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Abstract Recent studies have demonstrated the expression of 
messenger RNA (mRNA) for several cytokines within athero- 
sclerotic arteries. Since cytokines have been shown to modulate 
functions of cultured arterial wall cells in a manner that could 
influence atherogenesis, this suggests that factors that modulate 
cytokine production would influence the atherosclerotic process. 
To examine whether lipoproteins can modulate cytokine produc- 
tion, the effect of lipoproteins on mouse macrophage inter- 
leukin-lfl (IL-la) mRNA expression was examined by dot blot 
and Northern blot analyses. Low density lipoprotein (LDL), 
acetylated-LDL, or malondialdehyde-LDL did not induce IL-I@ 
mRNA expression or affect the expression in response to lipo- 
polysaccharide (LPS). Similarly, copper ion-oxidized LDL did 
not stimulate the production of IL-10 mRNA. However, oxi- 
dized LDL inhibited the LPS-induced expression in a concen- 
tration- and time-dependent manner with a maximum inhibi- 
tion (>go%) observed after a 2.5 h preincubation with 25 pg 
protein/ml. These conditions did not affect protein synthesis or 
phagocytosis and the inhibition was partially reversible after 
24 h, which together suggest that the inhibition was not due to 
cell death. An inhibition of IL-la  and IL-6 mRNA expression 
was also observed while there was no change in y-actin mRNA 
levels. The level of inhibition of IL-10 mRNA was dependent 
upon the extent of LDL oxidation, but did not correlate with 
recognition by the scavenger receptor. A non-receptor pathway 
was supported by two lines of evidence: I )  the inhibition could 
be reproduced with a lipid extract, and 2) oxidized LDL also in- 
hibited scavenger receptor negative THP-1 cell IL-10 mRNA 
expression. Finally, oxidized LDL had no effect on the turnover 
of IL-1@ mRNA, suggesting that the decreased accumulation of 
IL-10 mRNA is due to a decrease in gene transcription. 
I Together these studies suggest that as macrophages become 
foam cells their immune responsiveness is attenuated. - Fong, 
L. G., T. A. T. Fong, and A. D. Cooper. Inhibition of lipo- 
polysaccharide-induced interleukin-10 mRNA expression in 
mouse macrophages by oxidized low density lipoprotein. J. Lipid 
Res. 1991. 32: 1899-1910. 

Supplementary key words 
dation - THP-1 cells IL- la  IL-6 

atherosclerosis cytokines lipid peroxi- 

Ultrastructural and immunologic studies of the de- 
veloping atherosclerotic lesion have documented the tem- 
poral sequence of cellular events leading to foam cell for- 

mation (1-3). It is evident from these studies that the 
initiation and progression of the fatty streak lesion is de- 
pendent upon the close interaction of the cells involved 
and predicts that modulatory factors secreted by these 
cells would play an underlying role to regulate cellular 
function. Recent studies have suggested that cytokines 
might participate in this capacity. First, mRNA encoding 
cytokines have been identified in atherosclerotic lesions 
including IL-lD (4), IL-la (5), macrophage-colony 
stimulating factor (M-CSF) (6), and tumor necrosis factor 
alpha (TNFa) (7). Second, tissue culture studies have 
demonstrated that artery wall cells can secrete cytokines 
(8-10) and that individual cytokines can modulate artery 
wall cell function of likely importance to the athero- 
sclerotic process such as the induction of cell adhesion 
molecule expression (ll), stimulation of PDGF secretion 
(12), and modulation of the LDL and scavenger receptor 
pathways (13-15). Together, these studies provide support 
for a potential role of cytokines in atherogenesis and sug- 
gest that modulation of cytokine production would affect 
the atherosclerotic process. 

Lipoproteins can modulate a number of cellular pro- 
cesses including the secretion of factors by endothelial 
cells, smooth muscle cells, and macrophages (16-19). In- 
cluded in this is the production of cytokines. Minimally 
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oxidized LDL induces the secretion and mRNA expres- 
sion of M-CSF by endothelial cells (6). LDL stimulates 
the production of TNF by smooth muscle cells (20). And 
after this work was begun, Hamilton, Ma, and Chisolm 
(21) reported that oxidized LDL could inhibit the expres- 
sion of IL-la and TNFa mRNA by macrophages. Thus 
the localized production of cytokines in the artery wall 
and the presence of native or modified forms of lipopro- 
teins could together provide a mechanism for the regula- 
tion of cytokine production and, indirectly, artery wall 
function. To study further the modulation of cytokine 
production by lipoproteins and to examine the basis for 
the modulation of macrophage cytokine production by 
oxidized LDL, we have examined the effect of lipoproteins 
on macrophage IL-lP mRNA expression. 

EXPERIMENTAL PROCEDURES 

Materials 

F-10 medium, RPMI 1640, endotoxin-tested Dulbecco's 
Modified Eagle's medium (DMEM), methionine-free 
DMEM, and fetal calf serum (FCS) were purchased from 
GIBCO Laboratories (Grand Island, NY). FCS was heat- 
inactivated before use (56OC for 30 min). E. coli lipo- 
polysaccharide (LPS; serotype 026:B6), actinomycin D, 
and agarose-coupled phospholipase A2 (4000 U/g agarose) 
were purchased from Sigma Chemical Co. (St. Louis, 
MO). The LPS was resuspended with sterile saline 
(2 mg/ml) and stored in aliquots at -20°C until use. 
Acetic anhydride and malondialdehyde bis(dimethy1 acetal) 
were obtained from Aldrich Chemical Go. (Milwaukee, 
WI). Carrier-free Na1251, [S35]methionine, [ c Y - ~ ~ P I ~ A T P ,  
and [a-32P]dCTP were purchased from Amersham (Ar- 
lington, IL). 

Animals 

Female Swiss Webster mice (27-30 g) were purchased 
from Simonsen Laboratories (Gilroy, CA) and given stan- 
dard mouse chow and water ad libitum. 

Methods 

Oligonucleotides. Complementary DNA strands encoding 
for murine IL-10 (nucleotides 830-927), murine IL-la 
(nucleotides 811-918), murine IL-6 (nucleotides 592-681), 
murine y-actin (nucleotides 1262-1363), and human 
IL-lP (nucleotides 829-922) were synthesized and radio- 
labeled by fill-in polymerization. The specific activities of 
the labeled probes were approximately 100 pCi/pg DNA. 

Lipoproteins. Human LDL (d 1.019-1.063 g/ml) and 
HDL (d 1.070-1.21 g/ml) were isolated from EDTA- 
treated plasma by density gradient ultracentrifugation 
(22) in the presence and absence of butylated hydroxy- 
toluene (BHT, 20 pM). BHT was added to a portion of 
the plasma (usually one-third of the total amount) to pre- 

vent lipid peroxidation during the isolation procedure. All 
lipoproteins were dialyzed against PBS containing 0.01% 
EDTA, and for LDL isolated in the presence of the anti- 
oxidant, BHT was also added during dialysis. All lipopro- 
tiens were radiolabeled with Na1251 using Iodogen (Pierce 
Chemical Go.) to specific activities of 100-200 cpmhg. 

Copper ion-mediated oxidation of LDL. LDL (100 pg pro- 
tein/ml) was incubated in F-10 medium (2 ml) with added 
CuS04 (10 p M )  in 6-well dishes at 37OC for 18-24 h. 
Usually, 12 ml of oxidized LDL was prepared at one time. 
The extent of lipid peroxidation was estimated by measur- 
ing the amount of thiobarbituric acid-reactive substances 
(TBARS) generated. The average amount of TBARS 
generated for the 26 different oxidized LDL preparations 
used in this study was 74.8 nmol MDA equivalentdmg 
LDL protein 2 2.6 (mean f SE). 

Chemicul modifications of LDL. Acetylated LDL and 
malondialdehyde (MDA)-modified LDL were prepared 
essentially as described by Basu et al. (23) and Fogelman 
et al. (24), respectively, except that BHT was added dur- 
ing the incubations and dialysis. The modification of 
LDL was monitored by measuring the electrophoretic 
mobility of the lipoproteins on agarose gels. LDL was 
reductively methylated with two additions of formalde- 
hyde and borohydride as described by Weisgraber, Inner- 
arity, and Mahley (25). 

Aggregution ofLDL. LDL was aggregated as described by 
Khoo et al. (26). Briefly, LDL was resuspended in PBS 
containing 0.01% EDTA and 20 pM BHT at a concentra- 
tion of 500 y g  proteidml. The solution was then vortexed 
at room temperature for 30 sec and then placed on ice im- 
mediately. The aggregated LDL was used within 15 min. 
Aggregation stimulated LDL degradation by macro- 
phages greater than 10-fold relative to LDL without in- 
creasing the amount of TBARS generated. 

Filtration of oxidized LDL. Oxidized LDL (2  ml) was 
added to an Amicon microconcentrator (Centricon 10) 
and centrifuged in a fixed-angle rotor at 4000 g for 1.5 h. 
The filtrate was saved and 2 ml of fresh F-10 medium was 
added to the retained oxidized LDL. The filtration unit  
was centrifuged again and the filtrate was discarded. The 
washed, retained oxidized LDL was then resuspended 
with fresh medium to 2 ml. After filtration, less than 10% 
of the total TBARS was located in the retained oxidized 
LDL fraction. 

Phospholipase A2 treatment of LDL. LDL (0.5 mg/ml) was 
incubated with agarose-bound PLA2 (1 U/ml) in 0.1 M 
TRIS (pH 7.4) and 2 mM CaC12 (27) with the addition 
of BHT at 37OC for 0.5, 1, and 2 h. The suspension was 
centrifuged to sediment the enzyme and the solution con- 
taining the LDL was incubated with macrophages. Analy- 
sis by thin-layer chromatography showed that the amount 
of lysolecithin generated between 1 and 2 h incubation 
was similar to the amount of lysolecithin present in oxi- 
dized LDL (data not shown). 
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Cell lines. Human THP-1 cells were obtained from the 
ATCC and cultured in RPMI 1640 containing 10% FCS, 
2 mM glutamine, and antibiotics. 

Measurement of macrophage lipoprotein degradation. The 
degradation of lipoproteins by resident mouse peritoneal 
macrophages was performed as described previously (14). 
The rate of lipoprotein degradation was expressed as the 
amount of degradation products generated in micrograms 
per milligram cell protein after 4 h. Unless indicated, the 
mean and standard deviation of triplicate samples of a 
representative experiment are shown. 

Measurement of macrophage cytokine m R N A  expression by dot 
blot hybridization. Resident peritoneal macrophages were 
harvested and resuspended in DMEM supplemented with 
10% FCS, 2 mM glutamine, and antibiotics (medium A) 
at 2.0 x 106 celldm1 and 3 ml was added to 6-well tissue 
culture plates (Costar). After incubation at 37'C for 
30 min, the adherent macrophages were washed three 
times with medium A and incubated in the presence or 
absence of lipoproteins in medium A at 37OC for 2.5 h. 
The cells were then rinsed three times with medium B, 
consisting of DMEM supplemented with glutamine and 
antibiotics, and then incubated with freshly diluted LPS 
(0.3 pg/ml) in medium B at 37OC for 2 h. The cells were 
next washed three times with sterile PBS and total cyto- 
plasmic RNA was isolated by NP40 lysis (28). Cytokine 
mRNA was detected by dot blot hybridization, essentially 
as described by Cherwinski et al. (29). RNA equivalent to 
6.0, 2.0, and 0.67 x l o 5  cells was applied to Nytran filters 
(Schleicher and Schuell) by vacuum and the filters were 
baked for 2 h at 80OC. The filters were prehybridized 
overnight at 42%, and then hybridized with 32P-labeled 
synthetic oligonucleotides at 42OC for at least 16 h. The 
washed filters were exposed to X-ray film at - 70%. The 
autoradiograms were scanned using a laser densitometer 
and the area under the curve was tabulated. 

Measurement of macrophage cytokine m R N A  expression by 
Northern blot hybridization. Resident mouse peritoneal mac- 
rophages were harvested and cultured, as described for 
dot blot hybridization, except that the cells were added to 
T-75 flasks (18 ml cell suspension/flask). After the incuba- 
tion with lipoproteins, total cytoplasmic RNA was iso- 
lated, as described by Chomczynski and Sacchi (30). 
Briefly, the washed cells were scraped into 2.8 ml of solu- 
tion D and transferred to a 15-ml polypropylene tube con- 
taining 0.28 ml 2 M sodium acetate. The samples were 
extracted with 2.8 ml water-saturated phenol and 0.56 ml 
chloroform-isoamyl alcohol 49:1, centrifuged (2,000 g for 
30 min), and the upper aqueous phase was transferred to 
15-ml glass Corex tubes. Isopropanol (2.8 ml) was added 
and the mixture was incubated overnight at -2OOC to 
precipitate RNA. The RNA was sedimented by centrifu- 
gation (10,000 g for 30 min) and the pellet was resus- 
pended in 0.25 ml of solution D. The RNA was reprecipi- 
tated with an equal volume of isopropanol and the pellet 

was washed with 0.5 ml ice-cold 75% ethanol. The air- 
dried RNA pellet was resuspended with 10 pl of water and 
the RNA concentration was determined by measuring the 
absorbance at 260 nm. Between 15 pg and 19 pg RNA was 
denatured by heating at 6 5 T  for 10 min and separated 
on a 1% agarose/formaldehyde gel. The RNA was blotted 
overnight, baked, and then probed, exactly as described 
for the dot blot filters. 

Efect of oxidized LDL on the rate of degradation of IL-10 
m R N A .  Mouse macrophages were preincubated in the 
presence or absence of oxidized LDL (2.5 pg/ml) for 2.5 h 
at 37OC and stimulated with LPS. The cells were then 
washed and actinomycin D (5 pg/ml) was added to all 
cells, followed by incubation at 37OC for 0 h, 0.5 h, 1 h, 
and 1.5 h. RNA was harvested and probed for IL-10 by 
dot blot hybridization. 

Measurement of macrophage phagocytosis. Adherent macro- 
phages in 6-well tissue culture plates were incubated with 
rhodamine-labeled latex beads (0.9 pm diameter; Poly- 
sciences Inc.) in medium B (20 x lo7 particledml) at 
37OC for 1 h. The cells were washed 3 times and then in- 
cubated for an additional 1 h to allow endocytosis of cell 
surface-associated beads. The cells were washed a second 
time with PBS and then visualized by fluorescence mi- 
croscopy. Cells that were fluorescent were defined as pha- 
gocytic. The percentage of cells that were phagocytic from 
three different wells was then calculated. Incubations at 
4OC were also included to provide a measure of back- 
ground fluorescence. 

Other procedures. Protein was measured by the method of 
Lowry et al. (31) using albumin as a standard. Lipid per- 
oxidation was estimated by measuring the amount of 
TBARS. Briefly, 25 pg LDL protein (0.25 ml) was in- 
cubated with 0.75 ml 0.67% thiobarbituric acid in 
50 mM NaOH and 0.75 ml 20% TCA for 15 min in a 
boiling water bath. The samples were centrifuged and the 
absorbance of the supernatant was measured at 532 nm. 
Dilutions of tetramethoxypropane were used as a stan- 
dard and the results were expressed as the amount of 
MDA equivalents in nmol per mg LDL protein. Protein 
synthesis was measured by incubating adherent macro- 
phages in methionine-deficient medium A with [Wlmethi- 
onine (20 pCi) at 37OC for 30 min. The cells were washed 
three times with PBS, lysed, precipitated with 10% 
TCA, and the precipitate was collected onto GF/A disks 
(Whatman). The disks were washed three times with 
TCA followed by 95% ethanol, air dried, and then 
counted in a scintillation counter. Lipid extracts of 
lipoproteins were prepared by acidification of the lipo- 
protein-containing solution and extraction by the method 
of Bligh and Dyer (32). The chloroform phase was col- 
lected and evaporated under N2 and the lipid residue was 
dissolved in ethanol. 

Statistics. Statistical analysis was done using non-paired 
Student's t-test. 
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RESULTS 

Inhibition of macrophage IL-10 mRNA expression by 
oxidized LDL 

Intimal macrophages are the predominant cell type that 
express IL-la and IL-lP mRNA in the atherosclerotic 
artery (5). To examine whether macrophage IL-1 mRNA 
expression can be modulated by lipoproteins, macro- 
phages were preincubated with lipoproteins that bind to 
either the LDL receptor or the scavenger receptor and 
then stimulated with LPS to induce IL-10 mRNA expres- 
sion. Prior incubation with LDL, acetyl-LDL, or MDA- 
LDL did not affect IL-10 mRNA levels; however, there 
was a substantial decrease in subsequent expression of 
IL-lP mRNA when cells were preincubated with oxidized 
LDL (Fig. 1). The decrease in expression was not due to 
a lower amount of RNA loaded since comparable amounts 
of y-actin mRNA were present (not shown). The absence 
of an inhibition was not due to the induction of mRNA 
by the lipoproteins since their preincubation with macro- 
phages did not stimulate IL-10 mRNA expression (Fig. 
1). In addition to the lipoproteins above, rat 0-VLDL, hu- 

L I POPR OTE I N 
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A-LDL 

MDA-LDL 

- 
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Fig. 1. Effect of LDL, acetyl-LDL, MDA-LDL, and oxidized LDL on 
macrophage IL-10 mRNA expression. Macrophages were preincubated 
in medium or with 25 pglml of either LDL, oxidized LDL, acetyl-LDL, 
or MDA-LDL and then stimulated with LPS (0.3 pg/ml). Total cytoplas- 
mic RNA was then isolated and IL-10 mRNA was measured by dot blot 
hybridization (see Methods). Macrophages that were preincubated with 
the above lipoproteins, but not stimulated with LPS, were also included. 

man HDL, and aggregated human LDL (26) were also 
tested and had no effect (not shown). Thus, oxidized LDL 
by itself does not stimulate IL-10 mRNA, but can inhibit 
the stimulated expression induced by LPS. 

The inhibition of IL-1P mRNA expression by oxidized 
LDL was both concentration- and time-dependent. A de- 
crease in IL-10 mRNA could be observed with as little as 
2.5 pglml oxidized LDL (preincubation for 2.5 h) or after 
a 15-30 min preincubation (25 pg/ml oxidized-LDL). 
The extent of inhibition steadily increased with increasing 
concentration or time reaching a maximal inhibition after 
approximately 2 h of incubation with 20-25 pg/ml 
oxidized-LDL. For all subsequent incubations to max- 
imally inhibit IL-10 mRNA expression, macrophages 
were preincubated with 25 pglml oxidized LDL for 2.5 h. 

Inhibition of IL-10 mRNA expression is not due to 
cell death 

Oxidized LDL is cytotoxic to some cells in culture (33). 
Thus it was possible that the inhibition of IL-10 mRNA 
expression was related to its cytotoxicity. This was exam- 
ined in three ways: first, the effect of oxidized LDL on the 
rate of protein synthesis was measured; second, the effect 
of oxidized LDL on the percentage of phagocytic cells was 
studied, and third, whether the inhibition of IL-10 
mRNA expression was reversible was investigated. The 
incorporation of [S35]methionine into EA-precipitable 
cellular proteins during the final 30 min of the 2.5-h incu- 
bation with oxidized LDL (25 pg/ml) was used to assess 
overall protein synthesis. Oxidized LDL did not suppress 
the rate of protein synthesis (control, 11,277 1979 
cpmA.5 x lo5 cells; oxidized LDL, 10,789 k 804 cpm/ 
1.5 x 105 cells). Similarly, oxidized LDL (25 pg/ml for 
2.5 h) did not affect the percentage of cells that were 
phagocytic (control, 92.4 k 2.9%; oxidized LDL, 
95.5 f 2.0%). To determine whether the inhibition was 
reversible, cells were incubated with oxidized LDL under 
conditions that result in maximal inhibition of IL-10 
mRNA expression and then incubated in the absence of 
oxidized LDL for 0,  12, or 24 h. The cells were then 
stimulated with LPS and IL-10 mRNA levels were mea- 
sured. Macrophages incubated for an additional 12 h ex- 
pressed detectable IL-10 mRNA, but not nearly as much 
as control incubated cells (Fig. 2). However, cells in- 
cubated for 24 h expressed almost the same amount of 
IL-10 mRNA as did the paired control (Fig. 2). Preincu- 
bation with a larger amount of oxidized LDL (50 pg/ml) 
did not delay the recovery time for IL-10 mRNA expres- 
sion (not shown). This demonstrates that the inhibition 
induced by oxidized LDL is largely reversible with time. 
All of the above suggests that the decreased expression is 
not due to cell death or selected survival of an altered 
phenotype. 

LPS can interact with lipoproteins to form a complex 
that is quite stable (34). Thus it is possible that the inhibi- 
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Fig. 2. Reversibility of oxidized LDL-induced inhibition of macro- 
phage IL-10 mRNA expression. Macrophages were preincubated in the 
absence (-) or presence (+) of oxidized LDL (25 pg/ml) for 2.5 h. The 
cells were washed and then incubated in fresh medium for 0, 12, or 24 h. 
The macrophages were then stimulated with LPS and IL-10 mRNA was 
measured by dot blot hybridization. 

tion induced by oxidized could be due to the complexing 
of LPS by surface-bound oxidized LDL. To test this possi- 
bility, macrophages were first incubated with oxidized 
LDL (25 pg/ml) at 4OC to allow surface binding. The cells 

100 100 - Lipid Peroxidation 

-U Inhibitton of A-LDL Degradation t 

0 4 8 12 16 20 24  

A Time of Incubation (hours) 

IL-113 IL- la  IL-6 y-actin 

- +  - +  - +  - +  
Fig. 3. Inhibition of macrophage IL-la, IL-10, and IL-6 mRNA ex- 
pression by oxidized LDL. Macrophages were preincubated in the ab- 
sence (-) ofpresence (+) of oxidized LDL (25 pg/ml) and then stimu- 
lated with LPS (0.3 pg/ml). Total cytoplasmic RNA was isolated and 
RNA (15 pg) was analyzed for IL-la, IL-10, IL-6, and y-actin mRNA 
by Northern blot hybridization (see Methods). 

were then washed and stimulated with LPS. If surface- 
bound oxidized LDL in some way inactivated LPS, then 
a decrease in IL-10 mRNA expression should be ob- 
served. However, the presence of surface-associated lipo- 
protein had no apparent effect on mRNA levels (LPS con- 
trol, 100%; +oxidized LDL, 98% k 4; average of three 
experiments). This suggests that oxidized LDL most likely 
affects a process within the cell required for LPS-induced 
stimulation of IL-10 mRNA expression. 

Inhibition of macrophage IL-la and IL-6 mRNA 
expression by oxidized LDL 

LPS stimulates macrophages to express several cyto- 
kine mRNA. However, despite sharing a common stimu- 
lus, the expression of individual cytokine mRNA by mac- 

NCUBATION 

(h o u r d  

B 

idation. A. Kinetics of LDL oxi .tion and recognition by Fig. 4. 
the scavenger receptor. LDL (100 pg/ml) was incubated with copper ion (10 PM) at 37OC for 4, 8, 12, 16, 20, or 24 h. After each incubation period, 
BHT was added and the lipoproteins were stored at 4OC to prevent further lipid peroxidation. The amount of TBARS generated (0) and the ability 
of the incubated LDL (20 pg/ml) to inhibit the degradation of radiolabeled acetyl-LDL (4 pg/ml) by macrophages (0) were measured. B. Effect of 
oxidized LDL on IL-10 mRNA expression. Macrophages were preincubated with the differently oxidized LDL samples (25 pglml) for 2.5 h. After 
stimulation with LPS, IL-10 mRNA was measured by dot blot hybridization. 

Inhibition of IL-10 mRNA expression is dependent upon the extent of LDL - 
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Fig. 5. Inhibition of human THP-1 IL-10 mRNA expression by oxi- 
dized LDL. Human THP-1 cells (1 x lo6 cellslml) were preincubated 
with medium alone, oxidized LDL (25 and 40 pglml), or LDL (40 
pglml) at 37OC for 23 h in RPMI 1640 containing 10% FCS. The cells 
were then washed and stimulated with LPS (5 pg/ml) for 1 h and total 
cytoplasmic RNA was isolated. RNA (25 pg) was analyzed for IL-10 and 
0-actin mRNA by Northern blot hybridization. 

rophages can be regulated differentially (35). To examine 
whether oxidized LDL inhibits IL-10 mRNA selectively 
or coordinately with other LPS-induced cytokines, the 
effect of oxidized LDL on IL-la or IL-6 mRNA expres- 
sion was analyzed by Northern blot hybridization. LPS 
stimulated the expression of IL-10, IL-la ,  and IL-6 
mRNA by macrophages (Fig. 3). As observed previously 
for IL-10, the expression of IL-la  and IL-6 mRNA was 
inhibited by oxidized LDL without affecting y-actin 
mRNA levels (Fig. 3). Thus, oxidized LDL is a potent in- 
hibitor of expression of a broad group of cytokine mRNAs 
by macrophages. 

Inhibition of IL-1fl mRNA expression is associated 
with the extent of LDL oxidation 

The copper ion-catalyzed modification of LDL con- 
verts the LDL into a modified form that is avidly taken 
up by macrophages (36; also see Table 1) and this has 
been shown to be dependent upon LDL oxidation (36). 
Similarly, the generation of a modified LDL that inhibits 
IL-10 mRNA expression was also found to be dependent 
upon LDL oxidation; the antioxidant BHT (20 phi )  in- 
hibited LDL oxidation (82.0 nmol MDA/mg & 2.2 vs. 

9.4 & 0.3) and its conversion to an inhibitory LDL (not 
shown). However, these studies do not provide any infor- 
mation on whether an inhibition is dependent only on 
LDL oxidation or whether both oxidation and recogni- 
tion by the scavenger receptor are required. To examine 
this, LDL was oxidized to different degrees by incubating 
LDL with copper ion for 4, 8, 12, 16, 20, and 24 h. The 
kinetics of inhibition of IL-1fl mRNA expression was then 
compared with that of the extent of LDL oxidation and 
recognition by the scavenger receptor. There was a sub- 
stantial increase in TBARS generated between 8 and 12 h 
of incubation which reached a maximum approximately 
after 16 h (Fig. 4A). In contrast, recognition by the 
scavenger receptor did not occur until after 12 h but stead- 
ily increased thereafter (Fig. 4A). The onset of inhibition 
of IL-10 mRNA expression occurred between 8 and 12 h 
and the extent of inhibition closely paralleled the kinetics 
of LDL oxidation (Fig. 4B). Together, these results sug- 
gest that the inhibition of IL-10 mRNA expression is 
closely associated with the extent of LDL lipid peroxidation 
but that the inhibition is not entirely dependent upon recog- 
nition of the oxidized LDL by the scavenger receptor. 

The requirement for processing by the scavenger recep- 
tor was, therefore, further examined. First, the effect of 
oxidized LDL on THP-1 cells was studied. THP-1 cells 
are a human monocytic cell line that does not express the 
scavenger receptor (37) but does express IL-10 mRNA in 
response to LPS. Thus these cells were used to examine 
whether oxidized LDL could inhibit IL-10 mRNA ex- 
pression in the absence of the scavenger receptor. As with 
mouse macrophages, the expression of IL-10 mRNA was 
inhibited by oxidized LDL, but not LDL (Fig. 5). 
However, a longer preincubation period with a higher 
concentration of oxidized LDL was required; an over- 
night incubation with 40 pg/ml of oxidized LDL inhibited 
THP-1 IL-1p mRNA expression whereas a 2.5 h incuba- 
tion with 25 pglml oxidized LDL was without effect (not 
shown). Nevertheless, oxidized LDL was inhibitory. Sec- 
ond, oxidized, reductively methylated LDL was tested for 
inhibitory activity. Reductive methylation of lysine amino 
groups of LDL (40-90%) prevents the modification(s) re- 
quired to stimulate macrophage uptake without affecting 
its oxidation (38). Therefore, reductively methylated LDL 
(RM-LDL) was oxidized and then tested for inhibitory 
activity. Reductive methylation derivatized more than 
75% lysine residues (control LDL, 157 4 nmol 
NH*/mg protein; RM-LDL, 34 & 1 nmol NH2/mg pro- 
tein) but did not substantially affect the extent of LDL ox- 
idation (control, 51.8 nmol MDA/mg protein; RM-LDL, 
46.5 nmol MDA/mg protein; average of two experiments) 
nor the inhibition of IL-10 mRNA expression (OX-LDL, 
>90% inhibition; OX-RM-LDL, >90% inhibition; 
representative of two experiments). Third, the effect of 
MDA-LDL on the inhibition induced by oxidized LDL 
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TABLE 1. Lipoprotein characteristics: recognition by the scavenger receptor, electrophoretic mobility, 
and lipid peroxidation 

Electrophoretic 
Mobility 

(Migration 
Lipoprotein relative to LDL) 

Scavenger Receptor 
Recognition Lipid 

(Percent inhibition of Peroxidation 
acetyl-LDL degradation) (nmol MDAImg protein) 

LDL 1 .o 
OX-LDL 3.18 f 0.05 
A-LDL 3.14 f 0.02 
MDA-LDL 3.40 f 0.20 

5.6 2.1 
92.6 f 2.5 
81.7 f 7.0 
96.3 f 0.6 

ND” 
83.2 & 9.6 

ND 
172.3 f 17.8 

Lipoproteins were prepared as described in Methods and the electrophoretic mobility, recognition by the scavenger 
receptor, and the extent of lipid peroxidation were measured. The electrophoretic mobility was measured on agarose 
gels and the results are expressed as the distance migrated relative to LDL. Recognition by the scavenger receptor 
was assessed by measuring the inhibition of macrophage degradation of ‘25I-labeled acetyl-LDL (4 pg/ml) by added 
unlabeled lipoprotein (20 pg/ml). The results are expressed as a percentage of the rate of degradation in the absence 
of any added lipoprotein (control rate, 3.3 pg/mg cell protein per 4 h f 0.3; mean * SE, n = 3). The extent of 
lipid peroxidation was determined by measuring the amount of TBARS and the results are expressed as nmol MDA 
equivalentdmg lipoprotein. The mean f SE for three different preparations is shown. 

“ND, not detectable; limit of detection = 2.5 nmol MDA/mg protein. 

was examined. MDA-LDL competes for the degradation 
of oxidized LDL (Table 1) but does not inhibit nor stimu- 
late IL-lP mRNA expression (Fig. 1). Thus, to examine 
whether MDA-LDL can also suppress the inhibition in- 
duced by oxidized LDL, macrophages were incubated 
with a submaximal concentration of oxidized LDL (10 
pg/ml) in the absence or presence of a concentration of 
MDA-LDL (60 pg/ml) that largely prevents the uptake by 
the scavenger receptor and then IL-lP mRNA expression 
was measured. MDA-LDL (60 pg/ml) inhibited the 
degradation and binding of oxidized LDL (10 pg/ml) by 
90% and 7373, respectively. However, MDA-LDL did not 
affect the inhibition induced by oxidized LDL (oxidized 
LDL, 31% inhibition; oxidized LDL+ MDA-LDL, 26% 
inhibition; average of two experiments). Together these 
experiments provide strong support for the suggestion 
that the extent of inhibition is not dependent upon the 
processing of oxidized LDL by the scavenger receptor 
pathway. 

Localization of the inhibitory component to the lipid 
fraction of oxidized LDL 

Substantial amounts of lipid peroxidation products are 
generated during the copper ion modification of LDL and 
some of these disassociate from the LDL particle (36). To 
examine whether the inhibitory activity of oxidized LDL 
is actually associated with the lipoprotein or is free in so- 
lution, oxidized LDL was either dialyzed against PBS 
containing EDTA (0.01%) and the lipoprotein was tested 
or oxidized LDL was filtered through a microconcentra- 
tor (Amicon; 10 kDa cut oQ and both the retained oxi- 
dized LDL and filtrate (flow through) were tested. Dialy- 
sis decreased the amount of TBARS by more than 90% 
while greater than 90% of the total TBARS could be re- 

covered in the filtrate after filtration. When these samples 
were compared for their ability to inhibit IL-lD mRNA 
expression, both the dialyzed and reisolated oxidized 
LDL were inhibitory while the filtrate was without effect 
(Fig. 6). Thus, the inhibitory activity was still associated 
with the lipoprotein and was not in a soluble moiety. 

I NCUBAT I ON 
CONDITION 

- 

OX-LDL 

FILTERED 

FILTRATE 

D IALY ZED 

- 
LPS - 

+ 

+ 

+ 

+ 

+ 
- 

Fig. 6. Localization of the inhibitory activity of oxidized LDL. Macro- 
phages were preincubated with 25 pglml native oxidized-LDL, filtered 
oxidized LDL, a filtrate of oxidized LDL, or dialyzed oxidized LDL at 
37OC for 2.5 h. The cells were then stimulated with LPS and IL-lfl 
mRNA expression was measured by dot blot hybridization. Neither the 
lipoproteins nor the filtrate stimulated IL-lfl mRNA expression in the 
absence of LPS (not shown). The dialyzed and filtered oxidized LDL in- 
hibited the degradation of radiolabeled oxidized LDL to the same extent 
as native oxidized LDL, whereas the filtrate had no effect (not shown). 
In three other dialyzed preparations, dialyzed oxidized LDL also in- 
hibited the binding of acetyl-LDL to the same extent as native oxidized 
LDL (not shown). 
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Although the active component is not free in solution, 
it remains possible that the lipoprotein-associated compo- 
nent could inhibit macrophage cytokine mRNA expression 
indirectly through the modification of a serum constituent 
in the incubation medium. However, when oxidized LDL 
was preincubated with macrophages in the absence of 
serum, the extent of inhibition was identical to that pro- 
duced in the presence of serum (inhibition with serum, 
85.2% k 8.6; inhibition without serum, 87.0% k 6.5; 
mean k SD of three experiments). 

Modifications to both apoR and the lipid constituents 
of LDL occur during its oxidation. To examine whether 
changes to the lipids of oxidized LDL are responsible for 
the inhibitory activity of oxidized LDL, a lipid extract of 
oxidized LDL was prepared and tested. The extract in- 
hibited IL-10 mRNA expression in a concentration- 
dependent manner whereas lipids from non-oxidized LDL 
were without effect (Fig. 7). The  inhibition by the lipid 
extract was, however, somewhat less than that of the intact 
lipoprotein (Fig. 7). These findings are consistent with 

INCUBAT ION 
COND IT I ON 

CONTROL 

ETOH 0.2% 

LDL-EX 

LDL-EX 

LDL-EX 

OX-LDL-EX 

OX-LDL-EX 

OX-LDL-EX 

LDL 

OX-LDL 

6.25 

12.5 

25 

6.25 

12.5 

25 

25 

25 

Fig. 7. Inhibition of macrophage IL-10 mRNA expression by a lipid 
extract of oxidized LDL. Oxidized LDL or LDL were extracted with 
chloroform and methanol (32) and the chloroform phases were dried un- 
der N2. The residues were resuspended in ethanol and the lipid extracts 
(EX) equivalent to 6.25, 12.5, and 25 pg prorein/ml were added to mac- 
rophages and incubated at 37OC for 2.5 h. In each case the concentration 
of ethanol was 0.2%. The cells were then stimulated with LPS and IL-10 
mRNA expression was measured by dot blot hybridization. 

others that lipids of oxidized LDL can mimic specific bio- 
logic activities of the intact lipoprotein (39-43) including 
the inhibition of T N F a  mRNA expression (21). There are 
several lipid products generated during LDL oxidation 
(44-46) including an increase in lysolecithin (36). To 
examine whether the inhibition could be attributed to an 
incrcase in lysolecithin content, LDL was treated with the 
enzyme phospholipase A2 (PLA2) to generate lysolecithin 
in amounts equivalent to oxidized LDL (see Methods sec- 
tion). However, no inhibition was observed with PLA2- 
treated LDL (control, 100%; +PLA2-LDL, 119%; aver- 
age of two experiments). Similar results were obtained 
when acetyl-LDL was treated with PLA2 (not shown). 
Thus these studies suggest that a major portion of the in- 
hibition of macrophage cytokine mRNA expression by 
oxidized LDL is due to the production of a non-dialyzable 
lipid extractable compound that is not lysolecithin. 

Effect of oxidized LDL on the rate of degradation of 
IL-10 mRNA 

The decrease in IL-10 mRNA levels could be due to a 
decreased rate of transcription or to an increased rate of 
IL-10 mRNA degradation. To examine whether oxidized 
LDL stimulates the turnover of IL-10 mRNA, the rate of 
decay of IL-10 mRNA was measured. Macrophages were 
first preincubated with oxidized LDL at a concentration 
that submaximally inhibits IL-10 mRNA expression 
( ~ 4 0 %  at 2.5 pg/ml). After stimulation with LPS, ac- 
tinomycin D (5 pg/ml) was added to inhibit further gene 
transcription. Preliminary studies showed that this con- 
centration was sufficient to completely inhibit LPS- 
induced IL-10 mRNA expression. The amount of IL-10 
mRNA was then measured during the next 1.5 h. The ex- 
pression of IL-10 mRNA by control incubated macro- 
phages decreased rapidly following a short lag period with 
an approximate disappearance t %  of about 0.75 h (Fig. 8). 
Oxidized LDL had very little effect on the rate of degra- 
dation of IL-10 mRNA. These studies suggest that the in- 
hibition of IL-10 mRNA expression by oxidized LDL is 
not due to a stimulated rate of IL-10 mRNA degradation, 
but most likely to a decreased rate of transcription. 

DISCUSSION 

One currently attractive hypothesis to explain the 
mechanism of foam cell formation in atherosclerosis le- 
sions proposes that lipoproteins become oxidized after 
penetrating the arterial wall. This renders them substrates 
for one or more receptors on macrophages, and this leads 
to their avid uptake by these cells without receptor down- 
regulation (rev. in 47). In addition to being substrates for 
rapid uptake, oxidized forms of LDL have a number of 
other important effects on macrophage behavior, includ- 
ing a change in chemotaxis (39, 40), altered cholesterol 
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o !  I I I I 
0.0 0.5 I .o 1.5 

Time (hours) 
Fig. 8. Effect of oxidized LDL on the rate of degradation of macro- 
phage IL-la mRNA. Macrophages were preincubated in the presence 
(0) or absence (e) of oxidized LDL (2.5 pglml) for 2.5 h, washed, and 
then stimulated with LPS for 2 h. The cells were then washed again and 
actinomycin D (5 pg/ml) was added and the cells were incubated at 37OC 
for 0, 0.5, 1, and 1.5 h. IL-lP mRNA expression was measured by dot 
blot hybridization and the autoradiograms were scanned by laser den- 
sitometry. The results are expressed as relative densitometric units. 

metabolism (46), and enhanced secretion of bioactive sub- 
stances (18). In the present studies, LDL, P-VLDL, HDL, 
and modified forms of LDL were compared for their abil- 
ity to modulate the expression of IL-10 mRNA by mouse 
macrophages. None of the lipoproteins tested were them- 
selves able to stimulate the expression of IL-10 mRNA or 
to synergize with LPS-induced IL-10 mRNA expression. 
However, there was a concentration-dependent inhibition 
of IL-10 mRNA expression only with oxidized LDL. The 
decreased IL-10 expression was accompanied by an inhi- 
bition of IL-la  and appears to be part of a general 
phenomenon in that we observed that another macro- 
phage activation gene product, IL-6, was suppressed by 
oxidized LDL. Also, Hamilton et al. (21) have reported 
that the maleylated albumin-induced stimulation of 
TNFa mRNA was also suppressed by oxidized LDL. We 
have found the same thing for LPS induction of TNFa.  
There was no change in y-actin mRNA levels or in pro- 
tein synthesis or phagocytosis by the incubations, suggest- 
ing that viability and general function were not being al- 
tered. Consistent with this, the effect was reversible. 
Finally, the inhibition of IL-10 mRNA accumulation was 
not due to a stimulation of IL-lP mRNA turnover and 
suggests that oxidized LDL suppresses IL-lP gene tran- 
scription. Together, these findings demonstrate that if 
macrophages become foam cells because of exposure to 
oxidized LDL, they are likely to lose a specific comple- 
ment of immune response functions. 

The processing of lipoproteins by the macrophage 
scavenger receptor was not itself an adequate signal to 
produce the inhibition; nonoxidized modified forms of 
LDL that also bind to the scavenger receptor were not in- 
hibitory. Moreover, the extent of inhibition by oxidized 

LDL was not related to processing by the scavenger recep- 
tor. This is suggested by three lines of evidence: first, the 
kinetics of inhibition did not parallel the kinetics of recep- 
tor recognition; second, the inhibition of oxidized LDL 
binding by MDA-LDL had very little, if any, effect on 
IL-10 mRNA expression; and third, prior methylation of 
LDL did not affect the extent of inhibition. This is not to 
say that the scavenger receptor or other surface receptors 
that recognize oxidized LDL (48, 49) have no role in the 
inhibition since it remains possible that occupancy of a 
low threshold number of receptors may be required as a 
concomitant signal. Nevertheless, it i s  clear that the ex- 
tent of inhibition is not proportional to receptor binding. 
On  the other hand, evidence for receptor-independent in- 
hibition makes this the probable pathway. First, oxidized 
LDL was able to inhibit the expression of IL-10 mRNA 
by THP-1 cells, cells that do not express the scavenger or 
oxidized LDL receptor and degrade modified forms of 
LDL slowly (relative to LDL) (37). Second, lipid extracts 
of oxidized LDL were able to inhibit IL-lP mRNA ex- 
pression. Together these studies suggest that the genera- 
tion of peroxidized lipids within the artery wall may pro- 
vide another level of control on macrophage function and 
perhaps other cytokine-producing cells. 

The active component of oxidized LDL appears to be 
a modified lipid or a lipid breakdown product. This is 
emerging as an important component of oxidized LDL in 
that many of the modifications of cellular functions in- 
duced by oxidized LDL have now been reproduced using 
a lipid extract. These include effects on chemotaxis (39, 
40), cell adhesion (41), PDGF secretion (42), cell growth 
(43), and TNFa mRNA expression (21). However, the ac- 
tive lipid has been identified in only one case (27). There 
are several newly generated byproducts of LDL lipid per- 
oxidation that could contribute to the inhibition of IL-10 
mRNA expression including lysolecithin (36), lipid hydro- 
peroxides (45), oxysterols (46), and aldehydes (44). It ap- 
pears unlikely though that lysolecithin is the active com- 
ponent since the enzymatic generation of lysolecithin was 
unable to produce an inhibitory lipoprotein. Similarly, 
small molecular weight unreacted aldehydes do not ap- 
pear to be responsible since dialysis to remove these 
products had no effect and the incubation medium con- 
taining these materials was not inhibitory. A fraction of 
oxidized LDL lipids that is highly active has been ob- 
tained (Fong, L. G., and A. D. Cooper, unpublished ob- 
servation); however, the identification of the lipid(s) in this 
fraction has not yet been accomplished and will require 
further analysis. 

In addition to identifying the active compound in oxi- 
dized LDL, it will be important to elucidate its mecha- 
nism of action. Regulation at the level of transcription, 
translation, and secretion have all been reported for IL-1. 
In the present study, gene transcription appears to be one 
mode of IL-1 regulation in macrophages. This is sup- 
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ported by the observation that oxidized LDL suppressed 
steady state levels of IL-16 mRNA without affecting its 
turnover. It is too early to speculate on the mode of regu- 
lation by oxidized LDL but general mechanisms can be 
suggested. Oxidized LDL could interfere with the LPS 
signal pathway after receptor binding. This is consistent 
with the generalized inhibitory effect of oxidized LDL on 
LPS-induced cytokine mRNA expression. Although the 
intracellular signal(s) responsible for LPS induced cyto- 
kine production are not entirely clear, changes in protein 
kinase activity (50), cyclic nucleotide levels (51), and 
prostaglandin metabolism (52) have been reported to alter 
IL-1 production. A mechanism of action through the 
prostaglandin pathway is particularly attractive since oxi- 
dized LDL has already been found to affect this pathway 
(18). Alternatively, oxidized LDL could initiate intracellu- 
lar events that interfere directly with IL-1 gene transcrip- 
tion including perhaps the activation of a repressor (53). 
It is also possible that oxidized LDL produces a general- 
ized decrease in mRNA synthesis. While y-actin mRNA 
levels were not affected by oxidized LDL, the relatively 
long half-life of actin message precludes assessment of a 
potential effect on overall mRNA synthesis. 

The monocyte and monocyte-derived macrophage are 
central to the development of the fatty streak lesion, and 
the interaction between these and the other cells of the ar- 
tery wall may play a key role in determining the rate of 
this process. A logical mechanism for governing this inter- 
action is the modulation of cell function by cytokines. 
Based on this report, as well as that of Hamilton et al. 
(21), the generation and interaction of oxidized LDL with 
macrophages within the artery wall at some stage will in- 
hibit the production of macrophage inflammatory cyto- 
kines (Le., IL-1, IL-6, TNFa). The atherogenicity of oxi- 
dized LDL in this context, however, is difficult to judge. 
Argument for both pro- and anti-atherogenic activities 
can be made based on studies of tissue culture cells. For 
example, the inhibition of IL-1-induced endothelial cell 
surface procoagulant activity (rev. in 54) could be con- 
sidered as beneficial. On the other hand, the inhibition of 
IL-1-mediated T-cell activation and interferon-gamma 
production could favor foam cell formation (14). It is ap- 
parent that further studies will be required to elucidate 
the role of cytokines and their modulation by oxidized LDL 
in order to understand their role in atherogenesis. 
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