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SUMMARY: The effect of dibutyryl-cyclic AMP (dbcAMP) and
theophylline was investigated on oleic acid incorporation
into cholesteryl esters and triacylglycerols in the mouse
monocyte-macrophage cell 1line J 774. 24h pretreatment of
macrophages with dbcAMP decreased cholesteryl ester formation
in 3 dose-dependent manner (about 4 fold reduction for dbcAMP
10"%M + theophylline 107°M), while oleic acid incorporation
into triacylglycerols was markedly (2 to 3 fold) enhanced.
The catabolism of acetylated LDL was only slightly affected
(abgut 15-20% reduction with dbcAMP 5x10-4M  + theophylline
107°M). Acyl Coenzyme A:cholesterol-O-acyl-transferase acti-
vity, measured in vitro on cell homogenates, was reduced in
dbcAMP-treated cells, whereas diacylglycerol acyltransferase
activity was increased. These results suggest that cyclic AMP
can modulate cholesteryl ester and triacylglycerol formation
in macrophages, and that these metabolisms are inversely
regulated. Agents which increase cyclic AMP intracellular le-
vel could be of interest for reducing cholesteryl ester accu-
mulation in macrophades. o 1987 academic Press, Inc.

Atherosclerotic lesions have been demonstrated to be in-
filtrated by macrophage-derived foam cells containing
cholesteryl esters (1). Massive cholesteryl ester accumu-
lation occurs in vitro when macrophages are incubated in the
presence of modified 1low density lipoproteins (LDL)}: acety-

lated (2), or malondialdehyde-treated (3) LDL are taken up

Abbreviations: LDL: low-density lipoprotein, LDLac: acetyla-
ted low~density lipoprotein, ACAT: acyl Coenzyme A: choleste-
rol-O-acyltransferase, DGAT: diacylglycerol acyltransferase.
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and degraded by macrophages, leading to cholesteryl ester
deposition. Enhanced-negative net charge of the LDL seems to
be required for LDL processing by macrophages. Incubation of
LDL with endothelial cells also induce alterations of the
lipoprotein which allows its subsequent uptake by macrophages
(4, 5). Modifications of LDL by endothelial cells could
occur in vivo when the LDL turn over is decreased, such as
in familial hypercholesterolemia. This phenomenon may be
involved in accelerated atherosclerosis observed in these
patients (6}.

The mechanisms which regulate cholesteryl ester for-
mation in macrophages are still poorly documented. Previous
works from our laboratory (7,8) pointed out an inhibitory
effect of c¢yclic AMP and agents increasing its intracellular
level such as methylxanthines or B-agonists on cholesterol
esterification in fibroblasts. We thus investigated the
effect of cyclic AMP on oleic acid incorporation into
cholesteryl esters in J 774 mouse monocyte-like cells, which
has been previously shown to express the receptor for
modified-ILDL (9). Oleic acid incorporation into triacyl-
glycerols was also comparatively studied. It was found that
dibutyryl cyclic AMP (dbcAMP) + theophylline decreased
cholesterol esterification by oleic acid. By contrast,
triacylglycerol formation was strongly enhanced. Acetylated
LDL catabolism was only slightly affected. ACAT activity,
measured on cell homogenates, was decreased by dbcAMP +
theophylline, while diacylglycerol acyltransferase (DGAT)

activity was notably increased.

MATERIALS AND METHODS

Materials. Dibutyryl c¢yclic AMP and Eheophylline were
from Sigma, %z. Louis, MO, U.S.A.; [1-14c] oleif gcid 52
mCi/mmol, [1-12%C] oleyl Coenzyme A 55 mCi/mmol and 251Na 13
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Ci/mg from Amersham, Buckinghamshire U.K..; Dulbecco modified
Minimum Essential Medium with Earle's salts and foetal calf
serum from Gibeco, Grand Island, NY, U.S.A.; Ultroser G from
Industries Bioclogiques Francaises, France; J 774 mouse cells
from the American Type Culture Collection, U.S.A. Silicagel
plates F 1500 were from Schleicher and Schuell, Dassel, W.
Germany.

Cell culture. J 774 cells were cultured in 30 mm Nunc
Petri dishes containing 1 ml Dulbecco MEM medium sup-
plemented with 20 mM Hepes buffer (pH 7.4), 100 units/ml
penicillin, 100 ug/ml streptomycin, and 10% foetal calf
serum, at 37°C in a humidified atmosphere of 5% CO;. For
experiments, foetal calf serum was replaced by 2% Ultroser G
and S50ug/ml acetylated LDL (LDLac) for induction of the
macrophage ACAT activity.

LDL preparation and acetylation: LDL was prepared from
normal human serum by 3 step-ultracentrifugation at 105000g
in a L5-50 Beckman instrument, according to Havel et al.
(10). The ILDL. was taken as the 1.024-1.050 fraction.
Acetylation was performed by the method of Basu et al. (11).

LDLac labeling: LDLac wai labeled by the method of
Bilheimer et al. (12), using 5INa. The specific radiocacti-
vity was about 300-400 dpm/ng LDL protein. Protein deter-
mination was performed according to Lowry et al. (12}.

LDLac degradation: cells were preincubated 24h in Dul-
becco's MEM medium supplemented with 2% Ultroser G in the
presence or in the absence of the drugs. After 3 washes with
a phosphate~buffered solution pH 7.4, LDLac degradation was
measured during 4h at 37°C on confluen% cultures according to
Goldstein et ali §2)' with 10ug/ml 5I-LDLac. Results are
expressed in ng 251-LDLac degraded/mg of cell protein.

Oleic acid incorporation into cholesterzl esters and

triacylglycerols: cells were incubated 24 h in Dulbecco's MEM
medium supplemented with 2% Ultroser G and 50ug/ml LDLac, in
the presence or in the absence_ of dbcAMP and theophylline at
indicated concentrations. [1-1%C] oleic acid 1luCi/ml was
then added and incubation further performed 4h at 37°C.
Cells were washed 4 times with a phosphate-buffered solution
pH 7.4, harvested with rubber policemen, centrifuged, and
resuspended in 10Oul NaCl 0.15M. Lipid analysis was performed
by thin 1laver chromatography after direct application of an
aliquot of the cell suspension on silicagel plates F1500 by
an adaptation of the technique of Dosado et al. (13). The
solvent was hexane/diethylether/acetic acid 70/30/2 (v/v).
Radicactive lipids, identified after autoradiography by com-
parison with unlabeled purified standards from Sigma, were
cut out, and their radioactivity measured by ligquid scin-
tillation in an Intertechnique instrument. Results are ex-
pressed as pmol of precursor incorporated /mg of cell pro-
tein.

Acyl Coenzyme A:cholesterol-O-acyltransferase and dia-
cylglycerol acyltransferase activities: ACAT and DGAT ac-

tivities were measured on sonicated macrophage homogenates
as described by Golstein et al. (14) and Maziére et al. (15),
respectively. After 24 h pretreatment with drugs at indicated
concentrations, cells were harvested with rubber-policemen,
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centrifuged, and resuspended in NaCl 0.15M + NaF 5x1073M.
ach assay contained 150 %g of protein, phosphate buffer 10~
M pH 7.4, MgCly 5 x 107°M, bo-vine serumalbumin 0.2 mg/ml,
[1-+2C] oleyl Coenzyme A (0.1 uCi)_ and non labeled oleyl-
Coenzyme A (final concentration 107°M). The final incubation
volume was 100ul. The reaction was carried out during 5 minu-
tes at 37°C and stopped on ice. An aliquot of the incubation
mixture was then put on a silicagel plate and separation of
neutral lipids was achieved by thin layer chromatography as
described above. Spots corresponding to cholesteryl esters
and triacylglycerols were cut out, and the radiocactivity was
counted by liquid scintillation. ACAT and DGAT activities
were expressed in nmol/h/mg of cell protein.

RESULTS AND DISCUSSION

Table I shows that 24h pretreatment of J 774 cells by
dbcAMP + theophylline resulted in a dose-dependent decrease
in oleic acid incorporation into cholesteryl esters: about 3
to 4 fold reduction was observed with dbcAMP 5x1074M +
theophylline 10731 as compared to control. By contrast, l4c-
oleic acid incorporation into triacylglycerols was markedly
enhanced by dbcAMP + theophylline (X 2.5 for dbcAMP 5x1074M +

theophylline 10’3M). It is of note that oleic acid incorpora-

Table I: Effect of dbcAMP and theophylline on l4c-oleic acid incor-
poration into cholesteryl esters and triacylglycerols by J 774
cells. Cultures were preincubated 24h in Dulbecco's MEM medium
supplemented with 2% Ultroser and 50ug/ml LDLac, in the priience or
in the absence of the drugs at indicated concentrations. C-oleic
acid was then added {(1uCi/ml) and incorporation further carried out
during 4h at 37°C. After washing, lipid analysis was performed by
thin layer chromatography. Results are expressed in pmol of oleic
acid incorporated/mg of cell protein (means of 3 experimental va-
lues t s.4.).

Addition lic-oleic acid incorporation into
cholesteryl esters triacylglycerols
None 3230 * 410 (100%) 1250 ¢ 175 (100%)

dbcAMP 10~5M +
theophylline 1073M: 1776 % 225 (55%) 1687 + 225 (135%)

dbcAMP 10-4M +
theophylline 1073M: 1185 + 170 (37%) 2325 + 340 (186%)

dbcAMP 5x1074M +
theophylline 107 3M: 870 + 95 (27%) 3310 t 540 (265%)
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tion into total phospholipids was not significantly affected
(data not shown).

It can be observed in Table II that LDLac degradation
was only slightly modified by 24h preincubation with dbcAMP +
theophylline: indeed, the maximal effect was only 15-20%
reduction at concentrations which decreased cholesterol

esterification by 2-3 fold.

ACAT activity has been shown to be strongly induced
following LDLac uptake and degradation by macrophages (2).
The fact that in our experiments, dbcAMP and theophylline did
not significantly affect the degradation of LDLac suggested
that the inhibitory effect of the drugs on oleic acid
incorporation into cholesteryl esters was not related to a
decrease in LDLac catabolism . In order to precise the mecha-
nisms of this phenomenon, we then investigated the effect of
the drugs on ACAT and DGAT activities, measured in vitro on
homogenates of cells preincubated 24h in the presence of
dbcaMP 10~4M + theophylline 1073M. Table III shows that about

a 2 fold reduction of ACAT activity was observed in treated

Table II: Effect of dbcAMP and theophylline on 1251_ppLac degrada-

tion by J 774 cells. Cells were preincubated 24h in Dulbecco's MEM

medium supplemented with 2% Ultroser, in the presence or in the

absence of the drug at indicated concentratioxﬁ5 After 3 washes,

LDLac degradation was measured using 10ug/ml I-LDLac. Results

are expressed in ng LDLac degraded / mg of cell protein (means of 3
experimental values t s.d.).

Addition LDLac degradation (ng/mg cell protein)

None 4752 + 890 (100%)

dbcAMP 1075M +
theophylline 1073M: 4657 + 559 (98%)

+

dbcAMP 107 4M +
theophylline 10~ 3M: 4514 + 722 (95%)

dbcAMP 5x1074M +
theophylline 107 3M: 3944 + 552 (83%)
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Table III: Effect of cell preincubation with dbcAMP and theo-
phylline on Acyl Coenzyme A:cholesterol-O-acyltransferase (ACAT)
and diacylglycerol acyltransferase (DGAT) activities measured
in vitro. Cells were preincubated 24h in the presence or in
the absence of the drugs, then washed 3 times and harvested
with rubber-policemen. ACAT and DGAT activities were measured
on cell homogenates during 5 minutes at 37°C. Results are ex-
pressed in nmol/h/mg cell protein (means of 3 experimental va-
lues t s.d.).

Addition ACAT activity DGAT activity

None 13.2 = 1.8 (100%) 3.4 + 0.7 (100%)

dbcaMP 1074M +
theophylline 10~3M: 5.8 £ 0.9 (44%) 8.0 £ 1.5 (235%)

cells as compared to control, while DGAT activity was about

2.5 fold increased.

From our results, it appears that dbcAMP modulates oleic
acid incorporation into cholesteryl esters and triacylglyce-
rols by J 774 <cells in an inverse manner: triacylglycercl
formation from oleic acid and DGAT activity measured in vitro
were markedly enhanced by dbcAMP, whereas cholesteryl ester
formation and ACAT activity were reduced. We recently
reported a similar observation in cultured human fibroblasts
(15). It 1is of note that cyclic AMP has been shown to
decrease triacylglycerol synthesis in hepatocytes (16). This
suggests that triacylglycerol metabolism may be inversely
regulated in fibroblasts or macrophages as compared to
tissues which are closely implicated in energetic regulation

such as liver.

Cholesteryl ester accumulation in macrophages results
from the absence of down-regulation of LDLac uptake and
sterol synthesis (17). The LDLac receptor is poorly
regulated: neither LDL, nor hormonal factors such as insulin,

or platelet-derived growth factor, which have been shown to
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modulate LDL uptake by fibroblasts (18,19), exert any effect
on LDLac catabolism in macrophages (20). In the present work,
we demonstrate that cyclic AMP, which is an important meta-
bolic regulatory agent in several cell types, also regulates
cholesterol esterification in J 774 macrophages. It is of
note that cyclic AMP seems to do not act through an effect on
LDLac catabolism, as the highest studied concentrations
(dbcAMP 5x10-4M + theophylline 10-3M) only weakly affected
LDLac degradation. This also confirms that the catabolism of
LDLac is not sensitive to agents which modulate native LDL
receptor, as it has been previously shown that dbcAMP
strongly inhibits LDL binding and degradation in human

fibroblasts (7,8,21).

Finally, the observation that cyclic AMP decreases
cholesteryl ester formation in macrophages is of interest, in
the view that cholesteryl ester deposition in macrophages is
probably one of the main processes involved in atherogenesis
(6). 1In previous works performed on cultured human
fibroblasts, we suggested that agents which increased cyclic
AMP intracellular level such as theophylline could be
utilized to reduce cholesterol synthesis and esterification
(7). Recently, Tertov et_al. demonstrated that cyclic AMP and
methylxanthines decrease cholesteryl ester content in cells
c¢ultured from atherosclerotic lesions (22), and these authors
also suggested that cyclic AMP could be of interest in the

prevention of atherosclerosis.

REFERENCES

1. Fowler, S., Shio, H., and Haley, N.J. (1979), Lab.Invest.
41: 372-378.

2. Goldstein, J.L., Ho, Y.K., Basu, S.K., and Brown, M.S.
(1979), Proc.Natl.Acad.Sci.UsSA, 76: 333-337.

126



Vol. 142, No. 1, 1987 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

3.

lo.

11

12.

13.

14.

15.

1s.

17.

18.

190

20,

21,

22.

Fogelman, A.M., Schechter, I., Seager, J., Hokom, M., and
Edwards, P.A. (1980), Proc.Natl.Acad.Sci.USA, 77: 2214~
2218.

. Henriksen, T., Mahoney, E.M., and Steinberg, D. (1981).

Proc.Natl.Acad.Sci.USA, 78: 6499-6503,

. van Hinsbergh, V.W.M., Scheffer, M., Havekes, L., and

Kempen, H.J.M. (1986), Biochim.Biophys.Acta, 878: 49-
64.

. Brown, M.S., and Goldstein, J.L. (1983) Ann.Rev.Biochem.,

52: 223-261.

Polonovski, J., Maziére, J.C., Maziére, C., Gardette, J.,
Mora, L., and Barbu, V. (1983), Bull.Acad.Med., 7: 737-
744.

Maziére, J.C., Maziére, C., Gardette, J., Mora, L., and
Polonovski, J. (1983), Biochem.Biophys.Res.Commun., 112:
795-800.

. Havel, R.J., Eder, H.A., and Bragdon, J.H. (1955), J.

Clin.Invest., 34: 1345-1353.

Basu, S.K., Goldstein, J.L., Anderson, R.G.W., and
Brown, M.S. (1976), Proc.Natl.Acad.Sci.USA, 73: 3178-
3182.

Bilheimer, D.W., Eisenberg, S., and Levy, R.I. (1972),
260: 212-221.

Lowry, O.M., Rosebrough, N.J., Farr, A.L., and Randall,
R.J. (1951), J.Biol.Chem., 193: 265-275.

Dosado, E.A., Hsie, A.W., and Snyder, F. (1976), J.Lipid
Res., 17: 285-288.

Brown, M.S., Dana, S.E., and Goldstein, J.L. (1975), J.
Biol.Chem., 250: 4025-4027.

Maziére, C., Maziére, J.C., Mora, L., Auclair, M., and
Polonovski, J. (1986), Lipids, 21: 525-528.

Haagsman, H.P., de Haas, C.G.M., Geelen, M.J.H., and

Van Golde, L.M.G. (1981), Biochim.Biophys.Acta, 644:
74-81.

Fogelman, A.M., Haberland, M., Seager, J., Hokom, M.,
and Edwards, P.A. (1980), J.Lipid Res., 22: 1131-1141.

Chait, A., Bierman, E.L., and Albers, J.J. (1979), J.
Clin.Invest., 64: 1309-1319.

wWitte, L.D., and Cornicelli, J.A. (1980), Proc.Natl.Acad.
Sci.USA, 77: 5962-5966.

Chait, A. and Mazzone, T. (1982), Arteriosclerosis, 2:
487-492.

Stout, R.W., and Bierman, E.L. {(1983), Atherosclerosis,
46: 13-20.

Tertov, V.V., Orekhov, A.N., and Smirnov, V.N. (1986},
Artery, 13: 365-372.

127



