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Abstract

 

The purpose of the present study was to examine
the regulation of levels of apolipoprotein B (apoB) mRNA and
its protein by cytokines in HepG2 cells. A dose-dependent in-
crease in apoB mRNA levels was observed in the presence of
either interleukin-1

 

b

 

 (IL-1

 

b

 

) or IL-6 alone. This increase oc-
curred as early as 1 h after IL-1

 

b

 

 or IL-6 stimulation. Exoge-
nous addition of IL-1

 

b

 

 (5 ng/ml) and IL-6 (50 ng/ml) in-
duced 2.8- and 2.1-fold increases as a result of 18 h of culture,
respectively. Co-stimulation with IL-1

 

b

 

 and IL-6 significantly
enhanced the increase in apoB mRNA levels stimulated with
either cytokine alone. Treatment with cycloheximide pre-
vented the induction of apoB mRNA by IL-1

 

b

 

, but not by IL-6.
These findings suggest that enhancement of apoB mRNA lev-
els by these cytokines is mediated through different pathways.
Conversely, IL-1

 

b

 

 and IL-6 lowered the accumulation of apoB
protein levels in the culture medium. The pulse-chase study
showed that addition of N-acetyl leucyl leucyl norleucinal to
the medium induced a decrease in newly synthesized apoB in
the cell lysate in response to IL-1

 

b

 

 (

 

P

 

 

 

,

 

 0.05) or IL-6 (not to a
significant extent) compared with control. These findings
demonstrated that the lower level of apoB in the medium was
caused by the enhanced intracellular degradation. In addition,
IL-1

 

b

 

 increased LDL receptor mRNA levels as well as protein
activity, although IL-6 did not, suggesting that the more
marked decrease in apoB accumulation in the medium in-
duced by IL-1

 

b

 

 compared with that induced by IL-6 may reflect
an increased uptake of apoB from the medium by IL-1

 

b

 

.
The present study demonstrates that a cytokine network may
be involved in the metabolism of apoB under certain condi-
tions such as inflammation.—

 

Yokoyama, K., T. Ishibashi, L. Yi-
qiang, A. Nagayoshi, T. Teramoto, and Y. Maruyama.
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The liver secretes very low density lipoprotein
(VLDL) which is enriched with triglycerides. Apolipo-

 

protein B-100 (apoB), a major protein component of
VLDL, is required for VLDL assembly and secretion
(1–3). Measuring the rate of VLDL secretion is one of
the most useful means of determining the concentra-
tion of low density lipoprotein (LDL) in plasma which
closely correlates with cholesterol levels. ApoB is a
ligand on LDL recognized by the LDL receptor which
plays a pivotal role in cholesterol homeostasis (4). In-
creased levels of plasma apoB and LDL cholesterol are
risk factors for coronary heart disease and are associ-
ated with atherosclerotic disease (5, 6).

It is known that various growth factors, cytokines,
and adhesion molecules are involved in atherogenesis
(7, 8). Some of these play a role in the initiation and
stimulation of cell proliferation in the arterial wall,
whereas others inhibit proliferation. Recently, it has
been shown that macrophage colony-stimulating factor
(M-CSF) lowers plasma cholesterol levels by increasing
macrophage function, including the uptake of lipopro-
teins and cholesterol efflux from various tissues, for ul-
timate delivery to the circulation (9, 10). We also
showed that granulocyte-macrophage colony-stimulating
factor (GM-CSF) lowers plasma cholesterol and triglyc-
eride levels and that this effect is partially mediated
through the enhancement of macrophage function
and the up-regulation of VLDL receptor mRNA (11).

Hepatic production of apoB-containing lipoproteins

 

Abbreviations: apoB, apolipoprotein B; IL-1

 

b

 

, interleukin-1

 

b

 

; IL-
6, interleukin-6; VLDL, very low density lipoprotein; LDL, low density
lipoprotein; TNF, tumor necrosis factor; M-CSF, macrophage colony-
stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating
factor; IL-3, interleukin 3; SCF, stem cell factor; CHX, cycloheximide;
LPDS, lipoprotein-deficient serum; ALLN, N-acetyl leucyl leucyl nor-
leucinal; TCA, trichloroacetic acid; HDL, high density lipoprotein.
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in humans is regulated by diet and other factors (12–
14). HepG2 cells of a human hepatoma cell line mimic
the in vivo synthesis of apolipoproteins including apoB
(15). Thus, this cell line is useful as an in vitro model
for apoB synthesis and secretion. Many investigators
have used this cell line as an in vitro model for studying
apoB and have shown that compounds such as oleate,
albumin, and insulin modulate apoB secretion, mainly
at the posttranslational level (16–19). However, there
have been very few reports describing cytokine regula-
tion of apoB synthesis (20, 21).

To extend our knowledge in this area, we evaluated
the effects of cytokines on apoB mRNA and apoB pro-
tein levels in HepG2 cells. The present study suggests
that IL-1

 

b

 

 and IL-6 affect transcription and intracellu-
lar degradation of apoB and that these molecules may
play a key role in abnormalities of lipid metabolism
seen during inflammation.

MATERIALS AND METHODS

 

Cytokines

 

Recombinant human interleukin 1

 

b

 

 (IL-1

 

b

 

, specific
activity; 2 

 

3

 

 10

 

7

 

 units/mg) and IL-6 (specific activity; 2 

 

3

 

10

 

6

 

 units/mg) were obtained from Otsuka Pharmaceuti-
cal Co., Ltd. (Tokushima, Japan) and Ajinomoto Co.
(Yokohama, Japan), respectively. Human recombinant
tumor necrosis factor (TNF, specific activity; 2.55 

 

3

 

 10

 

6

 

units/mg) was a gift from Dainippon Pharmaceutical
Co., Ltd. (Osaka, Japan). Human purified urinary mac-
rophage colony-stimulating factor (M-CSF, specific activ-
ity; 4 

 

3

 

 10

 

8

 

 units/mg) and 

 

E. coli

 

-derived human granu-
locyte-macrophage colony-stimulating factor (GM-CSF,
specific activity; 2 

 

3

 

 10

 

6

 

 units/mg) were generously sup-
plied by the Morinaga Milk Industry (Tokyo, Japan) and
Hoechst Japan Co. (Tokyo, Japan), respectively. Hu-
man recombinant IL-3 (specific activity; 1 

 

3

 

 10

 

8

 

 units/
mg) and stem cell factor (SCF, specific activity; 2 

 

3

 

 10

 

6

 

units/mg) were provided by Kirin Brewery Co., Ltd.
(Tokyo, Japan).

 

Cell culture

 

HepG2 cells of a hepatoblastoma cell line that mimic
normal hepatocytes were grown in RPMI 1640 (GIBCO,
Grand Island, NY) supplemented with 10% fetal bo-
vine serum (FBS, GIBCO) and 100 units/ml penicillin–
streptomycin (GIBCO) in 75 cm

 

2

 

 cell culture flasks
(Costar, Cambridge, MA) (15). These cells were used
for Northern blot analysis, the apoB protein assay, and
immunoprecipitation, as described below. Cell viability
was determined by trypan blue exclusion method.

 

Northern blot analysis

 

Nearly confluent cells were cultured in the presence
of 5 ng/ml IL-1

 

b

 

 or 50 ng/ml IL-6 and harvested at pe-
riodic time intervals. The cells were also stimulated for
18 h with 0.1, 1, and 5 ng/ml IL-1

 

b

 

, 2, 10, and 50 ng/
ml IL-6, 100 ng/ml TNF, 1000 units/ml M-CSF, 200
units/ml GM-CSF, 100 units/ml IL-3, or 100 ng/ml SCF.
The cells were then washed three times with phosphate-
buffered saline (PBS, pH 7.4), and RNA was then pre-
pared. In addition, cells were pretreated with 5 

 

m

 

g/ml
of cycloheximide (CHX, Sigma Chemical Co., St. Louis,
MO) for 30 min to block protein synthesis, and 5 ng/
ml IL-1

 

b

 

 or 50 ng/ml IL-6 was subsequently added to
the medium in the presence of CHX and incubated for
3 h, followed by RNA preparation.

Total RNA was extracted by the acid guanidinium
thiocyanate–phenol–chloroform method, followed by
selection of poly(A)

 

1

 

RNA using an oligo(dT) cellulose
column (22). Poly(A)

 

1

 

RNA samples (2 

 

m

 

g each lane)
were electrophoresed on an agarose gel (1%, FMC Bio
Products, Rockland, ME) and transferred to a nylon
membrane (Hybond N

 

1

 

, Amersham, UK) in 20 

 

3

 

SSPE. Northern hybridization was performed as de-
scribed previously (23). Briefly, the membrane was pre-
hybridized at 42

 

8

 

C for 3 h in a buffer containing 50%
formamide, 5 

 

3

 

 SSPE, 5 

 

3

 

 Denhardt’s solution, 1% SDS,
and 200 

 

m

 

g/ml denatured salmon sperm DNA (Sigma),
followed by hybridization at 42

 

8

 

C for 16 h in fresh buffer
plus a 

 

32

 

P-labeled probe. After sequential washings (0.1 

 

3

 

SSPE, 0.1% SDS at 65

 

8

 

C for 15 min), the membrane was
air-dried and exposed to an X-ray film and an intensify-
ing screen at 

 

2

 

70

 

8

 

C. After autoradiography, the nylon
membrane was treated with boiling water containing
0.5% SDS and used for rehybridization. The probes used
in this study were a 1.2 Kb EcoRI fragment of rat apoB
cDNA (24), a 0.75 Kb XbaI-EcoRI fragment of human
LDL receptor cDNA (25), and a 1.9 Kb BamHI fragment
of 

 

b

 

-actin cDNA (26). Each probe was labeled with
[

 

32

 

P]dCTP by random hexanucleotide priming (27).

 

Quantitative measurement of transcripts

 

Signals of Northern blots were quantified by densito-
metric scanning after autoradiography. The levels of
apoB and LDL receptor mRNA in each experiment
were normalized to 

 

b

 

-actin mRNA levels. The ratio of
tested sample to the control was determined.

 

Protein measurement of apoB in cell suspensions

 

Various concentrations of IL-1

 

b

 

 or IL-6 were added to
nearly confluent HepG2 cells in a 24-well culture plate
filled with fresh medium supplemented with 2 mg pro-
tein/ml of human lipoprotein-deficient serum (LPDS)
instead of with FBS. LPDS was obtained by ultracentrifu-
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gation as the density 

 

$

 

1.21 g/ml from normal volun-
teers. After 18 h of culture, the supernatant was used for
measurement of apoB and the cells were solubilized in
0.1 N NaOH to determine the protein concentration.
Concentrations of apoB in the cell suspensions were
measured by a one-step sandwich ELISA method as pre-
viously described (28). Briefly, 300 

 

m

 

l of first antibody
against human apoB (Chemicon International Inc., Te-
mecula, CA) was dispensed into a flat-bottomed micro
ELISA plate (Sumitomo Bakelite, Tokyo, Japan) and in-
cubated at room temperature for 1 h. The plate was
then washed three times with PBS, 100 

 

m

 

l of standard or
sample solution, and 100 

 

m

 

l of 2nd peroxidase coupled
antibody (The Binding Site Ltd., Birmingham, En-
gland) was added and allowed to react for 1 h at room
temperature. After washing, the substrate (2.5 mg/ml
ortho-phenylene diamine 0.018% H

 

2

 

O

 

2

 

 in 0.01 

 

M

 

Na

 

2

 

HPO

 

4

 

–0.044 

 

M

 

 sodium citrate buffer, pH 5.4) was
added to each well. The reaction was terminated by the
addition of 100 

 

m

 

l of 1 

 

M

 

 H

 

2

 

SO

 

4

 

. Absorbance was deter-
mined at 490 nm using a microplate reader (Model
3550, Bio-Rad, Richmond, CA). The apoB concentra-
tion in standard samples was linear between 0 and 4

 

m

 

g/ml (data not shown). Cellular protein concentra-
tions were measured by the method of Lowry et al. (29).

 

Pulse-chase study

 

The cells (2.5 

 

3

 

 10

 

4

 

 cells) were seeded in 0.5 ml of
medium in a 24-well tissue culture plate for 4 days. After
washing twice with 0.5 ml of PBS, 0.5 ml of RPMI 1640
containing 10% LPDS and 5 ng/ml IL-1

 

b

 

 or 50 ng/ml
IL-6 was added to the cells. After 18 h of culture, the
cells were washed with PBS twice and the medium was
changed to methionine-free Minimum Essential Me-
dium (GIBCO) containing 1.5% bovine serum albumin
(BSA, Sigma). 

 

L

 

-[

 

35

 

S]methionine (Amersham, Arling-
ton Heights, IL) was added to the cells at the concentra-
tion of 100 

 

m

 

Ci, incubated for 10 min at 37

 

8

 

C, and re-
moved. After washing, the cells were then treated with
or without 40 

 

m

 

g/ml N-acetyl leucyl leucyl norleucinal,
a cysteine proteinase inhibitor (ALLN, Sigma) (30) for
60 min in the same medium containing 1.5% BSA. After
chasing, the medium was removed and the cells were
extracted by addition of 0.5 ml of the lysis buffer con-
taining 0.15 

 

M

 

 NaCl, 5 m

 

M

 

 EDTA, 1% Triton X-100
(Sigma), and 0.05 

 

M

 

 Tris-HCl (pH 7.4). Newly synthe-
sized apoB in the medium and cell lysate was immuno-
precipitated using a specific antiserum, as previously de-
scribed (31). This anti-human apoB antiserum was
raised in a rabbit in the First Department of Internal
Medicine, Teikyo University School of Medicine, and
was determined to be monospecific to human apoB by
Western blotting analysis (data not shown). After addi-
tion of 10 

 

m

 

l nonimmune rabbit serum to 100 

 

m

 

l of the

medium or the cell extract, 10 

 

m

 

l Protein A Sepharose
(Pharmacia Biotech AB, Uppsala, Sweden) dissolved in
PBS (pH 7.4) was added to the medium to remove the
nonimmune immunoglobulins. Twenty 

 

m

 

l of rabbit
anti-apoB serum was added to the medium or to the cell
extracts and the mixture was incubated overnight at
4

 

8

 

C. Subsequently, 20 

 

m

 

l of Protein A Sepharose was
added and the samples were incubated for another 2 h
at 4

 

8

 

C. Precipitates were then pelleted and washed twice
with 0.15 

 

M

 

 NaCl, 5 m

 

M

 

 EDTA, 1% Triton X-100, and
0.05 

 

M

 

 Tris-HCl (pH 8.0) buffer, then once with distilled
water, and solubilized in 50 

 

m

 

l of 2.3% sodium dodecyl
sulfate (SDS), 10% glycerol, and 0.625 

 

M

 

 Tris-HCl (pH
8.2) buffer. The immunoprecipitated samples were
boiled for 5 min and applied to the polyacrylamide gel
electrophoresis containing SDS (SDS-PAGE). The re-
solving gel contained a 5–22.5% gradient of acrylamide.
The gels were fixed, stained with Coomassie Blue (Bio-
Rad Laboratories), destained, dried, subjected to auto-
radiography, and analyzed with a Fujix BAS1000 Bio-
image analyzer system (Fuji Photo Film Co. Ltd.,
Tokyo). The ratio of synthesized apoB to trichloroacetic
acid (TCA)-precipitable protein was determined.

 

Lipoproteins and 

 

125

 

I-labeled LDL

 

Human very low density lipoprotein (VLDL, d 

 

,

 

 1.006
g/ml), LDL (d 1.019–1.063 g/ml), high density lipopro-
tein (HDL, d 1.063–1.215 g/ml), and LPDS were isolated
from serum of fasting normolipidemic volunteers by se-
quential ultracentrifugation (32). Isolated fractions were
extensively dialyzed against a buffer containing 0.15 M

NaCl and 0.3 mM EDTA, pH 7.4, at 48C. LPDS was defi-
brinated and sterilized by filtration (33). After steriliza-
tion, LDL was trace-labeled with 125I by the method of
McFarlane (34) as modified by Shimada et al. (35). The
specific activity of 125I-labeled LDL was 167 counts/min
per ng protein, and more than 98% of the radioactivity
was precipitable with 5% hot trichloroacetic acid.

Bindings, internalization, and degradation
of 125I-labeled LDL

HepG2 cells were plated at a density of 2.5 3 104

cells/well in 24-well plates. After 3 days of culture, cells
received fresh medium containing 2 mg protein/ml of
LPDS instead of FBS and were further incubated for 18
h at 378C in the presence of 5 ng/ml IL-1b or 50 ng/ml
IL-6. The medium was removed and replaced with 0.25
ml of fresh LPDS-supplemented medium containing
varying amounts of 125I-labeled LDL. After 2 h of incuba-
tion at 378C, the medium was collected for determina-
tion of proteolytic degradation of LDL as previously de-
scribed (35). The cells were washed five times with 50
mM Tris buffer containing 0.15 M NaCl and 2 mg/ml of
bovine serum albumin (BSA, Sigma), pH 7.4, and twice
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with the Tris buffer without BSA. The cells were incu-
bated at 48C with shaking in 0.25 ml of heparin (10 mg/
ml) containing medium and the amounts of LDL bound
were determined from the heparin-releasable radioactiv-
ity. The remaining cells were dissolved in 0.1 N NaOH
for measurement of internalized LDL. Cellular protein
was measured by the method of Lowry et al. (29).

Statistical analysis

Statistical analysis was performed using the paired t
test or the Newman-Keuls multiple range test as appro-

priate. Data are expressed as means 6 SD unless other-
wise indicated. A level of P , 0.05 was accepted as statis-
tically significant.

RESULTS

Effect of cytokines on levels of apoB mRNA

IL-1b and IL-6 induced an increase in apoB mRNA in
HepG2 cells. Figure 1 A shows the periodic profile of lev-

Fig. 1. The time-course of apoB and LDL receptor mRNA levels after IL-1b or IL-6 stimulation. IL-1b (5
ng/ml) was added to nearly confluent HepG2 cells that were harvested at periodic intervals, followed by
isolation of poly(A)1 RNA. The levels of mRNA for apoB (A) and LDL receptor (B) were determined as
described in the Methods. Data are expressed as means 6 SD of three experiments. *P , 0.05; †P , 0.01
vs. control.
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els in the cells stimulated with 5 ng/ml IL-1b. A signifi-
cant increase in apoB mRNA was observed as early as 1 h
after IL-1b stimulation with further increments at longer
time intervals. Maximum levels were reached 3 h after
stimulation and persisted for up to 18 h (Fig. 1A). A sim-
ilar time course of apoB mRNA levels was observed after
stimulation with 50 ng/ml of IL-6 (data not shown).
HepG2 cells were then cultured for 3 or 18 h in the pres-
ence of various cytokines. Figure 2A shows the effect of
each cytokine on apoB mRNA after 18 h of culture.
Among the cytokines tested, IL-1b and IL-6 indepen-
dently brought about an increase in the levels of apoB
mRNA. TNF, M-CSF, GM-CSF, IL-3, or SCF treatment of
HepG2 cells all failed to alter levels of apoB mRNA after
3 or 18 h of culture. Five nanograms per milliliter IL-1b
and 50 ng/ml IL-6 increased apoB mRNA levels 2.8 6
1.2 (P , 0.01) and 2.1 6 0.1 (P , 0.01)-fold after 18 h of
culture, respectively (Fig. 2A). Both of these cytokines
raised levels of apoB transcripts in a dose-dependent
fashion (Fig. 3). Significant increases in apoB mRNA
were observed at concentrations of 0.1 ng/ml IL-1b (P ,
0.01) and 10 ng/ml IL-6 (P , 0.05) after 18 h of stimula-
tion. In addition, co-stimulation with IL-1b (5 ng/ml)

and IL-6 (50 ng/ml) significantly enhanced the increase
induced by either cytokine alone (P , 0.05, Fig. 4).

Effect of cycloheximide treatment on apoB mRNA

To determine whether protein synthesis contributes
to induction of apoB mRNA by IL-1b or IL-6 alone, we
measured the mRNA levels after initial cycloheximide
pretreatment of 30 min and subsequent 3-h incubation
in the presence of 5 ng/ml IL-1b or 50 ng/ml IL-6.
There was no significant difference in cell viability be-
tween the cycloheximide-treated cells (94 6 5%) and
control cells (97 6 3%). This treatment did not signifi-
cantly change the levels of apoB mRNA in cytokine-
untreated cells (data not shown). ApoB mRNA levels of
cells stimulated with 5 ng/ml IL-1b were reduced by cy-
cloheximide treatment (23 6 11% of CHX-untreated
cells, n 5 3, P , 0.01), whereas this treatment did not
significantly alter the levels of apoB mRNA induced by
IL-6 (91 6 32% of CHX-untreated cells, n 5 3). Figure
5 shows a representative autoradiogram of the results.
These data suggest that IL-1b requires additional pro-
tein synthesis for the increase in apoB mRNA levels, al-
though IL-6 does not.

Fig. 2. Effect of various cytokines on apoB and LDL receptor mRNA levels. HepG2 cells were grown in flasks to near confluency in me-
dia containing 10% FBS and then treated with various cytokines (5 ng/ml IL-1b, 50 ng/ml IL-6, 100 ng/ml TNF, 1000 U/ml M-CSF, 200
U/ml GM-CSF, 100 U/ml IL-3, or 100 ng/ml SCF) for 18 h. After harvesting, total RNA was extracted from the cells and poly(A)1RNA
was then isolated. The levels of apoB (A) and LDL receptor (B) mRNA were determined as described in the Methods. Data are expressed
as means 6 SD of four experiments. *P , 0.01 vs. control.
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ApoB protein accumulation in the medium

As shown in Fig. 6, there was a dose-dependent de-
crease in the concentration of apoB after stimulation
with IL-1b at concentrations of 0.1 to 5 ng/ml (control;
12.1 6 6.7 mg/mg, 0.1 ng/ml; 63.1 6 14.6%, P , 0.05
vs. control, 1 ng/ml; 43.8 6 12.6%, P , 0.01 vs. control,
5 ng/ml; 42.1 6 18.3%, P , 0.01 vs. control), whereas
IL-6 caused less of a decrease in apoB protein accumu-
lation when used at concentrations of 2 to 50 ng/ml,
but this decrease was not dose-dependent (control;
10.1 6 1.6 mg/mg, 2 ng/ml; 71.0 6 12.7%, P , 0.05 vs.
control, 10 ng/ml; 71.4 6 20.6%, 50 ng/ml; 66.9 6
0.8%, P , 0.05 vs. control).

Effect of cytokines on newly synthesized
apoB in medium and cells

To determine the effect of IL-1b and IL-6 on intracel-
lular degradation of newly synthesized apoB, pulse-chase
studies using ALLN were performed. Figure 7 shows the

result of pulse-chase experiment of 60-min exposure to
40 mg/ml ALLN after 10 min of labeling. A significant
increase in newly synthesized apoB in the cell lysate was
observed in the presence of ALLN in comparison to the
absence of ALLN in control, IL-1b- and IL-6-stimulated
cells (control; P , 0.05, IL-1b; P , 0.01, IL-6; P , 0.01).
The ratio of newly synthesized apoB in the cell lysate of
non-ALLN-treated cells to ALLN-treated cells was de-
creased by 5 ng/ml IL-1b (P , 0.05) or 50 ng/ml IL-6
(not significantly), whereas IL-1b or IL-6 treatment
tended to reduce the ratio of the medium, but not signif-
icantly (Fig. 7). The data indicated that these cytokines
enhance intracellular degradation of apoB.

Effect of cytokines on LDL receptor mRNA

The time-course experiment demonstrated a signifi-
cant increase in LDL receptor mRNA as early as 1 h after
IL-1b stimulation with further increases at longer intervals
(Fig. 1B). Levels reached a maximum 3 h after stimula-

Fig. 3. Effects of various concentrations of IL-1b (A) or IL-6 (B) on apoB mRNA levels. After HepG2
cells were grown to near confluency, 0.1, 1, and 5 ng/ml rhIL-1b or 2, 10, and 50 ng/ml rhIL-6 were
added and cells were cultured for 18 h at 378C. Poly(A)1RNA was isolated from the treated and control
cells for Northern blot analysis. The apoB mRNA was quantified as described in the Methods. Representa-
tive autoradiograms are presented at the top and each histogram shows the mean 6 SD of four experi-
ments for each group. *P , 0.05 vs. control.
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tion and persisted for up to 18 h, as shown in Fig. 1B. Fig-
ure 2B shows the effects of various cytokines on the levels
of LDL receptor mRNA after 18 h of culture. Among the
cytokines tested, exogenous addition of IL-1b or TNF in-
duced a significant increase in LDL receptor mRNA lev-
els. IL-6 did not significantly alter mRNA levels of this re-
ceptor. IL-3, M-CSF, GM-CSF, and SCF treatment had no
effect on LDL receptor transcripts after 3 or 18 h of cul-
ture (Fig. 2B). IL-1b (5 ng/ml) and TNF (100 ng/ml) in-
creased the levels of LDL receptor mRNA by 2.9 6 0.8
and 2.3 6 0.2-fold as observed at 18 h of stimulation, re-
spectively (P , 0.01), and with IL-1b at concentrations
ranging from 0.1 to 5 ng/ml, the induced increase was
dose-dependent (data not shown). Cycloheximide treat-
ment did not prevent induction of LDL receptor mRNA
by IL-1b (data not shown).

125I-labeled LDL assay

The effect of cytokines on LDL receptor activity in
HepG2 cells is shown in Fig. 8. IL-1b (5 ng/ml) in-

creased LDL binding, internalization and degradation
by 2.7-, 1.7-, and 1.8-fold, respectively, at an added con-
centration of 10 mg/ml 125I-labeled LDL, compared
with the control, whereas IL-6 (50 ng/ml) had no effect
(Fig. 8). The data were consistent with LDL receptor
mRNA levels after IL-1b or IL-6 stimulation. These
findings suggest the enhanced reuptake of apoB-con-
taining lipoproteins from the medium in cells treated
with IL-1b.

DISCUSSION

The production of apoB is affected by transcription,
mRNA stability, translation, posttranslational process-
ing, secretion, and reuptake. Little is known about the
association between regulation of apoB production and
enhanced cytokine levels in vivo or how production is
affected by the exogenous addition of cytokines in
vitro. The present study was undertaken to assess the ef-
fects of cytokines on apoB mRNA and protein levels in
HepG2 cells. We demonstrated that IL-1b and IL-6 in-
duced a marked increase in apoB mRNA levels and that
this increase was mediated via different signal transduc-
tion pathways. We also found that apoB protein levels
in culture medium and newly synthesized apoB in the
cell decreased after IL-1b or IL-6 stimulation. These
findings suggest that the increase in apoB mRNA levels
induced by the cytokines may be caused by enhanced
intracellular degradation.

With the onset of infection, a complex series of reac-
tions take place ending in tissue damage which is initi-

Fig. 4. Effect of co-stimulation with IL-1b and IL-6 in increasing
apoB mRNA levels. HepG2 cells at near confluency were treated
with 5 ng/ml IL-1b or 50 ng/ml IL-6 alone, or with a combination
of both, for 18 h. Poly(A)1RNA was isolated from the cells and
apoB mRNA was quantified as described in the Methods. A repre-
sentative autoradiogram is presented at the top and the histogram
shows mean 6 SD of six experiments. *P , 0.05 vs. control; †P ,
0.05 vs. IL-1b or IL-6 alone.

Fig. 5. Effect of cycloheximide treatment on IL-1b and IL-6 in-
duction of apoB mRNA. After preincubation with 5 mg/ml cyclo-
heximide for 30 min, 5 ng/ml IL-1b or 50 ng/ml IL-6 was subse-
quently added to the medium in the presence of cycloheximide
and incubated for 3 h. Poly(A)1RNA was isolated for Northern
blot analysis. The levels of apoB mRNA were determined by com-
paring the levels of control cells treated with cycloheximide. A
representative autoradiogram of IL-1b (A) and IL-6 (B) is shown.
CHX indicates cycloheximide.
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ated by both local and systemic changes. A profound
disturbance in lipid metabolism is one of the systemic
manifestations of infection (36). The homeostatic im-
mune response, hematopoiesis and the nervous system
act to prevent further damage after infection, and an
acute phase reaction is immediately evoked, resulting
in an increase in plasma levels of acute phase protein
(37). During this process, various cytokines, such as
TNF, IL-1b, IL-6, interferons, GM-CSF, and M-CSF, are
released into local tissue as well as into the circulation.
Thus, the turbulent changes in lipid metabolism ob-
served with infection may be related to an increase in
cytokine levels caused by a systemic reaction. In addi-
tion, Feingold and his colleagues (38–40) have shown
that administration of inflammatory cytokines such as
TNF, IL-1b, and IL-6 to animal models induces a
change in lipid metabolism.

In the present study, we found that a significant in-
crease in apoB mRNA levels appeared as early as 1 h
after IL-1b or IL-6 stimulation (Fig. 1A). Pullinger et al.

(16) reported that the half-life of apoB mRNA was 16 h,
as determined by the kinetics of the decay of [3H]
uridine-labeled apoB mRNA. Thus, it is conceivable
that IL-1b or IL-6 may enhance transcription of the
constitutively expressed apoB gene in HepG2 cells.

Our cycloheximide experiment also demonstrated
that additional protein synthesis is necessary for IL-1b
induction of apoB mRNA, but not for induction by IL-6
(Fig. 5). We postulate that the mechanism responsible
for the enhancement of apoB mRNA levels induced by
IL-1b or IL-6 may mediate distinct signal transduction
pathways. This may partially explain why co-stimulation
with IL-1b and IL-6 induced an additive increase in
apoB mRNA levels compared with results obtained
using IL-1b or IL-6 alone (Fig. 4).

We simultaneously measured protein concentrations
of apoB in culture media from HepG2 cells (Fig. 6). IL-
1b and IL-6 lowered levels of apoB accumulation in the
medium despite a marked increase in the mRNA levels.
Our finding is consistent with a previous report by Et-

Fig. 6. Effect of IL-1b and IL-6 on accumulation of apoB in medium from HepG2 cells. Various concen-
trations of IL-1b or IL-6 were added to nearly confluent cells in medium containing LPDS. After 18 h of
culture, concentrations of apoB in medium were measured by a one-step sandwich ELISA method. Data
represent amounts of apoB per mg of cellular protein. Each data bar is the mean 6 SD of five culture
dishes. *P , 0.05; †P , 0.01 vs. control.
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tinger et al. (21) who found that protein levels of apoB in
culture medium decreased in response to the addition of
IL-1b and IL-6 to HepG2 cells. However, these investiga-
tors reported that neither cytokine had a significant
effect on the apoB mRNA level. We performed our ex-
periments using poly(A)1RNA and various doses of cy-
tokines to examine these levels, whereas they used a sin-
gle cytokine dose. One explanation for the discrepancy
in results between the two laboratories may have been
that different doses of cytokines were used. 

There are two reports that describe significant in-
creases in apoB mRNA levels resulting from the use of
two materials: in one case, a 55% increase was noted in
response to the addition of 25-hydroxycholesterol (41);
and in another case, a 20–30% increase was obtained
with the addition of VLDL (42). Ours is the first study
showing a marked increase (2- to 3-fold) in apoB
mRNA levels induced by compounds such as IL-1b or IL-
6 (Fig. 2A). Treatment with either 25-hydroxycholesterol
or VLDL resulted in an increase in the net accumula-
tion of apoB that was mediated through a dominant
posttranslational mechanism (41, 42). However, in our
study, IL-1b and IL-6 lowered the net accumulation in
medium in spite of a marked increase in apoB mRNA
levels. These findings suggest that IL-1b and IL-6 accel-
erate the intracellular degradation of apoB and subse-
quently increase levels of apoB mRNA, as intracellular
degradation of apoB plays an important role in apoB
synthesis (43, 44).

Therefore, we performed the pulse-chase experi-
ments using ALLN to examine the effect of the two
cytokines on newly synthesized apoB in the medium
and cell lysate in the presence or absence of ALLN,
which directly protects apoB from rapid intracellular
degradation (30). A significant increase in newly syn-
thesized apoB was observed in the presence of ALLN
compared to the absence of ALLN in control, IL-1b- or
IL-6-stimulated cells at 60 min after labeling (Fig. 7).
The ratio of newly synthesized apoB in the absence of

Fig. 7. Result of pulse-chase study of 60-min exposure to 40 mg/
ml ALLN after 10 min of labeling. The cells were cultured in the
presence of 5 ng/ml IL-1b or 50 ng/ml IL-6 for 18 h and labeled
with 100 mCi L-[35S]methionine for 10 min in methionine-free me-
dium. After labeling, the cells were treated with or without 40 mg/
ml ALLN for 60 min and newly synthesized apoB was measured as
described in the Methods. Data are expressed as means 6 SD of
four experiments. *P , 0.05 vs. control; u medium; j cell lysate.

Fig. 8. Saturation kinetics of binding (A), internalization (B),
and degradation (C) of 125I-labeled LDL in HepG2 cells. Cells
were stimulated in culture for 18 h with 5 ng/ml IL-1b or 50 ng/
ml IL-6 and were then incubated with the indicated concentra-
tions of 125I-labeled LDL for 2 h at 378C. Binding, internalization,
and degradation of 125I-labeled LDL were determined as de-
scribed in the Methods. Data presented are from one of three sim-
ilar experiments. Control, u; IL-1b, d; IL-6, m.
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ALLN to that in the presence of ALLN decreased in
cells stimulated by IL-1b (P , 0.05) or IL-6 (not to a
significant extent) when compared with control cells
(Fig. 7). Alternatively, both cytokines tended to reduce
the ratio of apoB in the medium of non-ALLN-treated
cells to ALLN-treated cells. Net accumulation of apoB
in medium reflects the balance of secretion and
reuptake. We cultured the cells for 18 h, labeled the
cells for 10 min, and chased them. In this condition, al-
though a significant effect of the cytokines on newly
synthesized apoB in medium was not observed, our
findings suggest that IL-1b and IL-6 affect the secretion
of apoB. The present study suggests that the decrease
in apoB accumulation in the medium induced by the
cytokines is caused by enhanced intracellular degrada-
tion, which may result in the increased apoB mRNA
levels.

IL-1b induced more profound decrease in apoB
accumulation in supernatants than did IL-6. This mole-
cule also raised levels of LDL receptor mRNA and LDL
receptor activity, whereas IL-6 did not (Fig. 8 and ref.
45). Therefore, the greater decrease in apoB accumula-
tion in medium containing IL-1b-stimulated cells can
be partly explained by the increased reuptake of apoB-
containing lipoproteins. 

In conclusion, apoB mRNA levels increased and ac-
cumulation of apoB protein decreased after IL-1b or
IL-6 stimulation of HepG2 cells, suggesting that these
cytokines affect transcription and intracellular degra-
dation of apoB. The regulation of apoB and LDL
receptor by various cytokines may be one of the mecha-
nisms underlying the hypolipidemia that occurs with
acute or chronic inflammation.

We thank Drs. Yoko Shimada and Yoshio Tsujita for their
expert help with the 125I-LDL study. This study was supported
in part by a grant-in-aid for scientific research from the Minis-
try of Education, Science and Culture of Japan (04770383).

Manuscript received 19 March 1997 and in revised form 24 September 1997.

REFERENCES

1. Sparks, J. D., and C. E. Sparks. 1985. Apolipoprotein B
and lipoprotein metabolism. Adv. Lipid Res. 21: 1–46.

2. Olofsson, S. O., G. Bjursell, K. Bosröm, P. Carlsson, J.
Elovson, A. A. Protter, M. A. Reuben, and G. Bondjers.
1985. Apolipoprotein B: structure, biosynthesis and role
in the lipoprotein assembly process. Atherosclerosis. 68: 1–
17.

3. Gibbons, G. F. 1990. Assembly and secretion of hepatic
very-low-density lipoprotein. Biochem. J. 268: 1–13.

4. Brown, M. S., and J. L. Goldstein. 1986. A receptor-me-
diated pathway for cholesterol homeostasis. Science. 232:
34–47.

5. Brunzell, J. D., A. D. Sniderman, J. J. Albers, and P. O.
Kwiterovich, Jr. 1984. Apoproteins B and A-I and coro-
nary artery disease in humans. Arteriosclerosis. 4: 79–83.

6. Grundy, S. M. 1986. Cholesterol and coronary heart dis-
ease. J. Am. Med. Assoc. 256: 2849–2858.

7. Ross, R. 1993. The pathogenesis of atherosclerosis: a per-
spective for the 1990s. Nature. 362: 801–809.

8. Libby, P. 1990. Inflammatory and immune mechanisms in
atherogenesis. Atheroscler. Rev. 21: 79–89.

9. Ishibashi, S., T. Inaba, H. Shimano, K. Harada, I. Inoue,
H. Mokuno, N. Mori, T. Gotoda, F. Takaku, and N.
Yamada. 1990. Monocyte colony-stimulating factor en-
hances uptake and degradation of acetylated low density
lipoproteins and cholesterol esterification in human
monocyte-derived macrophages. J. Biol. Chem. 265: 14109–
14117.

10. Yamada, N., S. Ishibashi, H. Shimano, T. Inaba, T.
Gotoda, K. Harada, M. Shimada, M. Shiomi, Y. Watanabe,
M. Kawakami, Y. Yazaki, and F. Takaku. 1992. Role of
monocyte colony-stimulating factor in foam cell genera-
tion. Proc. Soc. Exp. Biol. Med. 200: 240–244.

11. Ishibashi, T., K. Yokoyama, J. Shindo, Y. Hamazaki, Y.
Endo, T. Sato, S. Takahashi, Y. Kawarabayasi, M. Shiomi,
T. Yamamoto, and Y. Maruyama. 1994. Potent cholesterol-
lowering effect by human granulocyte-macrophage colony-
stimulating factor in rabbits: possible implications of en-
hancement of macrophage functions and an increase in
mRNA for very low density lipoprotein receptor. Arterio-
scler. Thromb. 14: 1534–1541.

12. Ginsberg, H. N., N. A. Le, and J. C. Gibson. 1985. Regula-
tion of the production and catabolism of plasma low den-
sity lipoproteins in hypertriglyceridemic subjects. J. Clin.
Invest. 75: 614–623.

13. Grundy, S. M., and G. L. Vega. 1985. Influence of mevino-
lin on metabolism of low density lipoproteins in primary
moderate hypercholesterolemia. J. Lipid. Res. 26: 1464–
1475.

14. Arad, Y., R. Ramakrishnan, and H. N. Ginsberg. 1990.
Lovastatin therapy reduces low density lipoprotein apoB
levels in subjects with combined hyperlipidemia by reduc-
ing the production of apoB containing lipoproteins: im-
plications for the pathophysiology of apoB production. J.
Lipid. Res. 30: 567–582.

15. Knowles, B. B., C. C. Howe, and D. P. Aden. 1980. Human
hepatocellular carcinoma cell lines secrete the major
plasma proteins and hepatitis B surface antigen. Science.
209: 497–499.

16. Pullinger, C. R., J. D. North, B. B. Teng, V. A. Rifici, A. E.
Ronhild de Brito, and J. Scott. 1989. The apolipoprotein
B gene is constitutively expressed in HepG2 cells: regula-
tion of secretion by oleic acid, albumin, and insulin, and
measurement of the mRNA half-life. J. Lipid. Res. 30:
1065–1077.

17. Moberly, J. B., T. G. Cole, D. H. Alpers, and G. Schonfeld.
1990. Oleic acid stimulation of apolipoprotein B secre-
tion from HepG2 and Caco-2 cells occurs post-transcrip-
tionally. Biochem. Biophys. Acta. 1042: 70–80.

18. Jackson, T. K., A. I. Salhanick, J. Elovson, M. L. Deichman,
and J. M. Amatruda. 1990. Insulin regulates apolipopro-
tein B turnover and phosphorylation in rat hepatocytes. J.
Clin. Invest. 86: 1746–1751.

19. Dixon, J. L., S. Furukawa, and H. N. Ginsberg. 1991. Ole-
ate stimulates secretion of apolipoprotein B-containing
lipoproteins from HepG2 cells by inhibiting early intra-

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Yokoyama et al. Cytokine regulation  of apoB 113

cellular degradation of apolipoprotein B. J. Biol. Chem.
266: 5080–5086.

20. Delers, F., M. Mangeney, D. Raffa, I. Vallet-Colom, M.
Daveau, N. Tran-Quang, C. Davrinches, and J. Chambaz.
1989. Changes in rat liver mRNA for alpha-1-acid-glyco-
protein, apolipoprotein E, apolipoprotein B and beta-
actin after mouse recombinant tumor necrosis factor in-
jection. Biochem. Biophys. Res. Commun. 161: 81–88.

21. Ettinger, W. H., V. K. Varma, M. Sorci-Thomas, J. S. Parks,
R. C. Sigmon, T. K. Smith, and R. B. Verdery. 1994. Cyto-
kines decrease apolipoprotein accumulation in medium
from HepG2 cells. Arterioscler. Thromb. 14: 8–13.

22. Chomczynsky, P., and N. Sacchi. 1987. Single-step method
of RNA isolation by acid guanidinium thiocyanate–phenol–
chloroform extraction. Anal. Biochem. 162: 156–159.

23. Nakazato, K., T. Ishibashi, J. Shindo, M. Shiomi, and Y.
Maruyama. 1996. Expression of very low density lipopro-
tein receptor in rabbit atherosclerotic lesions. Am. J.
Pathol. 149: 1831–1838.

24. Matsumoto, A., H. Aburatani, Y. Shibasaki, T. Kodama, F.
Takaku, and H. Itakura. 1987. Cloning and regulation of
rat apolipoprotein B mRNA. Biochem. Biophys. Res. Com-
mun. 142: 92–99.

25. Yamamoto, T., R. W. Bishop, M. S. Brown, J. L. Goldstein,
and D. W. Russell. 1986. Deletion in cysteine-rich region
of LDL receptor impedes transport to cell surface in
WHHL rabbit. Science. 232: 1230–1237.

26. Gunning, P., P. Ponte, H. Okayama, J. Engel, H. Blau, and
L. Kedes. 1983. Isolation and characterization of full-
length cDNA clones for human a-, b-, and g-actin mR-
NAs: skeletal but not cytoplasmic actins have an amino-
terminal cysteine that is subsequently removed. Mol. Cell
Biol. 3: 787–795.

27. Feinberg, A. P., and B. Vogelstein. 1983. A technique for
radiolabeling DNA restriction endonuclease fragments to
high specific activity. Anal. Biochem. 132: 6–13.

28. Suzuki, K., A. Moriguchi, A. Nagayoshi, S. Mutoh, S.
Katsuki, and S. Hashimoto. 1985. Enzyme immunoassay
of human protein C by using monoclonal antibody.
Thromb. Res. 38: 611–621.

29. Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin phe-
nol reagent. J. Biol. Chem. 193: 265–275.

30. Wu X, M. Zhou, L-S. Huang, J. Wetterau, and H. N.
Ginsberg. 1996. Demonstration of a physical interaction
between microsomal triglyceride transfer protein and
apolipoprotein B during the assembly of apoB-containing
lipoproteins. J. Biol. Chem. 271: 10277–10281.

31. Teramoto, T., T. Matsushima, M. Kinoshita, T. Watanabe,
Y. Hashimoto, K. Tsukamoto, K. Katsuragawa, S. Okazaki,
and M. Yamanaka. 1994. Effect of chylomicron remnants

on apolipoprotein E synthesis in HepG2 cells. Metabolism.
43: 44–50.

32. Havel, R. J., H. A. Eder, and J. H. Bragdon. 1955. The dis-
tribution and chemical composition of ultracentrifugally
separated lipoproteins in human serum. J. Clin. Invest. 32:
1345–1353.

33. Brown, M. S., S. E. Dana, and J. L. Goldstein. 1974. Regu-
lation of 3-hydroxy-3-methylglutaryl Coenzyme A reduc-
tase activity in cultured human fibrobalasts. J. Biol. Chem.
249: 789–796.

34. McFarlane, A. S. 1958. Efficient trace-labelling of proteins
with iodine. Nature (London). 182: 53–57.

35. Shimada, Y., K. Tanzawa, M. Kuroda, Y. Tsujita, M. Arai,
and Y. Watanabe. 1981. Biochemical characterization of
skin fibroblasts derived from WHHL-rabbit, a notable
animal model for familial hypercholesterolemia. Eur. J.
Biochem. 118: 557–564.

36. Beisel, W. R. 1975. Metabolic response to infection. Annu.
Rev. Med. 26: 9–20.

37. Gauldie, J. 1991. Acute phase response. In Encyclopedia
of Human Biology. Academic Press, New York, London.
1: 25–35.

38. Feingold, K. R., S. Mounzer, N. K. Serio, A. H. Moser,
C. A. Dinarell, and C. Grunfeld. 1989. Multiple cytokines
stimulate hepatic lipid synthesis in vivo. Endocrinology.
125: 256–274.

39. Feingold, K. R., and C. Grunfeld. 1987. Tumor necrosis
factor-alpha stimulates hepatic lipogenesis in the rat in
vivo. J. Clin. Invest. 80: 184–190.

40. Feingold, K. R., M. Soued, S. Adi, I. Staprans, R. Neese, J.
Shigenaga, W. Doerrler, A. Moser, C. A. Dinarello, and C.
Grunfeld. 1991. Effect of interleukin-1 on lipid metabo-
lism in the rat. Arterioscler. Thromb. 11: 495–500.

41. Dashti, N. 1992. The effect of low density lipoproteins,
cholesterol, and 25-hydroxycholesterol on apolipopro-
tein B gene expression in HepG2 cells. J. Biol. Chem. 267:
7160–7169.

42. Wu, X., N. Sataka, J. Dixon, and H. N. Ginsberg. 1994. Ex-
ogenous VLDL stimulates apolipoprotein B secretion
from HepG2 cells by both pre- and posttranslational
mechanisms. J. Lipid. Res. 35: 1200–1210.

43. Sato, R., T. Imanaka, A. Takatsuki, and T. Takano. 1990.
Degradation of newly synthesized apolipoprotein B-100 in
a pre-Golgi compartment. J. Biol. Chem. 265: 11880–11884.

44. Adeli, K. 1994. Regulated intracellular degradation of
apolipoprotein B in semipermeable HepG2 cells. J. Biol.
Chem. 269: 9166–9175.

45. Stopeck, A. T., A. C. Nicholson, F. P. Mancini, and D. P.
Hajjar. 1993. Cytokine regulation of low density lipopro-
tein receptor gene transcription in HepG2 cells. J. Biol.
Chem. 268: 17489–17494.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

