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The apolipoprotein B gene is constitutively
expressed in HepG2 cells: regulation of secretion
by oleic acid, albumin, and insulin, and measure-
ment of the mRNA half-life
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Abstract The objective of this study was to establish conditions
whereby apoB secreted from HepG2 cells could be regulated
over a wide range, and to determine whether changes of output
were correlated with the level of apoB mRNA. The presence of
oleate (complexed to 3% albumin at a molar ratio of 1.7:1) re-
sulted in a 3.5-fold stimulation of apoB secretion that was appar-
ent after only 3 h. Insulin halved the rate of apoB output and
the inhibition was detectable within the physiological insulin
range, but was not apparent until 12-16 h. Albumin in the cul-
ture medium had a dose-dependent inhibitory effect on apoB
production. Overall, apoB secretion from HepG2 cells was mod-
ulated over a 7-fold range. However, when apoB mRNA was as-
sayed by slot-blot hybridization, no change was detectable under
any of the conditions that modulated apoB output. Quantitative
solution hybridization was used to -confirm that oleate did not
affect the level of apoB mRNA. Kinetic analysis of the decay of
[*H}uridine-labeled apoB mRNA showed that the half-life of
apoB mRNA was 16 h. Bl We conclude from these studies that
the apoB gene is constitutively expressed in HepG2 cells and
that the mechanism of acute regulation of apoB production by
these cells must involve co- or post-translational processes. —
Pullinger, C. R., J. D. North, B-B. Teng, V. A. Rifici, A. E.
Ronhild de Brito, and J. Scott. The apolipoprotein B gene is
constitutively expressed in HepG2 cells: regulation of secretion
by oleic acid, albumin, and insulin, and measurement of the
mRNA half-life. /. Lipid Res. 1989. 30: 1065-1077.
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The liver secretes triglyceride-rich, very low density
lipoproteins (VLDL) that contain apolipoprotein (apo) B,
apoE, and the C apolipoproteins. ApoB comprises over
40% of the total protein content of VLDL (1). The rate
of VLDL secretion is important in determining the plas-
ma low density lipoprotein (LDL) concentration, and
LDL levels correlate with the risk of coronary heart dis-

ease. Increased VLDL secretion is responsible in part for
the hyperlipidemia that complicates excessive consump-
tion of fat and cholesterol, diabetes mellitus, hypoalbumi-
nemic renal disease, and glucocorticoid excess (2). The
factors that control the rate of secretion of apoB-contain-
ing lipoproteins from the liver are, therefore, of consider-
able importance.

In rats VLDL triglyceride secretion is enhanced by su-
crose feeding (3,4), by supplying nonesterified fatty acid
(NEFA) to perfused livers from fed (4~6) or fasted rats (6),
and by oleate in cultured rat hepatocytes (7-10). VLDL
cholesterol secretion was stimulated in perfused rat livers
(11) and was unaffected in rat hepatocytes (7, 8, 12) when
oleate was added to the medium. ApoB secretion.is in-
creased by oleate perfusion (6). However, in studies with
cultured rat hepatocytes, VLDL apoB secretion is appar-
ently unaffected by the addition of oleate to the medium
(8-10). In these experiments the availability of apoB was
considered to be rate limiting for VLDL secretion, when
NEFA was freely provided. The human hepatoblastoma-
derived cell line, HepG2, secretes triglyceride-rich lipo-
protein with the density of LDL, the apolipoprotein con-
tent of which is almost exclusively apoB (13- 15). With
this cell line apoB secretion has been reported to increase
2- fold (13), 4.5-fold (16), only moderately (17), or to be
unaffected (15) by oleate. A 2.8-fold stimulation of apoB

Abbreviations: VLDL, very low density lipoproteins; LDL, low den-
sity lipoproteins; NEFA, nonesterified fatty acid; ELISA, enzyme-linked
immunosorbent assay.
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output from HepG2 cells was seen with linoleate (18). Sim-
ilarly, triglyceride output has been reported to be stimu-
lated by 2- to 2.5-fold (17, 19), and to be unaffected (15)
by oleate.

The role of insulin in regulating apoB secretion is im-
portant in view of the association between hyperlipopro-
teinemia and diabetes, since atherosclerosis is a common
complication of this disease (20,21). In vivo human stud-
ies have shown that insulin increases hepatic VLDL out-
put (22- 25); other studies in humans (26, 27) and the rat
(28) suggest that insulin decreases VLDL secretion. Re-
ports on the effects of insulin in vitro are also conflicting.
Insulin increased VLDL triglyceride secretion from per-
fused rat livers (5, 29, 30) and rat hepatocytes (31) in some
studies. In other studies using rat liver cells, insulin inhi-
bited both triglyceride (32-36) and apoB (33, 35, 37) secre-
tion. The output of apoB (17) and triglyceride (19) by
HepG2 cells has also been shown to be inhibited by insu-
lin.

A variety of other hormones affect hepatic VLDL se-
cretion. Glucagon, which strongly inhibits hepatic lipo-
genesis, also inhibits hepatic VLDL triglyceride secretion
(11, 31, 34, 38). Dexamethasone has been reported to in-
crease the secretion of VLDL triglyceride by rat hepato-
cytes (36, 39).

Decreased concentration of plasma albumin in renal
disease is considered to cause increased VLDL secretion
and LDL hypercholesterolemia (40, 41). The apoB syn-
thetic rate is increased in patients with nephrotic syn-
drome (42). The presence of albumin or other macro-
molecules in the medium of cultured rat hepatocytes (43)
and HepG?2 cells (13) has been reported to inhibit apoB
output.

Little is known about the underlying mechanisms that
bring about changes in hepatic apoB output, and there
are very few reports concerning the regulation of apolipo-
protein gene expression. The present study was therefore
undertaken to establish conditions in HepG2 cells where-
by large variations in apoB secretion could be examined
for their effect on the level of apoB mRNA,; ie., whether
changes in the transcription of the apoB gene or changes
in mRNA stability are responsible for controlling apoB
secretion by these cells.

METHODS

Materials

Fatty acid-free, bovine serum albumin (BSA), oleic
acid, and porcine insulin were purchased from Sigma
(Poote, UK). [a-3?P]dCTP was supplied by NEN (Steve-
nage, UK). [5,6-*H]Uridine and [5,6-°H]JUTP were sup-
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plied by Amersham International (Amersham, UK). Ea-
gle’s minimal essential medium (MEM) and nonessential
amino acids were from Flow Labs (Rickmansworth, UK).
Fetal calf serum (FCS) was from Biological Industries
(Israel). Tissue culture flasks (T75) were supplied by Fal-
con (Cowley, UK).

Cell culture

Human hepatoblastoma cells, HepG2, were supplied
by Dr. B. B. Knowles (Wistar Institute of Anatomy and
Biology, Philadelphia, PA). They were cultured in MEM
plus penicillin (100 U/ml), streptomycin (100 pg/ml), L-
glutamine (2 mM), nonessential amino acids (1% of
100 x ) and 10% heat-inactivated FCS at 37°C in an at-
mosphere of 95% air-5% CO,.

The cells were passaged weekly, when 1.5 x 106 cells
were seeded into 75-cm? flasks. For cells used in experi-
ments, the medium was removed after 4 days and replaced
with FCS-free medium containing 3% (w/v) of BSA. One
day later the medium was replaced with FCS-free me-
dium plus, where appropriate, 3% (w/v) BSA, and vari-
ous additions. Preparation of oleate/albumin complex was
prepared according to the method of Van Harken, Dixon,
and Heinberg (44).

Electron microscopy

To examine the effect of oleic acid on HepG2 cell struc-
ture, cells were incubated for 24 h in serum-free MEM
containing 3% (w/v) albumin in the presence or absence
of 0.8 mM oleic acid. Cells were washed with PBS and
fixed overnight at 0°C in 3% (w/v) glutaraldehyde, 0.1
mM sodium cacodylate (pH 7.4), and 5% (w/v) sucrose.
After three washes of 30 min in 0.1 M sodium cacodylate,
the cells were post-fixed in 1% osmium tetroxide in 0.1 M
sodium cacodylate buffer, dehydrated through a graded
series of acetones and embedded in Spurr resin with epoxy-
propane as the transitional solvent. Ultrathin sections
were cut on a Reichert OMUS3 ultratome with a diamond
knife. Sections were counter-stained with uranyl acetate
and lead citrate and examined in a Phillips EM300 elec-
tron microscope operating at 60 kV.

Preparation of lipoprotein fractions from
cell conditioned culture medium

After a 24 h incubation (except for time course studies)
the medium was removed from the cells and centrifuged
for 5 min at 1000 g to remove cell debris. Sodium azide
(0.02% wi/v), EDTA (0.02% w/v), and gentamicin sulfate
(0.02% wiv) were added and the density was adjusted to
either 1.063 or 1.21 g/ml with solid KBr. After centrifuga-
tion for 20 h at 150,000 g (Beckman 70.1 Ti rotor, 45,000
rpm) the tubes were sliced and the top 2.0 ml was col-
lected and dialyzed.
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Enzyme-linked immunosorbent assay
of apoB (ELISA)

The lipoprotein fractions prepared from the conditioned
medium were assayed for apoB using an ELISA method
similar to that of Thrift et al. (14). Human LDL prepared
by sequential ultracentrifugation (45) was adsorbed (0.5
pg apoB in 100 pl 500 mM Na,COs, pH 9.6, 16 h, 4°C)
to the wells of 96-well microtiter plates (Dynatech Labora-
tory Lid., Billingshurst, West Sussex, UK). The plates
were washed with phosphate-buffered saline (PBS) (8.0 g
Na(Cl, 0.2 g KC], 1.15 g Na,HPO,, 0.2 g KH,PO, per li-
ter) and blocked for 1 h with 2% BSA in PBS containing
0.05% Tween-20. The plates were washed twice with PBS.
Samples and standards (LDL apoB) in the range 0-0.2
1g/100 pl were mixed with a monoclonal antibody (1D1)
(46) to apoB (final dilution 1 in 20,000 in PBS/Tween-20)
and added to the wells in quadruplicate. The monoclonal
antibody was kindly supplied by Dr. Y. L. Marcel and Dr.
R. W. Milne. The plates were incubated at 37°C for 2 h.
After washing three times with PBS/Tween-20, anti-
mouse IgG alkaline phosphatase conjugate (Sigma, Poole,
Dorset, UK) was added to each well (1 in 2,000 dilution
in 100 ul PBS). The plates were incubated at 37°C for 1 h.
Controls with no LDL coating plus first and second anti-
body were included. After washing three times with PBS,
the substrate (p-nitrophenyl phosphate, 0.1 mg in 100 pl)
was added and the plates were incubated at 37°C for 45
min. The absorbances were read at 405 nm using an auto-
mated ELISA plate reader. The displacement curves of
standard human LDL were similar to that of the lipopro-
tein fraction prepared from HepG2 cell conditioned me-
dium (data not shown).

Preparation of total RNA from HepG2 cells

Total RNA was prepared from HepG2 cells using, es-
sentially, the method of Auffray and Rougeon (47). The
cells were harvested by washing with a solution of trypsin
(2.5 mg/ml) and EDTA (1 mg/ml). After 5 min at 37°C,
medium containing 10% heat-inactivated FCS was added
to inactivate the trypsin. An aliquot of the cell suspension
was taken to estimate protein and DNA content. The cells
were pelleted at 500 g for 5 min. To the cell pellet was added
10 ml of a solution of urea (6 M), LiCl (3 M), and SDS
(0.2%, w/v). The tube was vortexed and the lysed cells
were homogenized using an “ultra turax” tissue homoge-
nizer (Janke and Kunkel, FRG) for 2 min in order to
shear the cellular DNA. The cell homogenate was passed
three times through a 19-gauge needle and then three
times through a 2l-gauge needle to ensure complete
shearing of DNA. At this stage the sample was left on ice
overnight. The suspension was centrifuged at 9,000 g (av)
for 20 min. The supernatant was discarded and the pellet
was washed in 5 ml of ice-cold LiCl (3 M). The suspen-

sion was again centrifuged at 9,000 ¢ (av) for 20 min. The
supernatant was discarded and the pellet was dissolved in
3 ml of ice-cold TES (10 mM Tris-HCL; 1 mM EDTA;
0.5% SDS). The solution was extracted with 1.5 ml phe-
nol containing 8-hydroxyquinoline (0.1% w/v) and 8-mer-
captoethanol (0.2% w/v), and 1.5 ml chloroform-isoamyl
alcohol 24:1 (v/v)and finally with chloroform (3 ml). The
RNA was precipitated at — 70°C after the addition of
0.35 ml sodium acetate (3 M) and 9 ml ethanol. The
RNA was pelleted at 9,000 g (av) for 20 min. After wash-
ing with 80% ethanol (v/v) the RNA was re-pelleted. All
traces of 80% ethanol were carefully removed, the pellet
was dissolved in TE (10 mM Tris-HCI; 1 mM EDTA) and
stored at — 70°C. RNA content was estimated by mea-
suring the absorbance at 260 mm and by using an orcinol
assay (48).

Northern and slot blotting

For slot-blots, 1-, 4-, and 8- ug amounts of total cellular
RNA were denatured and applied to the wells of a “mini-
fold” blotting apparatus (Schleicher and Schuell, FRG)
onto nitrocellulose filters. For Northern blots, 10 ug of
RNA was run on 0.8% agarose denaturing gels contain-
ing formaldehyde (2.2 M) and then transferred to nitro-
cellulose filters by capillary blotting. Filters were baked at
80°C for 2 h. The filters were prehybridized for 4 h and
hybridized overnight at 42°C in 50 % deionized forma-
mide, 5 x SSC (5 x SSC is sodium chloride, 750 mM,
and sodium citrate, 75 mM), 100 mM sodium phosphate
(pH 7.0), 2 x Denhardt’s solution (2 x Denhardt’s solu-
tion contains 0.04% Ficoll, 0.04% polyvinyl pyrolidone,
and 0.04% BSA), 300 pug/ml denatured salmon sperm
DNA and 0.2% SDS with a *?P-oligolabeled 6.2 kb apoB
c¢cDNA probe (pABF) (49), or with a human S-actin
cDNA probe (p69A-23) (50). The specific activity of the
probe was 10° cpm/ug. Filters were washed twice in 2 x
S8C/0.1% SDS at room temperature, twicein 1 x SSC/
0.1% SDS at 42°C, once in 1 x SSC/0.1% SDS at 55°C,
and once in 0.1 x S8C/0.1% SDS at 55°C. Each wash
was for 15 min. The relative quantities of each mRNA in
the slot blots were determined by cutting the filters and
determining the amount of *?P by liquid scintillation
spectrometry.

Measurement of apoB mRNA by DNA-excess
solution hybridization

A single stranded *’Plabeled cDNA probe (8 x 10°
cpm/pmol) was synthesized from a 215-bp SstI/HindIII
(nucleotides 9854-10069) (51) apoB cDNA fragment sub-
cloned into the bacteriophage M13 using a 17-nucleotide
primer complementary to the M13 polylinker in the pres-
ence of 3 uM [a-32P|CTP, 24 uM each of dTTP, dATP,
and dGTP, and the Klenow fragment of E.coli DNA poly-
merase. After EcoRI digestion the probe was isolated by
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electrophoresis on a 6% polyacrylamide, 8 M urea gel fol-
lowed by electroelution.

The probe was hybridized with various quantities of to-
tal RNA in 50% formamide, 400 mM NaCl, 10 mM
PIPES, 1 mM EDTA, for 40 h at 42°C. Following diges-
tion with S1 nuclease to remove excess unhybridized probe,
the samples were precipitated with trichloroacetic acid on
glass-fiber discs and the radioactivity was measured by li-
quid scintillation spectrometry. From a knowledge of the
length of apoB mRNA (14, 121 bases) (51) and the specific
radioactivity of the probe, the mass of apoB mRNA per
pg of total RNA was calculated.

Incorporation of [5,6-*H]uridine into HepG2 cell RNA

HepG2 cells were seeded into 75-cm?® flasks (as de-
scribed above). Four days later ] mCi of [5,6-*H}uridine
was added in 10 ml of serum-free medium containing 3% al-
bumin. The cells were cultured for 20 h and the medium
was removed; the cells were washed with PBS and fresh
medium containing 5 mM uridine was added to prevent
reutilization of label. The incubations were then con-
tinued for the time periods indicated for Fig. 9 when the
cells were harvested and RNA was prepared as described
above.

Preparation of [*H]apoB cRNA

Tritium-labeled sense transcripts of apoB cRNA were
prepared using a TransProbe kit supplied by Pharmacia
(Milton Keynes, UK). The pGem 3 plasmid used con-
tained a 2384-bp Sall to Xbal insert (nucleotides 5290 to
7674) (51). This was linearized with Smal and Kpnl and
transcribed with T7 RNA polymerase at 37°C for 30 min
in the presence of 20 uCi of [5,6-*H]JUTP. The yield was
200 ng of RNA with a specific activity of 6.6 x 107
dpm/pg RNA.

Filter hybridization of [’HJRNA

Aliquots of the *H-labeled HepG2 cell RNA were ana-
lyzed for [*H]apoB mRNA by hybridization to nitrocellu-
lose filters containing linearized, immobilized, denatured
DNA according to the method of Rodgers, Johnson, and
Rosen (52). Filters contained 2 ug of pABI (49) 2 ug of
pABF (49), and 2 pg of pSB9 (an exon 26 genomic sub-
clone containing a 5826-bp Sall to BamHI insert; nucleo-
tides 5290 to 11116) (51). Thus, each filter contained DNA
spanning the whole length of the apoB ¢cDNA. Control fil-
ters contained 3 pg of pUCS and 3 pg of pAT153. Filters
were prehybridized for 16 h at 42°C using the same hybri-
dization buffer as reported above for Northern and slot
blotting. Aliquots (25 pg) of the *H-labeled HepG2 cell
RNA were added and the hybridizations were carried out
at 42°C for 50 h. Separate hybridizations were set up con-
taining 25 pug of unlabeled HepG2 cell RNA plus
3.4 x 10° dpm of *H-labeled apoB c¢cRNA. The filters
were washed twice with 2 x SSC containing 0.1% SDS
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at room temperature for 15 min. They were incubated for
30 min at 37°C in 2 x SSC containing 10 pg/ml RNaseA
and 1 pg/ml RNasell. After two further washes in 2 x
SSC/0.1% SDS at room temperature for 15 min, the filters
were washed once in 1 x SS8C/0.1% SDS at 42°C for 30
min and finally in 1 x S8C/0.1% SDS at 65°C for 15 min.
The amount of *H was determined by liquid scintillation
spectrometry.

Extraction of total lipids from HepG2 cells and
lipoprotein fraction from conditioned medium

Cell pellets and lipoprotein fractions were extracted by
the addition of 20 ml of chloroform-methanol 2:1 (con-
taining 10 ug/l of butylated hydroxytoluene) according to
the method of Folch, Lees, and Sloane Stanley (53).

Measurement of triglyceride, cholesterol,
and phospholipid

The phospholipid content of the HepG2 cells and the
triglyceride content of the cells and lipoprotein fractions
were determined on the lipid extracts using kits supplied
by BCL (Lewes, East Sussex, UK). The unesterified and
esterified cholesterol content of the cells was determined
by gas-liquid chromatography after thin-layer chromato-
graphy of the total lipid extracts as described previously
(54).

Measurement of cell-mediated insulin degradation

Insulin was. labeled with '*°I as previously described (55)
and 200,000 cpm was added to flasks of HepG2 cells with the
appropriate concentration of unlabeled insulin. Aliquots of
the medium were precipitated with trichloroacetic acid on
glass-fiber discs and the amount of radioactivity remaining
was determined. The half-life for the removal of insulin from
the medium was of the order of 20-24 h (data not shown).
To account for this degradation, an additional amount of in-
sulin, equivalent to the initial amount, was added 6 h after
the start of each experiment.

Other analytical methods

Protein was measured by the method of Lowry et al.
(56) and DNA by the method of Schneider (48).
Statistical treatment of results

All values are presented as means + SEM. Statistical
significance was tested by paired ¢-test on logarithmically
transformed data.

RESULTS

Conditioned medium from HepG2 cells was collected
over a period of 48 h. The d < 1.063 g/mi fraction was
prepared and the triglyceride and apoB contents were de-
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termined. There was a linear output of both components
over this period (data not shown). In subsequent experi-
ments the d < 1.21 g/ml fraction was prepared, because we
found that some apoB (18% of the total) appeared in the d
1.063-1.21 g/ml fraction (C. Pullinger and J. North, unpu-
blished observations).

Substances studied for effect on apoB secretion

A major objective of the study was to identify factors
that regulate apoB secretion from HepG2 cells. HepG2
cells were grown for 24 h in serum-free medium contain-
ing 3% albumin (w/v) supplemented with each of the test
substances. Table 1 lists the substances found to perturb
apoB secretion. Oleate stimulated apoB secretion. Albu-
min and insulin inhibited secretion. No other substance
examined had a significant effect on apoB secretion
(Table 2). Results with oleate, albumin, and insulin are
described in detail.

Effect of albumin and oleate on apoB secretion

The amount of apoB secreted by HepG2 cells over 24 h
under different conditions that affected secretion is sum-
marized in Table 1. HepG2 cells grown for 24 h in serum-
free medium supplemented with 3% albumin (w/v)
showed a 47% decrease in the amount of apoB secreted
into the culture medium compared to cells grown in se-
rum-free medium alone. Supplementation of the culture
medium with 0.8 mM oleate bound to 3% albumin in-
creased apoB secretion by on average 3.5-fold. In ten in-
dividual experiments the range was 1.5- to 7.5-fold.
Triglyceride secretion was stimulated 2.6-fold by oleate
(Table 3).

Effect of insulin on apoB secretion
Insulin at a concentration of 10™M was used to supple-
ment HepG?2 cells grown with 3% albumin alone or with

TABLE 1. Effects of insulin, albumin, and oleate on
apoB secretion by HepG2 cells

Additions
Oleate Insulin Albumin
0.8 mm 10® m 3% (wiv) ApoB Output
pg/mg cell protein/24 h
+ - + 1.02 £ 0.27°
~ ~ - 0.55 £ 0.19°
+ + + 0.45 ¢+ 0.10°
~ - + 0.29 + 0.07
- + + 0.14 1 0.04

Cells were preincubated for 24 h in MEM plus BSA (3%). The medium
was changed to MEM plus the above additions and the cells were incubated
for a further 24 h. The medium was removed and assayed by ELISA
for apoB as described in Methods. Results are mean + SEM of at least
nine experiments for each condition.

‘P < 0.001 as compared to albumin control.

P < 0.01 as compared to albumin control.

‘P < 0.001 as compared to oleate.

TABLE 2. Other substrates, hormones, and drugs tested for their
effect on apoB secretion from HepG2 cells

Substance Percent of Control”

Lactate + pyruvate (10 mM + 1 mM) 138 £ 19 (9
Mevalonate (1 mM) 138.3 + 16.8 (7)
Glucagon (107 M) 88.7 + 10.4 (7)
8-Br cAMP (0.5 mm) 87.3 )
Dexamethasone (107 M) 100.1 + 15.4 (7)
Triiodothyronine (107 M) 113.9 + 8.1 (5)
25-Hydroxycholesterol (10 ug/ml) 124.0 + 16.2 (5)
Mevinolin (1 M) 143.5 1+ 15.6 (4)
Sandoz 58-035 (5 pg/ml) 122.2 + 11.0 (6)
Calcium ionophore (1077 M) 100.3 + 6.5 (3)
A23187 (107 m) 66.8 + 9.6 (3)

The conditions were the same as in Table 1. Albumin (3%, w/v) was
present throughout.

“The results are expressed as a percentage of the amount secreted by
cells in paired flasks incubated in albumin alone + SEM. The numbers
of separate experiments are in parentheses.

3% albumin plus 0.8 mM oleate. In the presence of insu-
lin the amount of apoB secreted over 24 h was decreased
by 55% when oleate was present in the medium and 52%
in the absence of oleate. Overall apoB secretion could be
varied by more than 7-fold by stimulation with oleate and
inhibition by insulin in the absence of oleate (Table 1).

Dose-responses for albumin,
oleate, and insulin

In a dose-response experiment, albumin 0.5% (w/v)
decreased apoB secreted over 24 h from HepG2 cells by
54% (Fig. 1). The inhibition was maximal (83%
decrease) at 1.5% (w/v) albumin. No further decline was
observed with 3 or 5% albumin. Ovalbumin 3% (w/v)
and dextran-80 3% (w/v) also suppressed apoB secretion
(Fig. 1). Albumin (3% solution) was used in all subse-
quent experiments to allow a low fatty acid to albumin
ratio (molar ratio of 1.7:1 in the presence of 0.8 mM
oleate) in those incubations containing oleate. ApoB
secretion was examined at oleate concentrations between
0.02 mM and 0.8 mM (Fig. 2). Maximal stimulation of
apoB secretion was achieved at 0.1 mM. In the presence
of 0.8 mM oleate large lipid droplets were found to accu-
mulate in the cytoplasm of HepG2 cells (Fig. 3). Extrac-
tion of total HepG2 cellular lipid from oleate-treated and
untreated cells showed a 7-fold increase in cellular trigly-
ceride (Table 3). There was no change in cellular
phospholipid or unesterified cholesterol. The 2-fold in-
crease observed in cellular cholesteryl ester was not
statistically significant.

An inhibition of apoB secretion of 32% was observed
at 107°M insulin, which is within the physiological con-
centration range (Fig.4). The greatest inhibition of 59%
was seen at an insulin concentration of 107'M,
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TABLE 3. Effects of oleate on HepG2 cell triglyceride secretion and cellular lipids

Cellular Lipids
Nonesterified Esterified Lipoprotein
Additions Triglyceride Cholesterol Cholesterol Phospholipid Triglyceride
wg/mg cell protein pg/mg cell protein/24 h
3% Albumin 39.6 + 1.5 14.1 + 1.0 49 + 16 87.0 + 5.7 1.29 + 0.41
3% Albumin + 0.8 mM oleate 284.7 + 1.2° 15.7 + 1.5 10.3 + 4.0 103.1 + 8.8 3.38 + 1.60°

Confluent monolayers of HepG2 cells were incubated for 24 h in serum-free medium containing BSA (3% w/v). The medium was then changed
to BSA t 0.8 mM oleate and the cells were incubated for a further 24 h. The cells were harvested, the lipoprotein fraction was prepared, and the
cellular lipids and lipoproteins were assayed for lipid as described in Methods. The values are the mean + SEM. Three flasks were assayed for cellular

lipids and five for lipoprotein triglyceride. B
P < 0.001.
P < 0.03.

Time courses for albumin, oleate, and insulin effects

The effects of albumin, oleate, and insulin were ex-
amined over a 24-h time period. A decrease in output of
apoB in the presence of 3% (w/v) albumin compared to
no albumin control was detectable between 15 h and 24
h (Fig. 5). In contrast, there was a rapid stimulation of
apoB secretion in the presence of 0.8 mM oleate, which
was seen after only 3 h. The inhibitory effect of 10M in-
sulin was detected between 4 and 16 h (Fig. 6).

Secretion of apo-B (ug/mg cell DNA)

1 2 3 4 5
Albumin % (w/v)

Fig. 1. Effect of albumin, dextran and ovalbumin on the secretion of
apoB from HepG2 cells. Cells were incubated for 24 h in serum-free
MEM. The medium was then changed to serum-free MEM plus 0-5%
(w/v) albumin and 3% (w/v) dextran 80 or 3% (w/v) ovalbumin. After
24 h the medium was removed and the cells were harvested. The
d < 1.21 g/ml lipoprotein fraction was prepared by ultracentrifugation
and assayed for apoB by ELISA as described in Methods. The cells were
assayed for DNA content; (®) albumin; (O) ovalbumin; (A ) dextran 80.
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Effect of albumin, oleate, and
insulin on apoB mRNA

The second major objective of these studies was to ex-
amine the effect of those substances that perturb the secre-
tion of apoB on the level of mRNA. The relative levels of
apoB mRNA were compared under the five different con-
ditions found to perturb secretion. The integrity of apoB
mRNA was demonstrated by Northern hybridization (Fig.
7). No differences in apoB mRNA levels were demon-
strated with the different treatments found to alter apoB
secretion. The results were confirmed by quantitative
RNA slot-blot hybridization. Duplicate blots were hybri-
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Fig. 2. Effect of oleic acid on the secretion of apoB from HepG2 cells.
Cells were incubated for 24 h in serum-free MEM plus 3% albumin.
The medium was changed to serum-free MEM containing 3% albumin
plus 0.02-0.8 mM oleate. After 24 h the medium was removed and as-
sayed for apoB as described in Fig. 1.
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Fig. 3. Electron micrography of HepG2 cells. (A) cells incubated in serum-free MEM plus 3% (w/v) albumin. (B) cells incubated for 24 h in 0.8
mM oleate complexed to 3% (w/v) albumin and showing the presence of large lipid droplets (arrowed). Magnification x 10,000.

dized to *?P-labeled apoB cDNA and to actin cDNA. Fig.
8 shows typical blots. Under all conditions the relative
apoB mRNA levels were close to control values, with the
exception that there was a small (16%) decrease in apoB
mRNA in the presence of insulin (1078 M) and oleate (0.8
mM) compared to oleate alone (Table 4). Although this
small change was statistically significant (P < 0.05), it
cannot account for the 2.3-fold difference in apoB secre-
tion between these two conditions. When the apoB
mRNA levels were normalized to the level of actin
mRNA, the results were unchanged except for a slightly
higher SEM.

That the effect of oleate on apoB output was not accom-
panied by changes in apoB mRNA was confirmed using
DNA excess solution hybridization to measure the apoB
mRNA content of the cells. The concentration of apoB
mRNA determined on six separate preparations of RNA
was 90.1 + 15.0 (SEM) ng per mg total RNA for cells in-
cubated with 3% albumin alone and 68.1 + 11.0 from cells
incubated with 3% albumin plus oleate (0.8 mM). This
difference was not statistically significant and is in the
wrong direction to account even partially for the 3.5-fold
difference in apoB secretion between these two conditions.

1004 @
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(% corresponding controls)
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Fig. 4. Effect of insulin concentration on apoB secretion from HepG2

cells. Cells were incubated for 24 h in serum-free MEM plus 3% (w/v)

albumin. The medium was changed to serum-free MEM containing 3%

albumin plus 0-10""M insulin. After 24 h the apoB content of the me-

dium was determined as described in Fig. 1.
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Fig. 5. Time course of the effects of oleate and albumin an apoB secre-
tion from HepG2 cells. Experimental conditions were as described in
Fig. 2. Cells and medium were harvested at various times over 24 h to
determine the apoB content of the conditioned medium. Cells were in-
cubated in serum-free MEM alone (®); plus 3% albumin (O); plus 0.6
mM oleate complexed to 3% albumin (H).

ApoB mRNA half-life

In order to measure the apoB mRNA half-life in
HepG2 cells, the cellular RNA was labeled with [*H]uri-
dine and the stability of the [*H]apoB mRNA was deter-
mined. Fig. 9 shows the decay curve over the 30-h chase
period. If a first order decay process is assumed, the half-

1 2 3 4 5 6

0.8+

o
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Secretion of apo-B (ug/mg cell protein)
o o
(%) a~
1 |

T T T ]
0 6 12 18 24

Time ()
Fig. 6. Time course of the effect of insulin on apoB secretion from
HepG2 cells. Conditions were as described in Fig. 4. Cells and medium
were harvested at various times over 24 h to determine the apoB content
of the conditioned medium. Cells incubated in serum-free MEM plus

3% albumin alone (®); plus 10 M insulin (O). The values are the
mean of duplicate assays of two separate flasks.

life of apoB mRNA is 11.1 h as determined by linear
regression analysis. The doubling time of HepG2 cells in
these studies was found to be 39 h. When adjusted for cell
doubling as described by Rodgers et al. (52), the half-life

---28S

-18S

8 9 10 1 12

Fig. 7. Northern hybridization analysis of total HepG2 isolated from control (3% albumin) cells (lanes 1,4,7,9 and 11); from cells incubated with
0.8 mM oleate (lanes 2,5,8,10 and 12); and from cells incubated with 10" M insulin (lanes 3 and 6). Results shown are from five separate experi-
ments. Cell culture conditions were as described in Fig. 2 and Fig. 4. Ten ug of RNA was electrophoresed through 0.8% agarose, 2.2 M formaldehyde
gels. The positions of 28S and 18S ribosomal RNA is shown. RNA was transferred to nitrocellulose and hybridized with a 3?P-labeled human apoB

cDNA.

1072 Journal of Lipid Research Volume 30, 1989

2T0Z ‘6T aunr uo ‘1sanb Aq Bio 1) mmm wouy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

3% BSA

=3 e

Serum free em» —
Oleate e=» e
Insulin 1079 * === -
Insulin 1078+ == —
Insulin 10°7+ 0 =
8ug 4ug

*moles/l

-— o — it
— e — -
e e — —
o — o
— - — —
- - - —_—
ug 8ug 4ug Tug

Fig. 8. Slot-blot hybridization analysis of total RNA isolated from HepG2 cells that had been incubated under a variety of conditions as c.iescrib.cd
in Methods. Three amounts of RNA (1, 4, and 8 ug) were blotted per sample onto duplicate nitrocellulose filters. One filter was hybridized with
a 3?P-labeled human apoB cDNA and the other with a *?P-labeled human B-actin cDNA.

was 15.6 h. The degree of hybridization of the [*H]apoB
cRNA to the filters in these experiments was 10.3%.

DISCUSSION

The present study was undertaken to establish condi-
tions by which apoB secretion from HepG2 cells could be
varied, and to ascertain whether under these conditions
apoB gene transcription or mRNA stability was affected.
Cells stimulated with oleate or inhibited with insulin
showed a 7-fold difference in apoB output with no change
in apoB mRNA levels. This suggests that in HepG2 cells
expression of the apoB gene is constitutive and that co- or
post-translational mechanisms must be responsible for the
short-term regulation of apoB secretion. This conclusion
is strongly supported by the observation that the half-life
of apoB mRNA in HepG2 cells is 16 h.

An increase in apoB output in the presence of oleate
was observable at the lowest concentration used (20 uM)
and was apparent in the presence of 0.6 mM oleate within
3 h. This effect could be accounted for by increased trans-
lational efficiency of apoB mRNA. Alternatively, the me-
chanism may involve decreased intracellular degradation
of apoB, i.e., increased utilization of the apoB that was
synthesized.

Previously, several studies on the metabolic regulation
of apoB gene expression have been performed in experi-
mental animals. Certain strains of mice fed high-fat diets
were shown to have increased levels of circulating apoB,
but the hepatic and intestinal levels of apoB mRNA were

either unchanged or lower (57). These observations were
interpreted as the result of differences in lipoprotein cata-
bolism under different dietary conditions or between
strains of mice. These results are also consistent with the
present work which suggests that hepatic apoB secretion
is regulated by post-transcriptional mechanisms that
could give rise, in vivo, to different plasma apoB levels.
Reports of studies on the effect on apoB mRNA levels of
long-term feeding of cholesterol are contradictory. In rab-
bits, cholesterol feeding, which gives rise to high levels of
circulating 8-VLDL, was associated with a decrease in he-
patic apoB mRNA and a highly variable increase in intes-
tinal apoB mRNA (58). In contrast, in rats hepatic apoB

TABLE 4. ApoB mRNA levels in HepG2 cells incubated in the
presence of insulin, albumin, and oleate

Additions
Oleate Insulin Albumin
0.8 mm 10 ™m 3% (w/v) ApoB mRNA*
% of albumin control

+ - + 93 + 7 (12)
- - - 105 + 11 (5)
+ + + 78+8 (5
- - + 100 (14)
- + -+ 95 + 10 (5)

Incubation conditions were the same as in Table 1. Total cellular RNA
was assayed by probing slot-blots with *?P-labeled apoB cDNA as described
in Methods.

“Results are expressed as a percentage of albumin control + SEM,
with the number of experiments for each condition in parentheses.

P < 0.05 as compared to oleate control.
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Fig. 9. Semi-log plot showing the decay of [*HJapoB mRNA in
HepG2 celis. Cells were incubated with [*H]uridine for 20 h and then
chased for various times up to 30 h. Total RNA was isolated and hybri-
dized to filter-immobilized apoB ¢DNA. For details see Methods.

mRNA content was increased several-fold and the intesti-
nal levels were unchanged by cholesterol feeding (59). In
addition, apoB mRNA was found to be increased 6-fold
in the livers of patients with the rare recessive disease
abetalipoproteinemia compared with control levels (60).
All of these changes in liver apoB mRNA content could
reflect long-term adaptations to altered intrahepatic lipid
metabolism.

The amount of apoB that was secreted by HepG2 cells
in the present study is comparable with that secreted by
rat hepatocytes (9, 37) and previously reported for
HepG?2 cells (14). It has been shown that the total intracel-
lular pool of apoB is equal to only 13-14% of the amount
secreted into the medium by rat hepatocytes over 16 h
(37). The amount of triglyceride secreted by HepG2 cells
(see Table 3) is much less than that secreted by rat liver.
Three laboratories have reported (8, 11, 33) that rat hepa-
tocytes under control conditions secrete between 27 and
69 pg triglyceride per mg cell protein in 24 h, which is
similar to the rate for perfused rat livers (4-6). Even in the
presence of oleate, the amount of triglyceride secreted by
HepG2 cells is an order of magnitude less than for control
rat hepatocytes. However, the difference in rates of trigly-
ceride secretion between HepG2 cells and rat hepatocytes
is unlikely to explain the 7-fold accumulation of triglycer-
ide under these circumstances, which results in the large
lipid droplets observed by electron microscopy, since rat
hepatocytes also accumulate large amounts of triglyceride
in the presence of oleate (9).

Thrift et al. (14) have suggested that the low triglyceride
content of the lipoproteins secreted by HepG2 cells may

1074 Journal of Lipid Research Volume 30, 1989

be a consequence of the small amount of smooth ER
(SER) in these cells; the ER membranes are the site of lip-
id biosynthesis and nascent lipoprotein assembly. This
low amount of SER may be reflected in the residence time
of apoB in the ER of HepG2 cells, which is shorter (61)
than in isolated rat hepatocytes (62). Together these ob-
servations suggest that HepG2 cells do not properly re-
flect the ER phase of lipoprotein assembly and that some
aspects of the regulation of lipoprotein assembly and out-
put found in the liver may be defective in HepG2 cells.

The 3.5-fold stimulation of apoB output observed with
oleate in the present study agrees with two other reports
with this cell line (13, 16). Dashti and Wolfbauer (17) re-
ported only a moderate (28%) increase in apoB output as
a result of incubating HepG?2 cells with oleate. However,
they compared the rate of secretion in the presence of
oleate plus albumin with that in basal medium, i.e., in the
absence of fetal calf serum or albumin. At the concentra-
tion used (1.5%) albumin inhibits apoB secretion by 50%
as shown in the present work and by others (13). Hence
a reinterpretation of these results indicates a 2.5-fold stim-
ulation in the presence of oleate plus albumin compared
to albumin alone. The increased levels of apoB seen in the
medium of HepG2 cells incubated with oleate are not due
to a decrease in the uptake and degradation of apoB (16).

ApoB secretion from perfused livers from fasted rats is
increased by oleate to the same degree as with HepG2
cells, but oleate leads to a small decline in apoB output
from livers from fed animals (6). No effect was seen with
rat hepatocyte cultures (8-10).

The metabolic effects of insulin deficiency or resistance,
which result in diabetes mellitus, are complex. The liver
responds to insulin deficiency per se and to the metabolic
consequences of decreased peripheral uptake of triglycer-
ide. In a recent review on the hyperlipidemia of diabetes,
Gibbons (21) has pointed out that diabetics with raised
VLDL, triglyceride, or LDL cholesterol have elevated apoB
levels. Insulin promotes the conversion of dietary carbo-
hydrate to a form utilizable by the liver for lipogenesis as
well as stimulating hepatic lipogenesis directly. The clear-
ance of VLDL by adipose tissue lipoprotein lipase and
possibly also the ultimate removal of VLDL remnants are
promoted by insulin (21). There is a decrease in the frac-
tional catabolic rate for VLDL apoB in patients with
noninsulin-dependent diabetes mellitus (NIDDM) (63),
the most common form of diabetes in humans. However,
the elevated VLDL levels associated with NIDDM have
many causes and overproduction of both VLDL trigly-
ceride and VLDL apoB, as well as decreased uptake, are
considered to be contributing factors (63). The increased
synthesis of VLDL triglyceride by the liver in NIDDM is
partly due to the greater availability of substrate for
triglyceride synthesis in the form of plasma glucose and
nonesterified fatty acid (NEFA) (63, 64). In addition, it
has been suggested that the elevated VLDL triglyceride
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secretion rates seen in patients with NIDDM may be due
in part to the high levels of circulating insulin often seen
in individuals with NIDDM. These elevated insulin levels
were shown in an early study (24) to be responsible for the
stimulation of VLDL production in NIDDM. However,
it is difficult from these studies to separate direct from in-
direct effects of insulin. Other workers have failed to de-
tect a correlation between insulin levels and the rate of
VLDL secretion (63). It has, therefore, been postulated
that the overproduction of VLDL in NIDDM is asso-
ciated in some way with insulin resistance (21, 63) rather
than with the plasma level of insulin itself. This would be
consistent with the observations made in vitro. Insulin has
been shown to inhibit VLDL triglyceride (32-36), VLDL
cholesterol (34), and VLDL apoB (33, 35, 37) secretion
from rat hepatocytes. In the present work, and as reported
by others (17), insulin inhibited the output of apoB from
HepG?2 cells. If, in vivo, the liver becomes resistant to the
normal insulin inhibition of VLDL secretion, overpro-
duction of VLDL could result. The role of insulin, as
Sparks and colleagues (65) have recently postulated, may
be twofold: to maintain levels of hepatic apoB secretion
chronically at basal concentrations, and at higher levels in
the acute postprandial state to inhibit VLDL output.

That the decreased accumulation of lipoprotein in the
presence of insulin is due to a lower rate of secretion rath-
er than to a higher rate of uptake and degradation has
been shown by other workers (32, 33). That is, insulin had
no effect on the rate of lipoprotein degradation.

Raised plasma LDL cholesterol levels are often found
in cases of chronic renal disease and it is considered that
this is due to increased hepatic VLDL secretion caused by
the associated hypoalbuminemia (40, 41). The present
study confirms previous reports (13, 43) that the presence
of macromolecules such as albumin, ovalbumin, and dex-
tran in the medium of cultured hepatic cells decreases
apoB secretion in a dose-dependent fashion. While it is
possible that albumin acts as a sink for fatty acid, Davis
and colleagues (43) have provided evidence against this.
In addition, dextran and ovalbumin bind fatty acids with
a low affinity. Another possible explanation is that the ef-
fects are explained by colloid osmotic pressure, but this
has been rejected by the same group of workers, who
found no impairment of the rate of albumin secretion in
the presence of macromolecules (43). The absence of any
change in apoB mRNA levels when HepG2 cells were in-
cubated in the presence of albumin again indicates that
post-transcriptional mechanisms are responsible for the
difference in the rate of apoB output under these condi-
tions.

In addition to insulin we have examined other hor-
mones that affect lipid and lipoprotein metablism for their
effect on apoB secretion. Glucagon is known to inhibit
VLDL triglyceride output by rat hepatocytes (11, 31, 34)

and perfused rat livers (38). It was, therefore, surprising
that apoB secretion from HepG2 cells was not inhibited
by this hormone or with 8-Br cAMP. An explanation for
this may be in the finding that hepatoma cells can be un-
responsive to glucagon and cCAMP in the absence of phos-
phodiesterase inhibitors (66).

Despite other reports that dexamethasone stimulates
VLDL triglyceride output from rat hepatocytes, we could
find no effect of this drug on apoB secretion from HepG2
cells. Triiodothyronine has also been reported to stimulate
fatty acid and cholesterol synthesis in cultured rat hepato-
cytes (67) and hypothyroid rats had reduced rates of hepa-
tic apoB synthesis (68). Administration of triiodothyronine
to HepG2 cells had no effect on the apoB secretion rate.
Lactate plus pyruvate has been shown to stimulate VLDL
triglyceride output from rat hepatocyte suspensions (11),
but did not cause a significant increase in apoB secretion
from HepG2 cells. However, Bartlett and Gibbons (39)
have recently shown that the effect of lactate plus pyruvate
on VLDL triglyceride output in cultured rat hepatocytes
is dependent on the presence of dexamethasone.

Mevinolin and 25-hydroxycholesterol, which inhibit cho-
lesterogenesis, and mevalonate, which has the opposite ef-
fect, all tended to increase apoB secretion, but these
results did not reach statistical significance. The drug
Sandoz 58-035, which inhibits cholesterol esterification,
had the same effect.

It has been reported that the calcium ionophore A23187
at a concentration of 107 M caused increased secretion of
apoB from the human adenocarcinoma cell line CaCo-2
(69). In the present study we found no effect of A23187 on
apoB output from HepG?2 cells at a concentration of 107
M and a 33.2% decrease at 10°®M. This decrease was due
to significant cell death at this concentration of the drug.

In the present study we have shown that apoB mRNA
in HepG2 cells has a long half-life of 16 h. This is consis-
tent with the failure to detect changes in the apoB mRNA
level under conditions that caused a variation in apoB se-
cretion from these cells over a 7-fold range. We conclude
that the apoB gene is not subject to short term regulation
of its rate of transcription. B
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