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Abstract

apo E has been shown to modulate cholesterol balance in
arterial wall cells. Production of apo E by macrophages in
atherosclerotic plaques could thereby influence the develop-
ment of the plaque lesion. Cytokines, including TNFa, have
been identified in human lesions, therefore, we undertook a
series of studies to evaluate the effect of TNFa on monocyte/
macrophage apo E production. The addition of TNFa to
freshly isolated human monocytes led to a four- to fivefold
increase of apo E mRNAabundance. The addition of TNFa
to fully differentiated macrophages either had no effect or
modestly inhibited apo E mRNAexpression. THP1 human
monocytic cells also responded to TNFa in a phenotype-
specific manner. Treatment of these cells with TNFx pro-
duced a dose- and time-dependent increase in apo E mRNA.
This increase was reflected in apo E synthesis and was asso-
ciated with inhibition of DNAsynthesis, and with induction
of c-fos and ICAM-1 gene expression. Cell-permanent ana-
logues of ceramide did not reproduce TNFa effect on apo
E, but antagonists of protein kinase C did inhibit its effect.
TNFa induction of apo E mRNAabundance was associated
with stimulation of apo E promoter-dependent gene tran-
scription. In summary, TNFa stimulates apo E gene tran-
scription, mRNAabundance, and protein synthesis in the
monocyte/macrophage in a phenotype-specific manner.
Such regulation could significantly modify the amount of
apo E present in vessel wall lesions. (J. Clin. Invest. 1995.
96:915-922.) Key words: cytokines * atherosclerosis * mac-
rophage activation * protein kinase C * ceramide

Introduction

apo E is an important structural and functional constituent of
plasma lipoproteins, including VLDL, HDL, and chylomicron
remnants (1). Although apo E is primarily synthesized by the
liver, significant amounts are also produced by a variety of
peripheral tissues and cells (2), including macrophages, where
its synthesis is regulated by the cholesterol content of the cells
(3, 4). Histochemical studies have indicated that macrophages
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are the major source of locally derived apo E in developing
vessel wall atheromatous lesions (5). Local production of apoE
in the vessel wall could impact on proximate cellular cholesterol
flux and modify the local availability of bioactive molecules
such as growth factors (1). Furthermore, endogenous produc-
tion of apo E has been shown to influence macrophage choles-
terol flux by regulating the rate of cellular cholesterol clearance
to HDL3 (6). Thus, modulation of macrophage apo E secretion
in the vessel wall could significantly impact atheroma progres-
sion or regression.

Regulation of macrophage apo E expression is complex: it
is regulated not only by cholesterol but also by activators of
protein kinase C and by endotoxin (7-9). TGF,8 has been
demonstrated to induce macrophage apo E expression (10). On
the other hand, the monocyte colony stimulating factor
(MSCF)' has been shown, in separate reports, both to inhibit
and augment macrophage apo E expression ( 10, 11). A poten-
tial regulatory role for other cytokines, for example, TNFa, has
been even less clear (10, 12).

Local production of TNFa is an important component of
the vessel wall response to injury. TNFa positivity has been
found in the cytoplasm of macrophages, and in the cytoplasm
and attached to cell membranes of smooth muscle cells and
endothelial cells of the human atheroma ( 13, 14). These obser-
vations suggest a potential for TNFa to modulate the evolution
of the atherosclerotic plaque. Further, such modulation would
be likely to occur via effects on monocyte/macrophage cells
because these are primary targets of TNFa action. In the present
study, we investigated the effect of TNFa on apoE expression
in the human monocyte/macrophage. Weexamined phenotype-
dependent effects of TNFa on apo E gene expression and com-
pared these with its effects on the expression of other monocyte/
macrophage genes (c-fos and intercellular adhesion molecule
[ICAM] -1 ) and cell cycle traverse. Wealso investigated poten-
tial roles for ceramide second messengers and protein kinase C
(pkC) activation for transducing the observed effects of TNFa
on apo E.

Methods

Materials. [35S]Methionine (10 Ci/mmol), [32P]dCTP (800 Ci
mmol), and [3H]thymidine (5 Ci/mmol) were purchased from Amer-
sham Corp. (Arlington Heights, IL). Human recombinant TNFa was
purchased from Genzyme, Corp. (Boston, MA). C2-ceramide and H7
were purchased from BIOMOLResearch Laboratories, Inc. (Plymouth
Meeting, PA). Endotoxin-free BSA came from Calbiochem Corp. (La

1. Abbreviations used in this paper: ICAM, intercellular adhesion mole-
cule; MSCF, monocyte colony stimulating factor; NFKB, nuclease fac-
tor-KB; pkC, protein kinase C.
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Jolla, CA). All other materials were obtained from previously identified
sources (6, 9, 15, 16).

Cell culture. Freshly isolated human monocytes were purified by
elutriation. The cell population used for experiments was > 95% mono-
cytic, as determined by differential counts of Wright stained smears.
These cells were incubated using conditions described in the figure
legends. For experiments using fully differentiated human monocyte-
derived macrophages, cells were allowed to differentiate in serum-con-
taining medium for 7 d before the start of the incubation with TNFa.
The THPl human monocytic cell line was obtained from American
Type Culture Collection (ATCC, Rockville, MD), and cells were grown
in culture flasks (Falcon Plastics, Cockeysville, MD) in RPMI-1640
medium containing 10% heat-inactivated FBS as described (15). For
experiments, all cells were washed twice with serum-free RPMI-1640
and were placed in RPMI-1640 medium supplemented with 0.2% endo-
toxin-free BSA unless otherwise indicated.

Immunoprecipitation of apo E. THP1 cells were pulse-labeled with
L- [35S ] methionine, as described in detail previously (16). Briefly, cells
were plated at a density of 5 x 106 cells in a 60-mm dish in triplicate.
5 ng/ml of TNFa was added, and the cells were incubated for 72 h at
37TC. After incubation, adherent cells and cells in suspension were
washed twice with methionine-free RPMI-1640 and then incubated for
2 h in 1 ml of methionine-free RPMI-1640 medium supplemented with
100 ,uCi/ml of [35S]methionine supplemented with 10 uM unlabeled
L-methionine. After incubation, the medium was collected after centrifu-
gation to remove cells. Adherent and cells in suspension were washed
twice in ice-cold phosphate-buffered saline and lysed in 2.0% SDS at
950C for 3 min. The lysate was then diluted with lysis buffer (10 mM
Na2HPO4, 15 mMNaCl, 10 mML-methionine, 1% Triton X-100, 1%
deoxycholate, pH 7.4) to final concentration of 0.2% SDS. Cell extracts
and culture media were analyzed by immunoprecipitation followed by
10% SDS-PAGE and fluorography as previously described (16). 4
x 106 TCA-precipitable counts/min were immunoprecipitated from
each cell lysate sample, and 4 x 105 counts/min were immunoprecipi-
tated from each medium sample. Incorporation of labeled methionine
into apo E protein in THP1 cells was linear over the assay period. For
quantitation, apo E bands were excised from the gel and digested in
30% H202 for scintillation counting (16). Radioactivity in the apo E
shown was normalized for rate of total protein synthesis and secretion,
which was not significantly different between groups.

RNA isolation and Northern hybridization. Cells were seeded at a
density of 10 x 106 cells in a 100-mm dish. To isolate total cellular
RNA, washed cells were solubilized in guanidine isothiocyanate as de-
scribed, followed by sedimentation of the extract through CsCl (9). For
some experiments, poly (A) + RNAwas purified after passing total
RNA through silanized oligo (dT) columns. For Northern analysis,
formaldehyde-treated RNAsamples were fractionated by electrophore-
sis in 1.0% agarose, transferred to Nytran (Schleicher & Schuell, Inc.,
Keene, NH), and hybridized with a labeled apo E cDNA probe as
previously described (9). Radiolabeled apo EcDNAprobe was prepared
by random-primed synthesis using pHEA4, which is a 1.1-kb Aatll-
Hinf I fragment that encompasses the entire protein coding region of
the human apo E cDNA subcloned into pUC (9). Each reaction was
carried out using 50 ng of cDNAwith a minimum of 1 x 107 cpm. To
provide an internal control, Nytran membranes were stripped according
to the manufacturer's instructions and reprobed with a labeled 0.7-kb
PstI fragment of the cDNA for beta-actin. The c-fos probe, which was
a 1.0-kb PstI subfragment from thef os cDNAand the ICAM-1 probe,
which was a 1.4-kb BgIII-SaII subfragment from the ICAM-1 cDNA,
was labeled using the same method.

Measurement of DNAsynthesis. Rates of DNAsynthesis were as-
sessed by determining [3H] thymidine incorporation into TCAprecipita-
ble material (17). After cultures were treated with the indicated amount
of TNFa for 24 h, cells were pulsed with 2.5 0Ci/ml [3H]thymidine
for 2 h and then washed with RPMI-1640 five times. This was followed
by five washes with ice-cold 5% TCA. Cells were then extracted in 1
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Figure 1. TNFa enhances apo E mRNAexpression in human monocyte/
macrophages. Humanmonocytes (isolated by elutriation, > 95% pure)
were incubated in Teflon FEP culture bottles (Fischer, Pittsburgh, PA)
in 0.2% endotoxin-free BSA plus or minus TNFa at 10 ng/ml. After
24 h, cells were harvested for analysis by Northern hybridization. The
intensity of the bands for apo E and /l-actin (as the internal control)
was determined by scanning densitometry.

ml of 0.25 NNaOHfor scintillation counting. Protein was assayed using
Lowry's method (18).

Cell transfection and measurement of luciferase activity. An apo E-
luciferase chimeric construct, -2300/ +24 apo E pGL2, was made using
standard recombinant techniques (19). The Sma 1 -Aatll fragment of
the apo E gene was cloned into the polyliker region of pGL-2 Basic
(Promega Corp. Madison, WI). THP1 cells were transfected using a
modified dextran method (20). 1 x 107 cells were transfected with 2
pg of -2300/+24 apo E pGL2 plasmid in 1 ml STBS buffer (25 mM
Tris-Cl, 137 mMNaCl, 5 mMKCl, 0.6 mMNa2HPO4, 0.7 mMCaCl2,
0.5 mMMgCl2) with 100 pg DEAEdextran for 90 min and shocked
with 10% DMSOfor 5 min. After transfection, the cells were incubated
in RPMI medium with 10% FBS overnight. At that time, all transfected
cells were mixed in a single pool prior to being aliquoted to experimental
treatments, to eliminate differential transfection efficiency as an experi-
mental variable. The medium was then changed to RPMI with 0.2%
endotoxin-free BSA, and 10 ng/ml of TNF-a was added. Before harvest-
ing, the cells were left at room temperature for 20 min; the cells were
then lysed, and luciferase activity was measured using luciferase assay
kit and a luminometer (Enhanced Luciferase Assay Kit; Luminometer
Monolight 2010; Analytical Luminescence Laboratory, San Diego,
CA). Protein concentration was measured using a DCprotein assay kit
(Bio Rad Laboratories, Richmond, CA).

Results

Phenotype-specific effects of TNFa on human monocyte/macro-
phage apo E gene expression. Fig. 1 shows the effect of TNFa
at 10 ng/ml on apo E gene expression in freshly isolated human
monocytes. A four- to fivefold increase of apo E mRNAabun-
dance resulted from treatment with TNFa over a 24-h period.
Apo E gene expression in more fully differentiated macrophages.
(after 7 d in culture) showed little response to TNFa at 5 ng/
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Table L Effect of TNFa on apo E mRNAExpression
in Differentiated Macrophages

Cell type apo E/j3-actin Fold change

THPl cells
24 h control 2.58 1.0
24 h + TNFa 1.97 0.76
72 h control 2.46 1.0
72 h + TNFa 1.57 0.64

Human monocyte-derived
macrophages

48 h control 3.88±0.14 1.0
48 h + TNFa 3.57±0.40 0.92

THPl cells in 10% serum were treated with 100 ng/ml of PMAfor 3
d. At that time the medium was replaced with 0.2% endotoxin-free BSA
alone or with 5 ng/ml of TNFa for the indicated time. Humanmonocytes
isolated by elutriation were allowed to differentiate in serum containing
medium for 7 d. At that time, the medium was replaced with 0.2%
endotoxin-free BSA alone or with 5 ng/ml TNFa for 48 h. Cells were
analyzed by Northern blot by hybridization. The intensity of the bands
for apo E and /-actin was measured by scanning densitometry. Results
for THP1 cells are the average of duplicate samples, which varied
< 10%. Results from human monocyte-derived macrophage are
mean±SD of triplicate samples.

ml after a 48-h incubation period (Table I). Addition of TNFa
to cells allowed to differentiate over shorter periods of time
produced a 30-40% reduction of apo E mRNAlevels (not
shown). Similar phenotype-specific effects were observed in
the human monocytic THP1 cell line. In this cell line, we and
others have shown that treatment of THP1 monocytes with
phorbol ester induced expression of the macrophage phenotype
in these cells as well as in apo E gene expression (8, 9, 12).
WhenTNFa was added during the initial 18 h of differentiation,
apo E mRNAabundance was further increased more than two-
fold by the addition of TNFa (Fig. 2). WhenTNFa was added
to THP1 cells after differentiation had progressed for 72 h, apo
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Figure 2. TNFa enhances apo E mRNAexpression in early differentiat-
ing macrophages. THP1 cells in 0.2% endotoxin-free BSAwere treated
with 100 ng/ml of PMAalone or with 5 ng/ml of TNFa for 18 h.
Northern blots of poly (A) + RNAfor apo E and /3-actin were processed
as described in Methods. The bars show the change of apo E mRNA
abundance after correcting for the /3-actin signal.

Table H. Dose-dependent Effect of TNFa
on apo E mRNAExpression

apo E/f3-actin Fold change

Control 0.09 1
TNFa 5 ng/ml 0.32 3.6
TNFa 10 ng/ml 0.40 4.4
TNFa 15 ng/ml 0.42 4.7

20 qg total cellular RNA, isolated from untreated cells or cells treated
with the indicated concentration of TNFa for 24 h, was analyzed by
Northern hybridization. The intensity of the bands corresponding to
apo E and /3-actin was determined by scanning densitometry. The values
shown are the averages of duplicate samples, which varied < 10%.

E mRNAabundance was reduced by 24 and 36% after an
additional 24 and 72 h, respectively, in TNFa (Table I). The
results in both cell types, therefore, demonstrated a relationship
between TNFa effect on apo E expression and phenotypic ex-
pression of monocyte/macrophage cells. Additional studies
were performed to investigate further TNFa-mediated induction
of apo E gene expression using the THP1 cell line.

TNFa induces apo E gene expression in THPI cells in a
time- and dose-dependent manner. Table II shows the results
of a representative experiment to evaluate the effect of TNFa
on apo E gene expression over a range of doses. In this experi-
ment, apo E messenger RNAabundance increased 3.6-fold in
response to 5 ng/ml TNFa and 4.7-fold in response to 15 ng/
ml TNFa. The 5 ng/ml dose was chosen to evaluate the time
dependency of apo E mRNAresponse. As shown in Table III,
after a 24-h incubation in TNFa, a slightly greater than twofold
increase in apo E mRNAabundance was detected. The greatest
increase of apo E mRNAwas observed when the incubation in
TNFa was extended to 72 h, at which time a 14-fold increase
in apo E messenger RNAabundance was measured in treated
as compared with control cells.

Effect of TNFa on apo E synthesis and secretion. Induction
of messenger RNAlevels for macrophage target genes of TNFa
are not always reflected in changes in protein synthesis and
secretion (21, 22). We therefore directly evaluated the effect
of TNFa on apo E synthesis and secretion by pulse labeling cells

Table III. Time Course Effect of TNFa
on apo E mRNAExpression

apo E/,B-actin

Time Control TNFa

18 h 0.09 0.11
24 h 0.07 0.16
72 h 0.09 1.26

20 Mg of total cellular RNAisolated from untreated cells and cells
treated with 5 ng/ml of TNFa for the indicated time was analyzed by
Northern hybridization. The intensity of the bands corresponding to
apo E and to the internal control, f3-actin, was determined by scanning
densitometry. The results shown are the averages of duplicate samples,
which varied by < 10%.
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Table IV. Effect of TNFa on apo E Synthesis and Secretion

Medium Cell extract

dpm

Control 265±73 447±69
TNFa 1163±49 822±178

5 x 106 THP1 cells in 60-mm dishes were incubated for 72 h in medium
alone or with 5 ng/ml of TNFa. The cells were then labeled for 2 h
with [35S]methionine to measure the rate of apo E synthesis and secretion
as described in Methods. The apo E bands were excised from the gels,
and radioactivity in apo E is shown in the lower panel as SEMfrom
triplicate samples.

with [35S ]methionine and quantitatively immunoprecipipating
newly synthesized apo E from cell lysates and media. The re-
sults of a representative experiment are shown in Table IV. In
culture media, apo E radioactivity was increased more than
fourfold in response to a 72-h incubation in TNFa. In cell
lysates, there was a 1.8-fold increase in apo E radioactivity in
response to TNFa.

TNFa induction of apo E messenger RNA abundance is
associated with phenotypic modulation. Three markers for phe-
notypic modulation were assessed to compare with changes in
apo E mRNAexpression during our experimental incubations.
TNFa, added at 5 ng/ml for 24 h, significantly depressed DNA
synthesis (14.5±1.7 vs. 9.0±0.7 cpm X 103/mg protein, control
versus TNFa) in THP1 cells. In Table V, expression of ICAM-
1 mRNAis presented as a function of TNFa treatment duration.
This gene codes for an adhesion molecule that is a counter-
receptor for LFA-1 expressed on other leukocytes; interaction
between these two proteins may enhance leukocyte recruitment
and communication (23). As shown, after 6 h in TNFa, ICAM-
1 messenger RNA species remained undetectable. However,
after 18 and 24 h, there was an increase in ICAM-1 messenger
RNAabundance produced by TNFa treatment. TNFa treatment
is also associated with a rapid and transient enhancement of c-
fos gene expression (Table V). Levels for c-fos message were
undetectable in untreated cells. However, these became easily
detectable after 15 min in TNFa and remained elevated for
at least 30 min. Levels of the c-fos message again became
undetectable after 60 min of TNFa treatment.

Transduction pathways for TNFa effect on apo E gene ex-
pression. Many of the effects of TNFa have been ascribed to
a second messenger pathway that uses ceramide as an important
regulatory molecule (24-26). These effects can be reproduced
by treating cells with cell permeable analogues of ceramide,
and we used this approach to evaluate the importance of this
second messenger for transducing the effect of TNFa on apo
E gene expression. As shown in Fig. 3 (upper panel), C2-
ceramide did not reproduce the effect of TNFa on apo E gene
expression, nor did it potentiate the effect of TNFa on this
gene. Similarly, C2-ceramide did not reproduce the effect of
TNFa on ICAM-1 expression. In this case, however, the TNFa
effect was potentiated by ceramide (Fig. 3, middle panel). Nei-
ther extending the incubation in C2-ceramide for up to 72 h,
addition of C6- ceramide analogues, nor treatment of cells with

Table V. Time Course Effect of TNFa on c-fos and ICAM-I
mRNAExpression

c-fos//l-actin
Control N.D.
TNFa 15 min 0.13
TNFa 30 min 0.15
TNFa 60 min N.D.

ICAM- l/,6i-actin
Control N.D.
TNFa 6 h N.D.
TNFa 18 h 0.41
TNFa 24 h 0.48

20 ug of total cellular RNAwas isolated from untreated cells or cells
treated with 5 ng/ml of TNFa for the indicated times and analyzed by
Northern blot hybridization. The intensity of the bands for ICAM-1 or
c-fos along with ,B-actin was determined by scanning densitometry. N.D.
indicates that there was no c-fos or ICAM-1 signal detected for that
experimental condition. Values shown are the average of duplicate sam-
ples, which varied by < 10%.

sphingomyelinase to generate endogenous cellular ceramide led
to induction of apo E mRNAabundance (data not shown).

TNFa effects can also be mediated by activation of pkC in
transduction pathways separate from those involving ceramide
(24-26). We therefore examined whether pathway inhibition
of pkC activation during TNFa treatment would attentuate apo
E gene response. In the experiment shQwn in the bottom panel
of Fig. 3, treatment with TNFa produced a significant increase
in apo E gene expression (P < 0.02). Concurrent treatment
with the pkC inhibitor H7, 1-(5-isoquinolinesulfonyl)-2-meth-
ylpiperazine, completely prevented this induction however. A
similar inhibition of TNFa stimulation was produced by using
staursporine to inhibit pkC activity (not shown).

Effect of TNFa on apo E gene transcription. Wenext con-
sidered the mechanism by which TNFa increases apo E mRNA
abundance. For other macrophage genes, TNFa has been shown
to increase mRNAabundance by stabilization of mRNAspecies
without any change in gene transcription rate. To assess the
contribution of increased apo E gene transcription, THP1 cells
were transiently transfected with a chimeric construct con-
taining apo E promoter sequences (from -2300 to +24 bp)
fused to a luciferase reporter. After transfection, a single pool
of cells was created to normalize transfection efficiency, and
this pool was then aliquoted for incubations in TNFa treatment
for 24 and 48 h. TNFa induced the expression of this chimeric
construct 2.2-fold at 24 h and 2.1-fold at 48 h (Fig. 4).

Discussion

Our studies demonstrate that treatment with TNFa stimulates
apo E gene transcription, mRNAabundance, and apo E synthe-
sis and secretion in monocyte/macrophage cells in a phenotype-
dependent manner. Such concordant response at all major regu-
latory loci is not demonstrated by all macrophage targets of
TNFa modulation. For example, for FCy HIb, TNFa has been
shown to decrease protein expression but increase mRNAabun-
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dance in macrophages, and this increased mRNAabundance is
due to a change in mRNAstability (21). While our studies
establish that increased apo E gene transcription contributes to
enhanced apo E mRNAabundance after TNFa treatment, a

Figure 3. Transduction pathways for TNFa acti-
vation of apo E gene expression. Cells cultured
with RPMI-1640 containing 0.05% free-endo-
toxin BSAwere treated with 5 ng/ml of TNFa,
5 AMof C2-ceramide, 10 jig/ml of H7, or a
combination of these for 24 h. Northern blots for
apo E, ICAM-1, and f3-actin were processed as
described previously. The upper panel shows the
effect of TNFa and C2-ceramide on apo E
mRNAabundance after correcting for ,/-actin
signal. The middle panel shows the TNFa and
C2-ceramide effect on ICAM-1 mRNAabun-
dance after the same correction. N.D. indicates
that there was no detected signal for that experi-
mental condition. Values shown are the mean of
duplicate samples, which varied by < 10%. The
lower panel shows the effect of H7 inhibition on
TNFa stimulation of apo E mRNAabundance
after correction for /l-actin abundance. Values
shown are the mean±SEMfrom triplicate sam-
ples.

potential role for apo E mRNAstabilization is not excluded,
especially for the large increase of apo E mRNAlevels mea-

sured after prolonged incubation in TNFa (up to a 13-fold
increase after 72 h). Alternatively, inclusion of additional apo E
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gene elements may be necessary to maximize the transcriptional
response of chimeric constructs to TNFa.

Others have studied the effect of TNFa on apo E expression
with inconsistent results. Menju et al. investigated the effect of
TNFa on THP1 cells after these cells were treated for 4 d with
PMA, 12-0-tetradecarvolyphorbol-13-acetate (12). Additional
treatment for 12 h in TNFa produced no effect on apo E mRNA
abundance or protein synthesis. Zuckerman treated thioglycol-
late-elicited mouse peritoneal macrophages with TNFa for a
longer period of time (48 h) and found an - 50% reduction of
apo E protein secretion (10). Both of these reports are in accord
with our observations regarding the phenotype-specific effect
of TNFa on apo E gene expression. Monocyte/macrophages
are multipotential cells that can respond to their humoral envi-
ronment in divergent ways. Phenotype-dependent modulation
of apo E expression by TNFa is consistent with the pleiotropic
effects of TNFa that have been reported for other macrophage
targets (22, 27). Such a phenotype-dependent response to cy-
tokine stimulation may be related to activation of endogenous
cytokine synthesis and secretion by the fully differentiated and
activated macrophage. For example, PMAstimulation has been
shown to increase TNFa mRNAexpression within 3 h and
TNFa protein synthesis within 10 h in human monocytes (28).
However, if endogenous synthesis of TNFa by differentiated
macrophages accounts for the lack of apo E induction after
treatment with exogenous TNFa, the suppression of apo E ex-
pression observed by Zuckerman et al. (10) and by us (Table I)
during prolonged incubations in TNFa would not be expected.
Alternatively, phenotype-specific effects of TNFa may relate
to differences in cell-matrix interactions between monocyte and
macrophage phenotypes. Adhesion of cells to extracellular ma-
trix has been shown to modify their response to TNFa (29).
Further, in the vessel wall, it is likely that the presence of other
cytokines will be involved in modulating monocyte/macro-
phage response to TNFa. Interferon-y, for example, has been
shown to be an important influence on the response of the IGF-
1 expression after treatment of macrophages with TNFa (30).

TNFa treatment produced cell cycle arrest as indicated by

Figure 4. TNFa promotes the expression of the
apo E gene promoter. Cells transfected with
-2300/+24 apo E pGL-2 were cultured with 10
ng/ml of TNFa for the indicated times and then
harvested for measurement of luciferase activity.
All cells were derived from a single pool of
transfected cells to normalize for transfection ef-
ficiency as described in Methods. The data are
shown as the mean±SD of luciferase activity
(relative light units/mg protein X 10-6) from
triplicate samples.

a markedly reduced rate of DNAsynthesis. In addition, TNFa
increased the expression of c-fos within 15 min of its addition.
Rapid and transient induction of c-fos expression serves as a
marker for macrophage differentiation and/or activation (31).
Also, TNcFa enhanced the expression of the ICAM-1 gene. In
arterial wall plaques, ICAM-1 expression is found in arterial
smooth muscle cells and macrophages (32), and it has pre-
viously been shown that TNFa induces the expression of
ICAM-1 in arterial smooth muscle cells (33). The effect of
TNFa on apo E gene expression cannot be generalized to all
cytokines associated with monocyte/macrophage activation or
differentiation. Brand et al. added PMAand interferon--y and
observed no effect on apo E mRNAabundance in THP1 cells
(34). THP1 cells have been shown to express MCSFreceptors
(35); however, in our laboratory, the addition of MCSF, with
or without phorbol ester, to THP1 cells also had no effect on
apo E mRNAabundance. This agrees with the report of Brand
et al., who made a similar observation regarding the lack of
MCSFeffect on apo E protein synthesis and secretion in these
cells (34).

Treating cells with TNFa has reportedly produced sphingo-
myelin turnover as well as endogenous cellular ceramide (24-
26). Investigation of biologically important signal transduction
pathways for TNFa has focused on the role of ceramide as a
second messenger as well as on a potential role for pkC activa-
tion. There are examples of pkC activation and ceramide pro-
ducing opposing effects in target monocyte/macrophage cells
(26). In HL60 cells, TNFa leads to increased activity of mito-
gen-activated protein kinase and the accumulation of nuclease
factor-kB (NFkB) (36, 37). Both of these effects can be repro-
duced by exogenously added ceramide analogues. In Jurkat
cells, TNFa decreases DNAsynthesis and increases NFkB ac-
cumulation (38). In these cells, ceramide inhibits DNAsynthe-
sis but does not produce NFkB accumulation, although it po-
tentiates the effect of TNFa on NFkB accumulation. These
observations support a role for ceramide as a second messenger
molecule mediating TNFa effects. Recently, however, the im-
portance of ceramide as a TNFa second messenger has been

920 Duan et al.



questioned. For example, Betts et al. directly measured ceramide
levels, and they could find no difference produced by TNFa
treatment in HL60 cells or Jurkat cells, even though NFkB
activation was measurable in both cell types (39). Our data
demonstrate that ceramide is not involved in TNFa modulation
of the apo E gene. Addition of cell-permeant ceramide ana-
logues did not increase apo E messenger RNAabundance nor
did it potentiate the effect of TNFa on apo E. Wealso observed
that treatment of THP1 cells with sphingomyelinase, to generate
endogenous cellular ceramide, did not augment apo E mRNA
abundance (not shown). Inhibitors of pkC activation, however,
attenuated the effect of TNFa on apo E gene expression, sug-
gesting the importance of this pathway for mediating TNFa
effects on the apo E gene. With respect to the mechanism for
TNFa induction of apo E gene transcription, it is noteworthy
that TNFa treatment of THP1 cells induces expression of the
c-fos gene. The protein product of this gene is a component of
the AP1 transcription complex, which we have previously
shown to be important for enhanced apo E gene transcription
in the monocyte/macrophage (19).

In summary, our results document a significant role for
TNFa in modulating monocyte/macrophage apo E gene expres-
sion. TNFa stimulates apo E gene transcription, mRNAabun-
dance, and protein synthesis in the monocyte/macrophage in a
phenotype-specific manner. This effect is observed in monocyte
cells or cells in the early stage of monocyte/macrophage differ-
entiation. In fully differentiated/activated macrophages, TNFa
has no effect or reduces apo E mRNAabundance. Macrophages
in vessel wall lesions are derived from the migration of blood-
borne monocytes that cross the endothelium and transform, over
time, into fully differentiated macrophages. Phenotypic mono-
cytes as well as monocyte/macrophages in more advanced
stages of differentiation have been identified in the vessel wall
intima of hyperlipemic animals (40, 41). TNFa produced in
the vessel wall could significantly modulate the abundance of
apo E derived from monocytes/macrophages that are newly
recruited into the vessel wall and thereby influence the genesis
of the vessel wall lesion.
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