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Inhibition of the macrophage-induced oxidation of
low density lipoprotein by interferon-v'

Loren G. Fong,? Timothy S. E. Albert, and Sharon E. Hom
Research Institute, Palo Alto Medical Foundation, 860 Bryant Street, Palo Alto, CA 94301

Abstract The regulation of the macrophage-induced oxidation
of low density lipoprotein (L.LDL) by cytokines was investigated.
As an initial source of cytokines, medium from an activated type
2 helper T-cell clone was tested. This cell-free supernatant in-
hibited the subsequent oxidation of LDL by mouse peritoneal
macrophages. The inhibition was concentration- and time-
dependent as measured by changes in thiobarbituric acid (TBA)
reactive substances. In addition, there were decreases in con-
jugated diene formation as well as the generation of LDL parti-
cles with an increased net negative charge that were recognized
by the scavenger receptor. The inhibition was not due to a
decrease in cell viability or to nonspecific antioxidant activity, as
assessed by measuring phagocytic activity and metal ion-
induced oxidation of LDL, respectively. Using antibodies that
inactivate specific cytokines, the role of select individual
cytokines in this inhibition was investigated. Addition of anti-
bodies against interleukin-3 (IL-3), granulocyte/macrophage-
colony stimulating factor (GM-CSF), or tumor necrosis factore
(TNFa) to the media had little or no effect on the ability of the
cytokines to affect oxidation by macrophages, whereas anti-
interferon-y (IFN-v) antibodies completely reversed the inhibi-
tion induced by the T-cell supernatant. A role for this cytokine
was confirmed using recombinant IFN-y. A concentration-
dependent inhibition was produced with a maximum inhibition
to 24% of control cells, whereas smooth muscle cell-dependent
LDL oxidation was not affected. To examine the cellular basis
for the inhibition, the effect of IFN-y on oxidant activities (O
production, lipoxygenase activity, and thiol production) were
measured. IFN-v at concentrations that maximally inhibit LDL
oxidation stimulated the phorbol myristate acetate (PMA)-
induced production of Op" 1.4-times greater than control cells
after one hour. Similarly, thiol production was increased 29% by
IFN-v pretreatment. In contrast, macrophage lipoxygenase was
inhibited approximately 21%. Based on these in vitro findings,
the potential regulation of macrophage LDL oxidation by IFN-y
in vivo was also investigated. Macrophages from ZToxoplasma
gondii-infected mice have been shown previously to be activated
in situ by an IFN-y-dependent mechanism. These were tested
for their ability to oxidize LDL. Macrophages from these mice
oxidized LDL to a much lesser extent than cells from age-
matched control mice, demonstrating that the ability of macro-
phages to oxidize lipoprotein may also be susceptible to regula-
tion possibly also by IFN-y in vivo. Bl Together these studies
demonstrate that the cell-mediated oxidation of LDL can be
regulated by cytokines, specifically IFN-v. This mode of regula-
tion may play a role in regulating this process in the developing
atherosclerotic lesion.— Fong, L. G., T. 8. E. Albert, and S. E.
Hom. Inhibition of the macrophage-induced oxidation of low
density lipoprotein by interferon-y. J. Lipid Res. 1994. 35: 893~
904.
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Ultrastructural studies have established that foam cells
of the fatty streak lesion are derived primarily from cir-
culating monocytes that have entered the subendothelial
space (1, 2); however, the precise mechanism(s) responsi-
ble for the conversion of subendothelial monocytes into
foam cells are still not clearly understood. One relatively
recent model that has received considerable support and
is consistent with the ultrastructural studies is the low
density lipoprotein (LDL) oxidation hypothesis of foam
cell formation (reviewed in ref. 3). This hypothesis pro-
poses that LDL that has entered the artery wall becomes
oxidized, producing modified forms of LDL that express
a spectrum of biological properties that would affect the
atherosclerotic process. Some of these include the stimula-
tion of entry of monocytes into the subendothelium (4, 5),
one of the earliest cellular events that is consistently ob-
served in animal models of atherosclerosis, as well as oxi-
dized LDLs avid metabolism by macrophages to lead to
cholesterol ester accumulation (6), a feature that is char-
acteristic of foam cells, and the particle’s cytotoxic effects
(7) that may contribute to endothelial disruption as ap-
pears in more advanced lesions. This model is based on
studies that have provided support for the hypothesis that

Abbreviations: LDL, low density lipoprotein; O,”, superoxide anion;
DMEM, Dulbecco’s modified Eagle’s medium; FCS, fetal calf serum;
SOD, superoxide dismutase; HODE, hydroxyoctadecadienoic acid;
ETYA, eicosatetraynoic acid; PMA, phorbol myristate acetate; DTNB,
5,5'-dithiobzs(2-nitrobenzoic acid); IFN-v, interferon-gamma; IL, inter-
leukin; TNFa, tumor necrosis factor alpha; GM-CSF, granulocyte/
macrophage-colony stimulating factor; 7. gondii, Toxoplasma gondii;
EDTA, ethylenediaminetetraacetic acid; PBS, phosphate-buffered sa-
line; BHT, butylated hydroxytoluene; TBA, thiobarbituric acid; MDA,
malondialdehyde; Con A, concanavalin A; TCA, trichloroacetic acid;
15-L.O, 15-lipoxygenase.

!A preliminary report of this research has been published in abstract
form (Circulation. 1993. 88 (pt 2): 1-562).
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there is an oxidation-dependent component to atheroscle-
rosis. This initially came in the form of studies that tested
the effectiveness of antioxidants to slow atherogenesis in
animal models of atherosclerosis. It was observed that
antioxidants or drugs with antioxidant activity were con-
sistently able to reduce the extent of atherosclerosis
(8-12). Although the mechanisms that mediate their inhi-
bition have not yet been established, the inhibition of
LDL oxidation is a likely possibility as immunohisto-
chemical studies have strongly suggested that oxidized
forms of LDL are present within the artery wall (13, 14).
Together these support a model that proposes a role for
oxidized LDL in atherosclerosis and predicts that pro-
cesses that operate within the artery wall to regulate the
extent of LDL oxidation would affect the extent of athero-
sclerosis.

The identification of oxidized LDL within localized
areas of the artery wall suggests that the oxidation of LDL
is not uniform throughout the artery wall. Besides differ-
ences in the entry of LDL (15) or its residence time within
the artery wall (16), there may be regional differences in
the level of oxidative stress; there are localized regulatory
mechanisms that modulate the extent of LDL oxidation.
Although the precise mechanism(s) by which LDL is oxi-
dized in vivo remains to be established, it is assumed that
the oxidation of LDL in the artery wall is cell-dependent.
Each of the major cell types that are present in the de-
veloping atherosclerotic lesion, smooth muscle cells (17),
endothelial cells (18), monocyte/macrophages (19, 20) and
lymphocytes (21), have been shown to oxidize LDL in
vitro and with the exception of lymphocytes, cell-induced
oxidation of LDL has been shown to be susceptible to
modulation. The most prominent of these are conditions
that affect either superoxide anion (O,") production (17,
19, 22, 23), lipoxygenase enzyme activity (22-24), or thiol
production (25), although the contribution of cellular
lipoxygenases has recently been questioned (26). Several
other agents have also been reported to affect cellular
LDL oxidation, including calcium antagonists (27), estro-
gens (28), and B-blockers (29); however, the basis for their
activities is not known. These studies demonstrate that
the oxidation of LDL by cells can be modulated; however,
the contributions of these agents to the localized regula-
tion of cell-dependent LDL oxidation as it occurs normal-
ly in the artery wall are unknown.

One form of regulation that might be of importance is
the localized action of cytokines. While a role for cyto-
kines in the regulation of the immune response has clearly
been established, a growing body of evidence now sup-
ports their potential importance to the atherosclerotic
process. Cytokines have been shown to be present within
the artery wall (30-32), cytokine mRNA levels are
elevated during atherosclerosis (31-33), and they are
thought to mediate some aspects of endothelial cell activa-
tion in vivo (reviewed in ref. 34). Moreover, cytokines
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have been shown to affect cellular oxidative systems in
cultured cells (35-37). It is thus reasonable to suggest that
the synthesis of cytokines by artery wall cells would be
most effective as regulators of artery wall cell-mediated
oxidation of LDL. To seek evidence for such a regulatory
pathway, the oxidation of LDL by macrophages and its
susceptibility to modulation by cytokines was investigated
in vitro and in vivo.

METHODS

Materials

F-10 medium, RPMI 1640, Dulbecco's Modified Eagle’s
medium (DMEM) and fetal calf serum (FCS) were pur-
chased from GIBCO Laboratories (Grand Island, NY).
FCS was heat-inactivated before use (56°C for 30 min).
Cytochrome ¢ (horse heart type IV), L-cysteine, and
linoleic acid were purchased from Sigma Chemical Co.
(St. Louis, MO) and superoxide dismutase (SOD;
3500 U/mg) was from CalBiochem (San Diego, CA).
Phorbol myristate acetate (PMA) was obtained from LC
Laboratories (Woburn, MA) and 5,5'-dithiobis(2-nitro-
benzoic acid) (DTNB) was from Pierce Chemical Co.
(Rockford, IL). [1-!4C]linoleic acid (55 Ci/mol) and
Na!25] were obtained from Amersham Arlington Heights,
IL), 9(s)-hydroxyoctadecadienoic acid (9-HODE) and
13(s)-hydroxyoctadecadienoic acid (13-HODE) were from
Oxford Biomedical Research Inc. (Oxford, MI), and
eicosatetraynoic acid (ETYA) was purchased from Cay-
man Chemical Co. (Ann Arbor, MI). Rhodamine-labeled
latex beads (0.9 um diameter) were purchased from Poly-
sciences Inc. (Warrington, PA). Recombinant murine
interferon-gamma (IFN-y) was obtained from Genzyme
(Cambridge, MA). IFN-y was diluted with DMEM con-
taining 10% FCS to 20,000 U/ml and aliquots were stored
at —80°C. Antibodies that neutralize the bioactivity of
IFN-v, interleukin (IL)-3, tumor necrosis factor alpha
(TNFa), and granulocyte-macrophage colony stimulat-
ing factor (GM-CSF) were purchased from Pharmingen
(San Diego, CA).

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. A small number
of mice were infected with Toxoplasma gondii (T. gondii) by
the oral administration of 50 ME49 cysts per animal.
These mice were maintained under the same conditions
as those described for noninfected mice and were used be-
tween 3 to 4 weeks after inoculation.

Procedures

Lipoproteins. Human LDL (d 1.019-1.063 g/ml) was iso-
lated from EDTA-treated plasma by density gradient
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ultracentrifugation (38) and dialyzed against PBS con-
taining 0.01% EDTA. LDL was radiolabeled with Na125]
using Todogen beads (Pierce Chemical Co.) to a specific
activity of 50-100 cpm/ng.

Cell lines. Mouse smooth muscle cells were obtained
from the American Type Culture Collection (Rockville,
MD). These cells were maintained in DMEM containing
20% FCS, 2 mM glutamine, and antibiotics. J774 cells
were maintained in DMEM supplemented with 10%
FCS, 2 mM glutamine, and antibiotics.

Activation of Tcells. HDK-1 and D-10 T-cell clones were
resuspended in RPMI 1640 containing 10% FCS (5 x 10¢
cells/ml) and incubated in the presence and absence of
concanavalin A (5 pg/ml) for 24 h at 37°C. The incuba-
tion mixtures were centrifuged and the cell-free super-
natants were incubated with o-methyl mannoside gel (E-Y
Labs; San Mateo, CA) at 4°C overnight with constant
rocking. The gel was sedimented by centrifugation and
the supernatants were filtered through a 0.45 pm filter.
Aliquots were then stored at —80°C until use.

Measurement of LDL oxidation by macrophages. Resident
mouse peritoneal macrophages were harvested by perito-
neal lavage, resuspended in DMEM supplemented with
10% FCS, 2 mM glutamine, and antibiotics (medium A),
and plated in 24-well tissue culture plates (39). The ad-
herent macrophages were preincubated in medium A
(0.5 ml) overnight in the presence or absence of additions
(ie., T-cell medium) at 37°C. The cells were rinsed 3
times with F-10 medium and then incubated with LDL
(100 pg protein/ml) in F-10 medium (0.5 ml) at 37°C for
8 h. The incubation media were transferred to microfuge
tubes containing 2.5 ul 4 mM butylated hydroxytoluene
(BHT) and then centrifuged. An aliquot of the super-
natant (0.25 ml) was then removed and the amount of
thiobarbituric acid reactive substances (TBARS) was
measured as described previously (40) using tetrameth-
oxypropane as a standard. The remaining cells were
rinsed three times with sterile PBS and the amount of cell
protein was measured. The net amount of TBARS gener-
ated was calculated after correcting for the amount of
TBARS generated in the absence of cells (no cell control)
and in the absence of LDL (macrophage control) and the
extent of LDL oxidation by macrophages was expressed
as the amount of malondialdehyde (MDA) equivalents in
nmols per mg cell protein.

Macrophage metabolism of oxidized LDL. The degradation
of oxidized LDL by macrophages was measured as de-
scribed elsewhere (39). Briefly, adherent macrophages in
24-well tissue culture plates were incubated with radio-
labeled macrophage oxidized LDL (5 pg/ml) in the
presence and absence of unlabeled lipoproteins (40 pg/ml)
in DMEM supplemented with 0.5% BSA (pH 7.4) at
37°C for 5 h. The amount of TCA- and silver nitrate-
soluble products in the incubation supernatant was then
determined and the results were expressed as the amount

of oxidized LDL degraded in pg per mg cell protein. The
degradation rate of oxidized LDL by control incubated
macrophages averaged 5.05 + 0.35 (mean + SE of three
experiments).

Macrophage superoxide anton production. The production of
superoxide anion by macrophages was measured as de-
scribed by Johnston (41) with slight modifications. Adher-
ent macrophages in 24-well tissue culture plates were pre-
incubated in the presence or absence of IFN-y (25 U/ml;
18 h) and then washed with Krebs-Ringer phosphate
buffer (pH 7.4). One-half of the cells received 0.4 ml of
80 M cytochrome c in Krebs-Ringer (solution 1) and the
other half the same solution plus 40 pg/ml SOD (solu-
tion 2). All of the cells were then stimulated by the addi-
tion of 0.1 ml of 2.5 ug/ml PMA dissolved in either solu-
tion 1 or solution 2 and incubated in a 37°C water bath
for 0 to 60 min. Wells containing no cells were included
as background controls. After the incubations, the incu-
bation media were transferred to microfuge tubes and
centrifuged and their absorbance was read at 550 nm.
The cells were washed with PBS and the amount of cell
protein was measured. The amount of O;~ produced was
determined by measuring the reduction of cytochrome ¢
that was inhibitable by SOD. The amount of O, pro-
duced was calculated using the extinction coefficient of
21.0 x 10® M lem™ for reduced cytochrome ¢ and the
results were expressed as nmol of Oy produced per mg
cell protein. The reduction of cytochrome ¢ by both con-
trol and IFN-y-treated cells was inhibited by more than
89% by SOD.

Macrophage lipoxygenase activity. The oxidation of linoleic
acid by macrophages was measured exactly as described
by Rankin, Parthasarathy, and Steinberg (23) and Spar-
row and Olszewski (26). Briefly, adherent macrophages
were incubated with 20 gM [1-14C]linoleic acid in F-10
medium (0.5 ml) at 37°C for 20 min. Incubations in the
absence of cells were also included as background con-
trols. The incubation medium was transferred to a micro-
fuge tube containing 2.5 ul of 4 mM BHT and then cen-
trifuged. A portion of the supernatant (0.4 ml) was acidi-
fied and then extracted with chloroform and methanol by
the method of Bligh and Dyer (42). The chloroform phase
was dried under nitrogen and the lipid residue was re-
suspended with chloroform-methanol 1:1. The lipids were
separated by thin-layer chromatography on silica gel G
plates in diethyl ether-petroleum ether-acetic acid 50:50:1
and radiolabeled lipids were visualized by autoradiogra-
phy. Based on the migration of lipid standards, oxidized
linoleic acid products were identified and quantitated by
liquid scintillation spectrometry. The results were ex-
pressed as the amount of oxidized linoleate in nmol using
the specific activity of linoleate as a standard. In agree-
ment with others (23, 25), the generation of 13-HODE
was sensitive to ETYA pretreatment (see Fig. 6).

Macrophage thiol production. The macrophage-dependent
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appearance of thiols in the incubation medium was mea-
sured as described by Sparrow and Olszewski (25).
Briefly, the incubation medium from macrophages was
centrifuged and an aliquot of the supernatant (0.45 ml)
was mixed with 0.05 ml of 1 mM DTNB dissolved in
0.2 mM sodium phosphate buffer (pH 8). The absor-
bance was then measured immediately at 412 nm. Medium
that was incubated in the absence of cells was included as
a background control. The amount of thiol in the medium
was calculated using freshly diluted solutions of cysteine
(1-20 pM).

Other procedures. Protein was measured by the method of
Lowry et al. (43) using albumin as a standard. Macro-
phage phagocytosis was measured as described previously
(40) using rhodamine-labeled latex beads (0.9 pm diam-
eter). Conjugated dienes were estimated by measuring the
absorbance at 234 nm (40). The electrophoretic mobility
of lipoproteins was measured by agarose gel electrophore-
sis (44).

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

RESULTS

Inhibition of the macrophage-induced oxidation of
LDL by medium from activated HDK-1 cells

Macrophages are able to modify LDL by an oxidation-
dependent process (20) and are thought to contribute to
the generation of oxidized LDL within the artery wall;
however, it is unknown whether this oxidative modifica-
tion is susceptible to modulation by processes or factors
that function within the developing atherosclerotic lesion.
One form of modulation that might be relevant is the
localized production of cytokines. To examine this possi-
bility, macrophages were pretreated with cytokines and
their ability to oxidize LDL was then measured. As an in-
itial source of cytokines, medium from concanavalin A
(Con A)-activated HDK-1 cells was tested (hereafter
designated activation supernatant). HDK-1 cells are a
type 2 T-helper cell clone that synthesize and secrete
cytokines after activation with Con A (45). Resident
mouse peritoneal macrophages were incubated with this
medium at 37°C for 18 h. Incubation with medium from
non-activated HDK-1 cells served as a control. The fol-
lowing day the cells were washed, LD was added and,
after an 8-h incubation, the extent of LDL oxidation was
measured. Preincubation of the macrophages with the ac-
tivation supernatant inhibited the subsequent ability of
macrophages to oxidize LDL in a concentration-dependent
manner, whereas preincubation with medium from non-
activated cells was without effect (Fig. 1). In five different
dose-response experiments, the oxidation of LDL was in-~
hibited maximally to 22.2 + 5.5% of control incubated
cells (mean + SE). Besides an inhibition of the genera-
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Fig. 1. Inhibition of the macrophage-induced oxidation of LDL by
medium from activated HDK-1 T-cells. Macrophages were preincubated
with increasing amounts of medium from either non-activated (O) or ac-
tivated (@) HDK-1 T-cells at 37°C for 18 h. The cells were washed and
incubated with LDL (100 pg/ml) in F-10 medium at 37°C for 8 h. The
extent of LDL oxidation was then measured as described in the Methods
section and the results are expressed as the amount of MDA equivalents
in nmol per mg cell protein. The mean + SD of a representative experi-
ment is shown.

tion of TBA-reactive substances, there was also a consis-
tent decrease in conjugated diene formation, another
measure of lipid peroxidation. Further, the generation of
a lipoprotein with an increased net negative charge as
measured by agarose gel electrophoresis was also de-
creased (2.1 + 0.1 vs. 1.2 + 0.1; migration relative to
native LDL). Preincubation with the activation super-
natant also inhibited the generation of biologically
modified LDL; testing three different preparations, LDL
harvested from macrophages previously treated with the
activation supernatant was unable to compete for the
degradation of radiolabeled oxidized LDL by macro-
phages (108.5 + 5.2% of control LDL incubated in the
absence of cells; mean + SE). Together these studies show
that the macrophage-induced oxidation of LDL and the
subsequent biological modification of LDL can be modu-
lated by cytokines.

Inhibition induced by HDK-1 medium is not due to
cell toxicity or nonspecific antioxidant activity

The inhibition of LDL oxidation by the activation
supernatant suggests that a component of the activation
supernatant inhibits the ability of macrophages to oxidize
LDL in a specific manner; however, there are alternative
explanations that could account for the inhibition. The
activation supernatant might decrease cell viability or
cause a nonspecific inhibition of lipid peroxidation. If the
activation supernatant was cytotoxic to the cells, a de-
creased rate of LDL oxidation would be expected. To test
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for cell toxicity, the phagocytosis of fluorescent-labeled
beads by control and treated cells was measured. Based
on the percentage of cells that were positive for phago-
cytosis (95% vs. 97%; activation supernatant vs. control
supernatant), the activation supernatant did not affect the
viability of cells; thus, the inhibition of LDL oxidation
cannot be accounted for by cell death. A decrease in LDL
oxidation could also be produced if the activation super-
natant inhibited the oxidation of LDL by a mechanism
independent of its action on the cells, that is if the activa-
tion supernatant behaved as a general antioxidant. This
possibility is less likely as the macrophages were washed
extensively to remove the activation supernatant prior to
the measurement of LDL oxidation; however, to examine
whether any residual medium that interferes with the oxi-
dation of LDL might remain, the effect of the activation
supernatant on the copper ion-induced oxidation of LDL
(18) was examined. The oxidation of LDL catalyzed by
metal ions mimics the oxidation of LDL induced by cells;
thus if the activation supernatant exhibits general anti-
oxidant activity it should also be able to inhibit the oxida-
tion of LDL in this cell-free system. In order to compare
the two oxidation systems on an equal basis, the amount
of copper ion was titrated until comparable amounts of
TBA-reactive substances were generated. Using this
amount of copper ion (3 pM), the effect of the activation
supernatant on the oxidation of LDL was measured.
Empty incubation wells were preincubated overnight with
the activation supernatant in an amount shown previ-
ously to maximally inhibit macrophage-induced LDL ox-
idation (60 ul), washed, and then the oxidation of LDL
was measured. In contrast to its effect on macrophages,
the activation supernatant had no effect on the copper
ton-stimulated oxidation of LDL (96.3 + 2.9% of con-
trol; mean t SE of three experiments). Together these
studies show that there is a constituent in the activation
supernatant that acts on macrophages to affect their abil-
ity to oxidize LDL.

Cytokines in the HDK-1 activation supernatant
inhibit macrophage LDL oxidation

There are a number of candidates for the active compo-
nent; however, cytokines are an obvious possibility. Cyto-
kines are recognized to modulate macrophage functions
including oxidative activities (35-37). Activated HDK-1
T-cells secrete several different cytokines (45), any of
which might mediate the inhibition. In an attempt to
identify the possible cytokines that exhibit inhibitory ac-
tivity, an activation supernatant from another T-helper
cell clone was examined. Activated D-10 cells secrete some
cytokines that are in common with HDK-1 cells. By com-
paring their effects on macrophage LDL oxidation, cer-
tain cytokines may be targeted for further study. Similar
to activated HDK-1 cells, medium from activated D-10
cells also inhibited the macrophage-induced oxidation of

LDL; however, the extent of inhibition was consistently
less (37.3 + 1.4% vs. 78.6 + 7.3%; mean + SE of three
experiments). Since both were inhibitory, this would sug-
gest that the activity of the HDK-1 activation supernatant
is due to a cytokine that is common to both cell types but
is present in higher amounts in the HDK-1 supernatant
or that a cytokine unique to the HDK-1 supernatant in-
teracts with one of the common cytokines to produce an
inhibition. This was examined by testing the contribution
of the three cytokines that are common to both T-cell
clones (IL-3, GM-CSF, TNFa) and one cytokine that is
unique to HDK-1 cells (IFN-y). This was done by using
antibodies that neutralize the bioactivity of these cyto-
kines. The HDK-1 activation supernatant was first prein-
cubated with the specific antibodies and then added to
macrophages. Media incubated with antibody alone were
included as controls. Antibodies to IL-3 and GM-CSF
did not prevent the HDK-i-induced inhibition, while in-
activation of TNFa produced a slight but consistent
reversal (Table 1). In contrast, neutralization of IFN-y
completely blocked the inhibition. In control incubations,
neither the anti-IFN-y nor anti-TNFe antibodies by
themselves stimulated the oxidation of LDL by macro-
phages (data not shown). These studies thus show that
both IFN-y and TNF« contribute to the inhibitory ac-
tivity of the HDK-1 activation supernatant.

Recombinant IFN-v inhibits macrophage-induced
LDL oxidation

The antibody blocking studies suggest that IFN-y is a
potent inhibitor of macrophage LDL oxidation; however,
as the activation supernatant is comprised of a mixture of
cytokines, it is possible that two or more cytokines
together might be required to produce an inhibition. In-
teractions between different cytokines that augment or
antagonize a cytokine induced effect are common (35). To
test whether IFN-vy directly inhibits macrophage-induced

TABLE 1. Identification of cytokines that inhibit macrophage-
induced LDL oxidation

Macrophage Preincubation LDL Oxidation
Conditions (n =3)
Medium 37.1 £ 2.0
Medium + HDK-1AS ° 2.0 £ 1.6
Medium + HDK-1AS + anti-IL-3 2.0 + 1.4
Medium + HDK-1AS + anti-GM-CSF 0.2 + 0.0
Medium + HDK-1AS + anti-TNF« 6.4 + 1.0
Medium + HDK-1AS + anti-IFNy 375 £+ 1.8

The HDK-1 activation supernatant (HDK-1AS) was preincubated in
the presence (10 pg protein/ml) or absence of antibodies at 37°C for 2 h
prior to their addition to macrophages. The cells were then incubated
at 37°C for 18 h and then the oxidation of LDL was measured. The ex-
tent of LDL oxidation is expressed as the nmol amount of MDA equiva-
lents per 7 h per mg cell protein. Values are given as means + SD of
a representative experiment.
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LDL oxidation, recombinant murine IFN-y was exam-
ined. Macrophages preincubated with IFN-y inhibited
the subsequent oxidation of LDL by macrophages in a
concentration-dependent manner (Fig. 2) with a maxi-
mum suppression to 23.7 + 4.7% of control at 25 U/ml
(mean + SE of five experiments). These studies show that
IFN-+ can directly modulate the macrophage-induced ox-
idation of LDL and that IFN-y is a potent inhibitor of this
cell function. The inhibition by IFN-y, though, was not
immediate; there was a considerable lag period before an
inhibition could be detectable. At least 10-12 h of preincu-
bation with IFN-y was required before a decrease in LDL
oxidation was observed (representative of three experi-
ments). Similar to the HDK-1 activation supernatant,
IFN-v inhibited the generation of a lipoprotein with an
increased net negative charge (2.1 + 0.1 mm vs. 1.2 +
0.0 mm; migration relative to native LDL), blocked the
conversion of the incubated LDL to a form recognized by
the scavenger receptor (94.2 + 8.9% of control LDL in-
cubated in the absence of cells; mean + SE of three ex-
periments), and did not inhibit the copper ion-induced
oxidation of LDL (106.6 + 4.4% of control; mean + SE
of three experiments).

In vitro studies (46) and more recently studies con-
ducted in vivo (47) have shown that some aspects of mac-
rophage activation by IFN-y are actually mediated by
macrophage-derived factors (i.e.,, TNFa) that act in an
autocrine fashion. As TNFa appears to be a cytokine with
inhibitory activity (see Table 1), it is possible that a por-
tion of the inhibition induced by IFN-y may be mediated
by TNFa or another macrophage-derived factor. This
would be consistent with the relatively long preincubation
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Fig. 2. Inhibition of the macrophage-induced oxidation of LDL by
recombinant murine IFN-y. Macrophages were preincubated in the ab-
sence or presence of increasing amounts of IFN-y at 37°C for 18 h. The
cells were washed and the oxidation of LDL was measured as described
in the legend to Fig. 1. The mean + SD of a representative experiment
is shown.
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Fig. 3. Determination whether IFN-y induces an autocrine factor that
inhibits macrophage LDL oxidation. Macrophages were preincubated in
the absence (control; CON) or presence of IFN-y (25 U/ml) at 37°C for
18 h. The cell incubation media were harvested and then each was
divided into two equal portions. The incubation media were then prein-
cubated in the presence or absence of an anti-IFN-vy antibody (15 ug/ml)
at 37°C for 3 h and added to a second set of macrophages. The cells were
incubated at 37°C for 18 h after which the oxidation of LDL was mea-
sured as described in the legend to Fig. 1. The mean + SD of a represen-
tative experiment is shown.

that is required before IFN-y produces a decrease in LDL
oxidation. To test whether IFN-vy stimulates the synthesis
and secretion of a factor(s) that then inhibits LDL oxida-
tion, macrophages were first stimulated with IFN-y and
the incubation medium from these cells was then tested
for inhibitory activity on a second set of macrophages. lo
block the activity of the IFN-y that is carried over into the
second incubation, the anti-IFN-y antibody was added at
a concentration that was determined in preliminary
studies to completely block its activity. Using this ap-
proach, any factors released by macrophages in response
to IFN-v that inhibit macrophage LDL oxidation would
be identified. As shown in Fig. 3, the incubation medium
from macrophages stimulated with IFN-y without the ad-
dition of the anti-IFN-y antibody was inhibitory, as ex-
pected, due to carryover of IFN-vy. However, when [FN-y
in the incubation medium was inactivated with the anti-
body, the macrophage incubation medium was no longer
inhibitory. This shows that the inhibition induced by IFN-
v is not mediated by a macrophage-derived auto-
regulatory factor but that IFN-vy directly initiates inhibi-
tion of macrophage-induced LDL oxidation.

Inhibition induced by IFN-v is selective for
macrophages

Other cell types besides macrophages have the capacity
to oxidize LDL. To examine whether the inhibition of
LDL oxidation by IFN-y is specific for macrophages, the
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effects of IFN-y on the oxidation of LDL by mouse
smooth muscle cells and mouse macrophages were com-
pared. Smooth muscle cells were preincubated with IFN-
v at conditions that maximally inhibit macrophage-
mediated LDL oxidation (25 U/ml IFN-v, 18 h) and their
ability to oxidize LDL was measured. Unlike macro-
phages, IFN-y had no effect on the extent of LDL oxida-
tion stimulated by smooth muscle cells (Fig. 4). In three
separate experiments, the IFN-y-treated cells oxidized
LDL to the same extent as control incubated cells
(103.4 + 4.6% of control cells; mean + SE). As a control
to ensure that the absence of an inhibition by IFN-y was
not related to differences between a cell line (smooth mus-
cle cell) and a nondividing cell type (peritoneal macro-
phage), the effect of IFN-y was also tested using the
mouse macrophage-like J774 cell line. This is particularly
relevant for IFN-v as it is known to have antiproliferative
activities (48). Confluent monolayers of J774 cells were
pretreated with IFN-y (25 U/ml for 18 h) and their ability
to oxidize LDL was measured after 14 h. Similar to its
effects on freshly isolated macrophages, IFN-y also in-
hibited the oxidation of LDL by J774 cells (42.8 + 12.2%
of control cells; mean £+ SE of three experiments).
However, it should be noted that even though confluent
monolayers were used, a lower amount of cell protein was
measured in the IFN-y-treated cells, which would suggest
that some replication is still ongoing in the control in-
cubated cell cultures. Nevertheless, this would not affect
the outcome and the inhibition should be considered as a
minimum. Together these studies suggest that the inhibi-
tion of LDL oxidation by IFN-v is not a general effect but
is cell-selective.

w
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Fig. 4. Effect of IFN-y on the oxidation of LDL induced by macro-
phages or smooth muscle cells. Mouse macrophages or murine smooth
mauscle cells were preincubated with IFN-vy (25 U/ml) at 37°C for 18 h.
The cells were washed and the oxidation of LDL was measured after 8 h.
The mean + SD of a representative experiment is shown.
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Fig. 5. Effect of IFN-vy on the production of superoxide anion by mac-
rophages stimulated with PMA. Macrophages were preincubated in the
absence (@) or presence (O) of IFN-vy (25 U/ml; 18 h) and then stimu-
lated with PMA (0.5 gg/ml}. The reduction of cytochrome ¢ that was in-
hibited by SOD was then determined as described in the Methods sec-
tion. The results are expressed as the amount of O,” produced in nmol
per mg cell protein. The mean + SD of a representative experiment is
shown.

IFN-v does not inhibit superoxide anion production

The capacity of a cell to oxidize LDL most likely de-
pends upon a balance between cellular oxidative and anti-
oxidant systems. This would suggest then that the inhibi-
tion induced by IFN-y is due to either an inactivation of
one or more of the oxidative processes that mediate
macrophage-stimulated LDL oxidation or to the produc-
tion of a cell-derived factor that exhibits antioxidant
activity.

The oxidation of LDL by macrophages has been shown
to be dependent on lipoxygenase activity, Oy~ production
and, more recently, thiol production. To examine whether
IFN-v inhibits LDL oxidation by decreasing O, produc-
tion, the effect of IFN-y on O; levels was measured.
Macrophages were pretreated with IFN-vy at conditions
that maximally inhibit LDL oxidation (25 U/ml; 18 h)
and then the kinetics of O, production was measured.
The levels of O,” were determined by measuring the
reduction of cytochrome c that is inhibited by SOD after
the stimulation of macrophages with PMA (41). Phorbol
ester-stimulated cells were studied as we were unable to
reliably measure O, production in resident non-
stimulated cells (data not shown). In control incubated
cells, there was a rapid increase in O, production after
the addition of PMA that steadily increased with time but
began to slow after about 30 to 45 min (Fig. 5). Similarly,
PMA also stimulated O," production in IFN-vy pretreated
cells; however, the rate of production continued to in-
crease well after the control cell’s production rate began
to level off. After 1 h, the IFN-y-treated cells generated
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1.4 + 0.1 times more O, than control cells (mean + SE
of four experiments). These studies show that IFN-y does
not inhibit O,~ production induced by PMA and, in fact,
IFN-v appears to stimulate the net amount produced.
This suggests that other cellular processes are affected.

IFN-v inhibits macrophage lipoxygenase activity

Cellular lipoxygenase activity has been shown to be
susceptible to modulation by cytokines (35). Thus the
effect of IFN-vy on this process was examined. To examine
whether macrophage lipoxygenase is inhibited by IFN-y
under our experimental conditions, lipoxygenase activity
of control and IFN-vy-treated macrophages was measured.
Macrophage lipoxygenase activity was assessed by mea-
suring the oxidation of [!#C]linoleic acid (23, 26). Control
incubated macrophages converted linoleic acid to oxi-
dized forms very efficiently (Fig. 6). Two major oxidation
products were detected by autoradiography, one that co-
migrated with 13-HODE and a second minor product of
unknown identity. In contrast, very little detectable oxida-
tion products were generated in the absence of cells. The
oxidation of linoleic acid was inhibited by pretreatment
with ETYA, a known lipoxygenase inhibitor (89.6 + 2.2%
of control cells; mean + SE of three experiments). Unlike
the lipoxygenase inhibitor though, IFN-v produced only
a small decrease. This was the case whether lipoxygenase
activity was assessed as the formation of either 13-HODE
or the minor oxidized lipid product. Based on three differ-
ent experiments, IFN-y inhibited macrophage lipoxy-
genase activity by 21.3 + 7.9% (mean + SE). An inhibi-
tion of lipoxygenase activity is consistent with a role for

this enzyme in the oxidation of LDL; however, as the
magnitude of the inhibition was relatively small this sug-
gested that other mechanisms may also be involved.

IFN-v does not inhibit macrophage thiol production

Recent studies of Sparrow and Olszewski (25) have
demonstrated that the cell-induced oxidation of LDL
closely correlated with the appearance of thiols in the in-
cubation medium; an inhibition of this process produced
a comparable inhibition of LDL oxidation by both endo-
thelial cells and macrophages. Thus it is possible that
IFN-v inhibits the oxidation of LDL by interfering with
the generation of thiols. This was examined by measuring
the net amount of thiols present in the medium harvested
from macrophages after an 8-h incubation in the absence
of LDL. Medium incubated in the absence of cells con-
tained relatively low amounts of thiols (0.6 pM) whereas
there was a substantial increase in thiol concentrations in
medium harvested from control incubated macrophages
(6.9 M) (Fig. 7). In contrast to its effects on LDL oxida-
tion, IFN-vy did not inhibit cellular thiol production but
actually produced a slight increase (8.6 uM); in three
separate experiments, there was an average increase of
29.3% + 3.6 (mean + SE). These data suggest that IFN-
v does not inhibit the ability of macrophages to oxidize
LDL by inhibiting the generation of thiols in the medium.

Inhibition of macrophage-induced LDL oxidation
in vivo

The above in vitro studies suggest that the oxidation of
LDL by macrophages is susceptible to modulation by

60
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Fig. 6. Effect of IFN-y on macrophage lipoxygenase activity. Macrophages (M®) were preincubated in the presence or absence of IFN-vy (25 U/ml;
18 h) and then incubated with 20 uM [!*C]linoleate in F-10 medium at 37°C for 20 min. Linoleate that was incubated with macrophages pretreated
with 10 pM ETYA for 1 h or incubated in the absence of cells (NC) were also included as controls. The incubation media were then extracted, sepa-
rated by thin-layer chromatography, and the amount of oxidized linoleate was quantitated by liquid scintillation spectrometry as described in the
Methods section. Panel A shows an autoradiogram of TLC analysis of incubation medium from control cells (lanes 1-3), ETYA-treated cells (lanes
4-6), IFN-vy-treated cells (lanes 7-9), and no-cell controls (lanes 10-12). The migration of linoleate and 13-HODE are indicated. Panel B shows the
amount of oxidized linoleate in nmol as determined by liquid scintillation spectroscopy. The mean + SD of a representative experiment is shown.
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Fig. 7. Effect of IFN-y on macrophage thiol production. Macrophages
(MO) were preincubated in the presence or absence of IFN-y (25 U/ml)
at 37°C for 18 h. The cells were washed and then incubated in F-10
medium at 37°C for 8 h in the absence of LDL. The concentration of
thiols in the medium was then measured as described in the Methods
sections. Medium harvested from wells containing no cells (NC) were in-
cluded as a control. The mean 1+ SD of a representative experiment is
shown. Not shown is that IFN-y inhibited the macrophage-induced oxi-
dation of LDL by 49%.

cytokines and that IFN-vy is a potent inhibitor of this cel-
lular process. To determine whether the oxidation of LDL
can similarly be modulated in vivo, macrophages were
harvested from mice that were previously infected with
the parasite Toxoplasma gondii (T. gondit). Peritoneal macro-
phages from mice infected with this organism have been
shown to be activated in situ by an IFN-y-dependent
mechanism; pretreatment of mice with an anti-IFN-y
monoclonal antibody prior to infection prevented their
activation in vivo (49). Macrophages harvested from age-
matched noninfected mice served as controls. The macro-
phages from the T. gondii-infected mice oxidized LDL to
a much lower extent than control macrophages (Table 2).
Although the extent of LDL oxidation varied among in-
dividual animals, in each of the three experiments the
control macrophages oxidized LDL much more efficiently
than cells from the infected mice. These studies demon-
strate that the oxidation of LDL by cells is susceptible to
modulation in vivo and suggests that cytokines are poten-
tially physiologic relevant regulatory factors of this
process.

DISCUSSION

There is now substantial evidence to support the
hypothesis that LDL oxidation contributes to atherogene-
sis. Despite the potential pathologic importance of oxi-

dized LDL to lesion formation, the processes that operate
within the artery to control the extent of LDL oxidation
are still unclear. Control mechanisms most likely operate
as oxidized LDL is not evenly distributed throughout the
artery wall. This would be expected as each of the major
cell types within the artery wall is able to oxidize LDL
without the apparent requirement for an exogenous
stimuli other than LDL. One regulatory pathway that
could account not only for the focal localization of oxi-
dized LDL in the atherosclerotic lesion but also provide
an efficient mechanism of control is the localized produc-
tion and action of cytokines. These potent modifiers of
cellular activities have already been demonstrated to be
synthesized within the artery wall and in several cases
their level is elevated in areas of atherogenesis (31-33).
They have been shown to affect oxidative functions of cells
(35-37) and, in fact, during the completion of these
studies, Jessup and coworkers (36) have shown that the
stimulation of nitric oxide by IFN-y inhibits the conver-
sion of LDL to a high uptake form and its oxidation by
macrophages (37). Thus it is not unreasonable to suggest
a role for cytokines in the regulation of cell-induced oxi-
dation of LDL as it occurs within the artery wall. This
hypothesis is supported by the in vitro and in vivo studies
reported here.

The present studies have documented that the oxida-
tion of LDL by cells is, in fact, susceptible to modulation
by cytokines. Upon screening for biological activity with
a mixture of cytokines from activated T-cells, an inhibi-
tion of macrophage-induced LDL oxidation was pro-
duced that was not related either to cell toxicity or
nonspecific antioxidant activity (50). The inhibition of
LDL oxidation was accompanied by an inhibition of
apoB-100 modification, as measured by a smaller increase
in net negative charge and a reduced ability to compete
for the uptake and degradation of radiolabeled oxidized
LDL. These findings are consistent with an inhibition of

TABLE 2. Macrophage from 7. gondii-infected mice oxidize LDL
to a smaller extent

Macrophage LDL

Group Oxidation
Control #1 13.7 + 0.3
Control #2 339 + 6.0
Control #3 16.9 + 0.8
T. gondir #1 0.4 + 0.8
T. gondii #2 7.3 + 2.9
T. gondit #3 3.0 + 1.1

Peritoneal macrophages were harvested from mice previously infected
with the parasite T. gondii. The extent of LDL oxidation was then meas-
ured as described in Methods. The results from triplicate wells of macro-
phages for each of the six different animals tested (three control and three
infected) are shown. The extent of LDL oxidation is expressed as the nmol
amount of MDA equivalents per 8 h per mg cell protein. Values are the
mean t SD.
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the oxidation-dependent modification of LDL. It was sur-
prising, though, that IFN-y could account for nearly all
of the inhibitory activity in the HDK-1 activation super-
natant. Interactions among different cytokines are com-
monplace; however, the inhibition produced did not ap-
pear to be dependent upon the activity of multiple
cytokines. In contrast, the interaction of cytokines may
account for the weaker inhibitory activity of the D-10 acti-
vation supernatant; activated D-10 cells secrete large
amounts of IL-4 (45), a cytokine that has been shown to
induce the synthesis of 15-lipoxygenase (15-LO) in mono-
cytes (35), an enzyme thought to contribute to cell-
mediated LDL oxidation.

The balance between prooxidant and antioxidant ac-
tivities of a cell most likely determines its net ability to ox-
idize LDL. This predicts that the inhibition of LDL oxi-
dation by IFN-vy could be due to either a direct inhibition
of processes that stimulate the oxidation of LDL lipids or
that enhance cellular processes that interfere with the ox-
idative modification of LDL or both. Depending upon the
cell type, the cell-dependent oxidation of LDL is as-
sociated with either Oy~ production (17, 19, 22, 23),
lipoxygenase activity (22-24), and/or thiol production
(25). Thus, if IFN-y were to inhibit LDL oxidation by
modulating the prooxidant capability of macrophages, it
would be expected that there would be an inhibition of
one or more of these processes (19, 22, 23, 25). The activi-
ties of these were measured in IFN-y-treated macro-
phages. IFN-y pretreatment increased the rate of produc-
tion of O,~ by macrophages. Although basal levels of Oy~
production could not reliably be measured, the studies
using phorbol ester-stimulated cells demonstrate that the
cellular processes responsible for O,” production are in-
tact and not inactivated. Similarly, IFN-y activation also
produced a slight increase in macrophage-dependent thiol
production. Although these studies cannot distinguish be-
tween an actual stimulation in the release of cellular thiols
or an inhibition of the oxidation of thiols present in the
medium, the net amount of thiols in the medium was not
decreased by IFN-v, suggesting that other processes were
affected. There was an inhibition of the basal activity of
macrophage 15-LO. Using linoleic acid as a test substrate,
there was an inhibition of its oxidation by 21%. An inhibi-
tion was not unexpected as IFN-y has been shown to in-
hibit the synthesis of this enzyme in monocytes (35).
Although the extent of the inhibition of lipoxygenase ac-
tivity was not fully concordant with that of the inhibition
of LDL oxidation (60%), this does not exclude this as a
potential mechanism for the IFN-y-induced inhibition. It
is possible that IFN-y inhibits the lipoxygenase-dependent
pathway at multiple steps. In addition to reducing the
activity of the enzyme, which is most likely due to a
decrease in its synthesis (35), [IFN-y might also affect cel-
lular processes that are important to the lipoxygenase-
dependent oxidation of LDL, analogous to its multiple
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effects on the scavenger receptor pathway (39). As the
individual steps that mediate the oxidation of LDL by
15-L.O have not yet been established, it can only be specu-
lated as to the potential sites that are affected. The oxida-
tion of LDL by 15-LO is likely to depend upon either the
direct oxidative modification of LDL lipids by 15-LO or
to the transfer of cellular lipids oxidized by 15-LO from
the cell to the LDL particle. This model suggests that the
oxidation of LDL by 15-L.O would depend upon the ac-
cessibility of the enzyme to the LDL particle or the physi-
cal interaction of LDL with cells. Thus, an IFN-vy-
induced redistribution of 15-L.O to a cellular site that is
inaccessible to extracellular LDL or the inhibition of the
association of LDL with the celis (ie., reduced endocyto-
sis or LDL receptor binding) and concomitant slowing of
cellular lipid transfer would both produce an inhibition of
the extent of LDL oxidation mediated by 15-LO. An inhi-
bition of one of these or other intermediary processes
could account for the discrepancy between the extent of
inhibition of LDL oxidation and the inhibition of 15-LO
activity. An alternative explanation is that IFN-v inhibits
the macrophage-mediated oxidation of LDL by more
than one mechanism; besides an inhibition of the lipoxy-
genase pathway, there may also be a suppression of
another prooxidative process or perhaps an enhancement
of cellular antioxidant activities. Further studies will be
required to investigate these possibilities.

The effects of IFN-y on LDL oxidation predicts that
this cytokine would be a potent inhibitor of this cellular
function in vivo. This was tested using macrophages from
T gondi-infected mice. Suzuki and colleagues (49) have
demonstrated that peritoneal macrophages harvested
from mice that were previously infected with this parasite
were activated in vivo by a mechanism that was depen-
dent upon IFN-y. Testing macrophages from mice that
were similarly infected consistently showed that there was
a reduced capacity to oxidize LDL. Based on these
findings, it is attractive to speculate that this inhibition is
due to the direct activation of macrophages by IFN-v.
However, as the activation process in vivo most likely pro-
ceeds through a series of steps, any of which might be de-
pendent upon IFN-v, it cannot be established with cer-
tainty at which stage IFN-v is required. Considering the
reduced rate of LDL oxidation by these activated macro-
phages, it is reasonable to suggest that cell-dependent
LDL oxidation is susceptible to modulation in vivo and,
considering our in vitro observations, that cytokines most
likely participate in this regulatory process.

Previous studies have documented that both the ac-
tivity of cellular oxidative processes and the susceptibility
of LDL to oxidative attack (51-53) are important deter-
minants that affect the extent of LDL oxidation. Thus it
would be expected that the balance between these two
parameters would determine the level of LDL oxidation
within the artery wall. We present studies that suggest
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that the localized production and action of cytokines
might act as a regulatory pathway that might operate in
vivo to influence the oxidative status of artery wall cells.
Although it may be premature to suggest a role for cyto-
kines, there is evidence to support the hypothesis that
cytokines can modulate atherogenesis. Kuo and coworkers
(54, 55) have shown that the administration of agents that
stimulate interferon production or the administration of
interferon directly both suppress the extent of lesion
formation in the diet-induced rabbit model of athero-
sclerosis. The inhibitory activities of IFN-y on macro-
phage LDL oxidation reported here and on macrophage
scavenger receptor activity (39, 56) together may provide
the basis for the anti-atherogenic properties of this
cytokine. B8
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