (ap-
proximately 1.6 « 10%cells/dish) in MEM + FBS. Twenty
four hours before the cells were used in an experiment,
they were incubated in FBS-free MEM containing a final
concentration of 0.5% BSA (75 uM). At the start of the
experiment this medium was removed and the monolayer
was gently washed 2 times with 136 mM NaCl, 2.7 mM
KClI, and 10 mM sodium phosphate, pH 7.3 (PBS), and
cells were then incubated in FBS-free MEM sup-
plemented with one of the following additions to give the
final concentrations: 75 uM BSA; 150 uM 22:6 complexed
to 75 uM BSA (BSA-22:6); 75 pM BSA and 50 pg/mi
cholesterol + 4 pg/ml 25-hydroxycholesterol; or 150 uM
22:6 complexed to 75 pM BSA and 50 pg/ml
cholesterol + 4 pg/ml 25-hydroxycholesterol. Preparation
of BSA complexed with 22:6 or 18:1 was carried out ac-
cording to previously published procedures (31). For
studies involving cholesterol and 25-hydroxycholesterol, a
stock solution containing 10.0 mg/ml cholesterol and 0.8
mg/ml 25-hydroxycholesterol was dissolved in ethanol and
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5 pl/ml culture medium was used to obtain a final concen-
tration of 50 pg/ml cholesterol and 4 pg/ml 25-hydroxy-
cholesterol.

RNA isolation and quantification of mRNA

Immediately after removal of the culture medium, cells
were collected from the dishes by addition of 0.5 ml of
0.25% trypsin solution. Cells were transferred to a 15-ml
conical tube and the dishes were washed two additional
times with 2 ml of cold PBS. Cells were pelleted by cen-
trifuging at 2,000 rpm for 10 min at 4°C, then washed
with 3 ml cold PBS; pelleted again, and finally suspended
in 200 ul of 0.9% NaCl, 0.01% EDTA, pH 7.4. The cell
suspension was sonicated on ice and an aliquot was im-
mediately removed and added to a pre-chilled tube con-
taining 4 M guanidine isothiocyanate. Total cellular RNA
was purified from the cell extract using previously pub-
lished procedures (32). Purified RNA was dissolved in
diethyl pyrocarbonate-treated water and the concentra-
tion was determined by the absorbance at 260 nm. In-
tegrity of the purified RNA was determined by formalde-
hyde agarose gel electrophoresis as previously described
(33). Gellular apoA-I, B, E, and LDL receptor mRNA
abundance were quantified using DNA-excess solution
hybridization assay as described previously (32, 33).

Apolipoprotein measurement by ELISA

Cell medium was removed at the appropriate times and
centrifuged at 2,000 rpm for 5 min to remove cell debris.
One-ml aliquots were taken and placed in 0.01% BSA-
coated tubes and stored at —100°C until quantification.
Apolipoprotein A-I, B, and E accumulation in culture
medium was quantified by ELISA as previously described
(34). Aliquots of the sonicated cell lysate were saved for
protein quantification (35). These values were normalized
to the total cellular protein content per dish and expressed
as pg apolipoprotein/mg cell protein.

Isolation and iodination of LDL

Human LDL were isolated by density gradient cen-
trifugation and iodinated using the previously described
iodine monochloride procedure (36). Radiolabeled LDL
was dialyzed for 5 days with five changes of PBS contain-
ing 0.01% EDTA and 0.1 M Nal to remove free iodide.
Greater than 99% of the labeled LDL was found to be
trichloroacetic acid-precipitable.

Quantification of LDL binding, internalization, and
degradation

Cells were grown on 35-mm dishes in MEM + 10%
FBS to 85-90% confluence (approximately 8.7 « 10°
cells/dish). The monolayer was washed and the medium
was changed toc MEM containing 75 pM BSA and in-
cubated for 24 h. The cell monolayer was gently washed
twice with PBS and then incubated with FBS-free MEM

supplemented with one of various additions: 75 uM BSA;
150 pM 22:6 complexed to 75 uM BSA; 75 uM BSA and
50 pg/ml cholesterol + 4 pg/ml 25-hydroxycholesterol; or
150 M 22:6 complexed to 75 uM BSA and 50 pg/ml
cholesterol + 4 pg/ml 25-hydroxycholesterol. After a 6 h
incubation at 37°C, the 125I-labeled LDL was added to
the appropriate medium and the cells were incubated for
an additional 4 h, after which they were maintained at
4°C. LDL receptor binding, degradation, and internali-
zation were measured using the procedures described by
Brown and Goldstein (37). Since the results from LDL
binding, internalization, and degradation studies showed
similar differences among treatment groups, only LDL
degradation results are shown.

Uptake of secreted HepG2 cell apoB-containing
lipoproteins

Six T-150 flasks of HepG?2 cells were grown to 85-90%
confluence on MEM + 10% FBS. The monolayers were
washed with PBS and incubated in FBS-free MEM sup-
plemented with 150 gM 22:6 complexed to 75 uM BSA
and 50 pug/ml cholesterol + 10 pg/ml 25-hydroxycholesterol
containing 300 pCi of L-[3, 4, 5-3H(N)]leucine in 20 ml
of medium and incubated for 6 h. The combined HepG2
cell culture medium was harvested in 0.5% ethanolamine-
treated polypropylene tubes and the density was adjusted
to d 1.080 g/ml with KBr. This mixture was overlayered
with a KBr solution at d 1.063 g/ml and ultracentrifuged
in a SW 40 rotor for 40 h at 36,000 rpm. The d < 1.063
g/ml fraction was removed and dialyzed extensively
against PBS to remove traces of labeled free leucine. The
SH-labeled apoB-containing lipoproteins were further
concentrated approximately 2-fold by the use of dextran
T-500, and were then dialyzed against MEM. Greater
than 99% of the 3H-labeled apoB-containing lipoproteins
were found to be trichloroacetic acid-precipitable.

HepG2 cells grown to 85-90% confluence on 35-mm
dishes were treated with FBS-free MEM containing 75
uM BSA for 24 h, after which they were switched to
MEM containing either 75 uM BSA or 75 uM BSA and
50 pg/ml cholesterol + 4 pg/ml 25-hydroxycholesterol for 6
h. Immediately after this treatment, cells were incubated
with MEM supplemented with either BSA or BSA + 50
pg/ml cholesterol + 4 pg/ml 25:hydroxycholesterol, and an
aliquot of the 3H-labeled apoB-containing lipoproteins
{180,807 dpm/dish) for 18 h at 37°C. Culture medium was
then removed and the radioactivity was measured. The
cell monolayer was extensively washed (37) to remove
nonspecifically bound labeled lipoproteins. Internalized
3H-labeled apoB-containing lipoproteins were isolated by
digestion of the cell monolayer with NaOH (37) and
quantified by liquid scintillation counting. Internalized
3H-labeled apoB-containing lipoproteins were expressed
as dpm/dish and as the fraction of the total added *H-
labeled apoB-containing lipoproteins internalized.
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Data analysis

Values are given as the mean + standard error of the

mean. Statistical comparisons were made using the Stu-
dent’s ¢ test.

RESULTS
Apolipoprotein accumulation time-course

Apolipoprotein (apo) A-I, B and E accumulation in cul-
ture medium was measured after 0, 3, 6, 12, and 24 h of
incubation with 150 pM docosahexaenoic acid complexed
to 75 uM BSA (BSA 22:6), either in the presence or ab-
sence of 50 pg/ml cholesterol and 4 pg/ml 25-hydroxy-
cholesterol (C/25-OH). Fig. 1, panel A, shows that the
apoA-I concentration in the medium increased with time
but with no significant differences among treatment
groups. In contrast, apoB accumulation (Fig. 1, panel B)
showed significant differences among all four treatment
groups. Most striking was the lack of further apoB ac-
cumulation after 6 h from cells treated with BSA only.
ApoB accumulation was 1.7-fold greater in the presence
of BSA + C/25-OH after 24 h, and 2.0-fold greater in the
presence of BSA-22:6, when compared to BSA treatment
alone. The combination of BSA-22:6 + C/25-OH for 24
h increased apoB accumulation approximately 5.0-fold as
compared to BSA treatment alone. ApoE accumulation
increased with time and was significantly greater in the
presence of BSA + (G/25-OH as shown in Fig. 1, panel C.
The accumulation of apoE in the presence of
BSA + C/25-OH for 24 h was approximately 1.8-fold
greater than for cells grown in the absence of C/25-OH.

ApoA-T accumulated linearly in all treatment groups,
3.25 + 0.2 pg/mg cell protein per 24 h. ApoE accumula-
tion was linear in all treatment groups but was signifi-
cantly higher (P < 0.001) in cells incubated with
C/25-OH, averaging, 0.19 + 0.009 pg/mg cell protein per
24 h; in the absence of C/25-OH, the average was
0.10 + 0.02 pg/mg cell protein per 24 h. These differences
in apoE accumulation, as for apoB, were seen between 12
and 18 h of incubation. However, HepG2 cell apoB, un-
like apoE accumulation, was also affected by fatty acid
treatment, averaging 1.1 + 0.05 pg/mg cell protein per 24
h for BSA alone; 1.95 + 0.1 pg/mg cell protein per 24 h
for BSA + C/25-OH; 2.6 + 0.15 pg/mg cell protein per
24 h for BSA-22:6; and 5.5 + 0.25 pg/mg cell protein per
24 h for BSA-22:6 + C/25-OH. These differences in apoB
accumulation were seen between 12 and 18 h with respect
to both BSA-22:6 and C/25-OH treatments.

Comparative studies using BSA-18:1 treatment were
carried out for 24 h under identical experimental condi-
tions and showed 3.09 + 0.35, 3.11 + 0.25, and
0.11 + 0.02 pug/mg cell protein per 24 h (mean + SEM,
n = 4) for apoA-I, B, and E accumulation, respectively.
The apoB accumulation for BSA-22:6 treatment
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(2.60 + 0.15 ug/mg cell protein per 24 h) was compared
to BSA-18:1 treatment (3.11 + 0.25 pg/mg cell protein per
24 h) and found not to be statistically different at the
P < 0.05 level.
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Fig. 1. Apolipoprotein accumulation from HepG?2 cells expressed as
pg/mg cell protein after incubation with 75 uM fatty acid-free bovine se-
rum albumin (BSA) (O), 150 uM docosahexaenoic acid complexed to 75
#M BSA (BSA-22:6) (V), or these albumin preparations in the presence
of 50 pug/ml cholesterol and 4 pg/ml 25-hydroxycholesterol (C/25-OH)
(®) and (V), respectively. HepG2 cells grown in 60-mm dishes were
pretreated for 24 h in MEM containing 75 uM BSA and then switched
to one of the four treatments and incubated for 3, 6, 12, 18, and 24 h.
At the appropriate times, cells and culture media were harvested. Panel
A, apoA-I; panel B, apoB; and panel C, apoE. Concentrations were de-
termined by ELISA and normalized to total cellular protein as described
in Materials and Methods. These values represent the mean + SEM of
triplicate dishes of cells from at least three independent experiments.
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TABLE 1. HepG2 cell triglycerides after 24 h treatment with. BSA
or BSA-complexed fatty acids

Treatment Triglyceride
nmol/mg cell protein
BSA 119 3 34*°
18:1 186 + 22°
22:6 244 + 31

Values represent the mean + SD of a single experiment carried out
using triplicate 100-mm plates of cells for each treatment.

“BSA versus 18:1, P < 0.01.

*BSA versus 22:6, P < 0.02.

18:1 versus 22:6, P <0.05.

Fatty acid stimulation of HepG2 cell triglyceride mass
was determined after treatment of cells for 24 h. After
fatty acid treatment, HepG2 cell pellets were harvested
and their triglyceride mass content was determined.
Table 1 shows that cellular triglyceride accumulation was
stimulated by both BSA-22:6 and -18:1 treatment, as com-
pared to BSA treatment. HepG2 cells accumulated more
cellular triglyceride with BSA-22:6 treatment (244 nmol/mg
cell protein), as compared to BSA-18:1-treated cells (186
nmol/mg cell protein), which is consistent with results from
other investigators (12).

Effects of fatty acid and cholesterol on apolipoprotein
mRNA abundance

The abundance of apoA-I, B, and E mRNA in HepG2
cells was quantified after treatment with 150 pM 22:6
complexed to 75 uM BSA, either in the presence or ab-
sence of C/25-OH. At the appropriate times the total cel-
lular RNA was isolated and used for analysis of mRNA
abundance. Fig. 2 shows HepG2 cell mRNA abundance
for apoA-I, (panel A), apoB, (panel B), and apoE, (panel
C) for each of the four treatments. ApoA-I, B, and E
mRNA abundance was found to be unaffected by dietary
treatments or length of incubation; over the course of the
study the average values were 48.2 + 7.5, 222 + 33.6,
and 17.1 + 0.7 pg mRNA/pg RNA (mean + SEM),

respectively.

Regulation of LDL receptor mRNA and receptor
activity

To assess the involvement of HepG2 cell LDL receptor
expression on the accumulation of apoB and apoE with
time, LDL receptor mRNA and receptor activity were
also quantified over a 24-h time course. BSA + C/25-OH
treatment reduced HepG2 cell LDL receptor mRNA ap-
proximately 2.3-fold as compared to BSA-treated cells, as
shown in Fig. 3, panel A. LDL receptor mRNA ex-
pressed as pg mRNA/ ug RNA averaged 7.1 + 0.3 for
BSA, 2.6 + 0.1 for BSA + C/25-OH, 5.5 + 0.2 for
BSA-22:6, and 2.3 + 0.2 for BSA-22:6 + C/25-OH
(mean + SEM) by 6 h of incubation. The decrease in

LDL receptor mRNA abundance was apparent by 6 h
and persisted for 18 h. Beyond 18 h of incubation it ap-
peared that HepG2 cell LDL receptor mRNA levels had
begun to increase to their pre-treatment levels, presuma-
bly due to depletion of intracellular levels of C/25-OH.
No significant differences were seen in LDL receptor
mRNA abundance between cells treated with BSA-22:6 as
compared to BSA treatment alone.
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Fig. 2. Apolipoprotein mRNA abundance in HepG2 cells expressed as
pg mRNA/ug RNA after incubation with one of the four treatments as
described in the legend to Fig. 1. BSA (O); BSA-22:6 (V);
BSA + C/25-OH (®); BSA-22:6 + C/25-OH (V). Total cellular RNA
was isolated and the mRNA abundance was measured as described in
Materials and Methods. Panel A, apoA-I, panel B, apoB; and panel C,
apoE. These values represent the mean + SEM of triplicate dishes of
cells from at least three independent experiments.
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Fig. 3. LDL receptor mRNA abundance in HepG2 cells, panel A, ex-
pressed as pg mRNA/ pg RNA after incubation with one of the four
treatments as described in the Fig. 1 legend. These values represent the
mean + SEM of triplicate dishes of cells from at least three independent
experiments. Panel B, LDL receptor activity expressed as ng !**I-labeled
LDL degraded /mg cell protein was determined as described in
Materials and Methods. These values represent the mean + SEM of
triplicate dishes of cells from at least three independent experiments.
Cells were treated for 6 h with 75 uM fatty acid-free bovine serum albu-
min (BSA) or 150 uM docosahexaenoic acid complexed to 75 um BSA
(BSA-22:6) either in the presence (open bars), or absence (solid bars) of
50 pg/ml cholesterol+4 pg/ml 25-hydroxycholesterol.

LDL receptor activity was measured after 6 h of treat-
ment of HepG2 cells with each of the four conditions.
Degradation of #’I-labeled LDL was increased approxi-
mately 1.5-fold in cells treated with BSA alone, as com-
pared to BSA + C/25-OH as shown in Fig. 3, panel B.
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Internalized LDL expressed as ng '*I-labeled LDL/ mg
protein averaged 310.4 + 12.2 for BSA, 167.4 + 8.9 for
BSA + C/25-OH, 280.6 + 11.4 for BSA-22:6, and
158.6 + 5.5 for BSA-22:6 + C/25-OH (mean + SEM).
No significant differences in LDL. receptor activity were
seen between BSA-22:6-and BSA only-treated cells.

Uptake of secreted HepG2 apoB-containing
lipoproteins

To determine the extent to which HepG2 cell-derived
apoB-containing lipoproteins could be removed by their
own receptor-mediated pathways, labeled apoB-containing
lipoproteins were prepared by incubating HepG2 cells
with [*H]leucine. The labeled medium was ultracen-
trifuged after incubation and the d <1.063 g/ml fraction
was isolated and dialyzed to obtain 3H-labeled apoB-
containing lipoproteins. HepG2 cells pre-treated with BSA
or BSA + C/25-OH for 6 h were incubated with fresh
medium supplemented with *H-labeled apoB-containing
lipoproteins (180,807 dpm/dish) for 18 h at 37°C. After
this period, the medium was removed and the cells were
washed extensively to remove nonspecifically bound
lipoproteins. Cells treated with BSA showed 44.7%
(80,916 + 2,597 dpm) of the *H-labeled apoB-containing
lipoproteins had been internalized, while cells treated
with BSA + C/25-OH showed 36.0% (65,338 + 3,826
dpm) had been internalized, as shown in Fig. 4. This
difference in the amount of 3H-labeled apoB-containing
lipoproteins internalized was found to be significant at
P < 0.004. Cells treated with BSA showed 62.5%
(113,054 + 2,930 dpm) of the 3H-labeled lipoproteins re-
mained in the medium as compared to 70.2%
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Fig. 4. LDL receptor removal of HepG2 cell-derived 3H-labeled
apoB-containing lipoproteins. HepG2 cells were treated with MEM con-
taining 180,807 dpm/dish of [*H]leucine-labeled apoB-containing
lipoproteins and either 75 uM BSA + 50 pg/ml cholesterol+4 ug/ml
25-hydroxycholesterol (open bar), or 75 uM BSA (solid bar). These
values represent the mean + SEM of triplicate dishes of cells.
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(127,073 + 6,888) for cells treated with BSA +
C/25-OH. This difference was found to be significant at
P < 0.03. These results show an approximate 1.25-fold
higher uptake of 3H-labeled apoB-containing lipoproteins
resulted when incubated with HepG?2 cells treated with
BSA as compared to cells treated with BSA + C/25-OH.

DISCUSSION

The present study was undertaken to establish the rela-
tionship between HepG2 cell apolipoprotein gene expres-
sion and LDL receptor activity, and the degree to which
LDL receptor activity influences apolipoprotein accumu-
lation. These studies show that by 12 h of BSA + C/25-OH
treatment, accumnulation of both apoB and apoE was
stimulated approximately 2.0-fold as compared to cells
treated only with BSA. When BSA-22:6 and C/25-OH
were both included in the incubation, apoB accumulation
was stimulated 5.0-fold as compared to BSA-treated cells,
while apoE accumulation was not stimulated by BSA-22:6
treatment. Furthermore, the increase in apoB and E mass
accumulation in response to C/25-OH treatment was cor-
related with the down-regulation of HepG2 cell LDL
receptor activity. A similar stimulation of apoB and E in
HepG?2 cells has been shown by Craig, Nutik, and Cooper
(17) using a somewhat different approach. In these studies
a 7- to 14-fold increase in apoB and E accumulation was
found upon the preincubation of HepG2 cells with either
40 pg/ml of BVLDL or chylomicron remnants, respec-
tively. These investigators hypothesized that an increased
cholesterol supply is necessary for stimulation of synthesis
and secretion of apoB-containing lipoproteins (both
VLDL and LDL) as incubation of HepG2 cells with
chylomicron remnants increased apolipoprotein secretion
but did not alter the number of LDL receptors expressed
(17). Other investigators (25, 38) have also demonstrated
that cholesterol treatment stimulates apoB accumulation
in HepG2 cell culture medium. It is therefore a possibility
that in our studies the addition of cholesterol and
25-hydroxycholesterol increases apoB secretion, as well as
decreasing LDL receptor activity. In one study (25) the
rates of apoB secretion and LDL receptor activity were
negatively correlated; however, these investigators did not
find any significant interaction of HepG2 cell-derived
apoB-containing particles with cells and concluded that
apoB accumulation in the medium does provide an ac-
ceptable indication of the synthetic rates.

Aithough expression of LDL receptors in HepG2 cells
has been demonstrated previously (25-30), only recently
have HepG2 cells been shown to be capable of removing
HepG2 cell-derived lipoproteins (20, 26, 27). Williams,
Brocia, and Fisher (26) have proposed that apoB re-
uptake by HepG2 cells is predominately local. They
hypothesize that local re-uptake from the unstirred water

layer may be a general mechanism for secretory control.
In our studies, we have determined the magnitude to
which HepG2 cell LDL receptor activity can alter the
overall mass accumulation of apoB and E in culture
medium as a function of time. In our system, HepG?2 cells
removed 1.25-fold less HepG2 cell-derived *H-labeled
apoB-containing lipoproteins when pre-treated with
BSA + C/25-OH than BSA controls. The extent to which
HepG2 cells can remove newly secreted apoB-containing
lipoproteins appears to be slightly less than the uptake of
plasma-derived LDL particles, but the re-uptake process
does explain a proportion of the 2-fold difference in ac-
cumulation seen between C/25-OH- and BSA-treated
cells. Therefore, it appears that uptake of newly synthe-
sized HepG2 cell lipoproteins contributes to the appar-
ently lower accumulation of apoB and E from cells in-
cubated in the absence of C/25-OH. The difference in the
degree of removal of 125]-labeled LDL versus *H-labeled
apoB-containing lipoprotein by HepG2 cells may be a
result of differences in the composition and apolipoprotein
content of the respectively labeled lipoproteins used in
these studies. However, it is also possible that hepatic li-
pase activity, which has been measured in our HepG?2 cell
culture medium (39) after heparin treatment (M. Sorci-
Thomas and T. Thuren, unpublished results), converts
only a portion of the nascent HepG2 cell apoB-containing
lipoproteins into an LDL receptor-competent substrate.

In these studies only HepG2 cell apoB accumulation
increased in response to BSA-22:6, while apoA-I and E ac-
cumulation levels were unchanged by this treatment.
These data agree with results from several other laborato-
ries that show that BSA-complexed fatty acids increase
apoB accumulation in HepG2 cell culture medium (13,
18-23), but differ from those reports that show small or
nonexistent stimulation of apoB accumulation with fatty
acid treatment (12, 14-17). In particular, Wong and Nestel
(13) have shown that treatment of HepG2 cells for 6 h with
1 mM 18:1 or 18:2 increased apoB secretion 2-fold relative
to BSA, while 20:5 modestly decreased (16%) VLDL
apoB secretion, compared to BSA control. In another
study (12), cells treated for 3 h with 1 mM 20:5 or 22:6
secreted 1.4- and 2.2-fold less [*H]leucine-labeled VLDL
apoB, respectively, in the culture medium as compared to
either 18:1- or BSA only-treated cells, in which nearly
equivalent levels of accumulation were observed. The rea-
sons for the differences in apoB accumulation in response
to 18:1 and 22:6 treatment between this study (12) and the
present study are not apparent. In our study, HepG2 cells
were pre-treated with BSA for 24 h (18) to achieve a com-
mon fatty acid-depleted baseline from which to observe
the effects of BSA-complexed fatty acids on apolipoprotein
gene expression. Other factors related to differences in the
cell culture conditions, cell number, or confluency may
also be responsible. In our studies, like those of Wong and
Nestel (13), we showed increased cellular triglyceride ac-
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cumulation with both 18:1- and 22:6-treated cells, with a
significantly higher accumulation of triglyceride mass ob-
served in cells treated with 22:6 as compared to 18:1.
Therefore, similarities in HepG2 cellular triglyceride
response between the two studies are apparent.

It has been documented by several investigators that
18:1 has a differential effect in HepG?2 cells as compared
to primary rat hepatocytes. In rat hepatocytes, 18:1 does
not stimulate apoB secretion compared to BSA treatment
alone (8-10), while in this study and in many others, (13,
18-23), 18:1 does stimulate apoB secretion from HepG2
cells. On the other hand, in rat hepatocytes (8-10), as in
HepG2 cells (12-19, 40), triglyceride secretion is stimu-
lated by 18:1 treatment. One explanation for the observed
difference between HepG2 cell and rat hepatocyte apoB
expression in response to 18:1 (and 22:6 as demonstrated
in our studies) was suggested by Dixon, Furukawa, and
Ginsberg (20). As HepG?2 cells grow rapidly and require
large amounts of energy, they may resemble a “fasted”
hepatocyte more than a “fed” hepatocyte. According to the
model, this deficient metabolic state may explain why
fatty acid treatment stimulates apoB-containing
lipoprotein secretion from HepG?2 cells. Similarly, Salam,
Wilcox, and Heimberg (7) have shown that 18:1 stimu-
lates apoB secretion in perfused livers from 24-h-fasted
rats, but not in livers from fed rats.

Over the 24-h time course studied, we have demon-
strated that fatty acid and cholesterol treatment does en-
hance apoB and E accumulation but has little or no effect
on apoA-I or E mRNA abundance. Previous reports have
demonstrated an increase in apoE, and A-1 (28, 41)
mRNA and apolipoprotein accumulation in response to
BSA + cholesterol or 25-hydroxycholesterol treatment
using HepG2 cells. The present studies also show that
apoB and E accumulation increased when cells were
treated with BSA 22:6 + cholesterol/25-hydroxycholesterol
as compared to BSA-22:6-treated cells. However, in our
studies, increased apoB and E accumulation was found to
be independent of changes in apoB or apoE mRNA abun-
dance. Other investigators have previously shown that
HepG2 cell apoA-1, B, and E mRNA abundance levels
were unaffected by oleate (18:1) (12, 16, 18, 19), and
HepG2 cell apoB mRNA levels were unaffected by ei-
cosapentaenoic acid (20:5) or docosahexaenoic acid (22:6)
treatment (12). The lack of fatty acid modification on
apolipoprotein mRNA abundance, as shown in these
studies, also agrees with studies carried out in nonhuman
primates (33), except for the results with apoA-I mRNA
(42). Studies in African green monkeys fed polyunsatu-
rated fat and cholesterol show a 25% lower liver apoA-I
mRNA abundance as compared to lard-fed animals,
while African green monkeys fed diets containing fish oil
and cholesterol (5) show an approximately 33% lower
liver apoA-I mRNA relative to their lard-fed counterparts
(M. SorciThomas, J. Parks, and L. Rudel, unpublished
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results). Recently, studies carried out in cebus monkeys
(43) showed a dietary corn oil-related decrease in hepatic
apoA-I mRNA abundance when compared to results
from coconut oil-fed animals. Overall, these results sug-
gest that modulation of HepG2 cell apoA-I mRNA by
fatty acid and cholesterol treatment may require more ex-
tensive treatment times or dosages than were used in this
study. It is also possible that the dietary modulation of
apoA-I mRNA abundance demonstrated using whole
animals cannot be modeled in the human-derived HepG2
cell line.

In summary, we postulate that HepG2 cell LDL recep-
tor activity mediates the removal of apoB, E-containing
lipoproteins from culture medium and contributes to the
lower accumulation of apoB and E observed in culture
medium from cells treated with BSA as compared to cells
treated with C/25-OH. 8l
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