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Abstract The Th1-derived cytokine gamma interferon,
IFN-

 

g

 

, is present within the microenvironment of an athero-
matous lesion and likely contributes to lesion progression
through macrophage activation. While the inflammatory ef-
fects of IFN-

 

g

 

 are well known, the role of this cytokine in
cholesterol metabolism in macrophage derived foam cells is
unclear. In the present study, the incubation of foam cells
with IFN-

 

g

 

 resulted in the reduction of HDL

 

3

 

-mediated cho-
lesterol efflux. The decrease in cholesterol efflux was not
observed with other macrophage-activating factors as col-
ony-stimulating factors failed to demonstrate a similar ef-
fect. The reduction in cholesterol efflux was independent
of apoE synthesis or SR-BI expression and was associated
with a redistribution of intracellular cholesterol with an in-
crease in cholesteryl ester accumulation. The increase in
the esterified pool, primarily in cholesterol eicosapentade-
noate, docosapentaenoate, arachidonate, and linoleate was
associated with a 2-fold increase in acyl-CoA:cholesterol-O-
acyltransferase, ACAT, activity and message without any
change in neutral cholesteryl ester hydrolase activity. While
CD36 message was reduced in IFN-

 

g

 

-treated foam cells, the
ability to reverse the decrease in efflux by the ACAT inhibi-
tor A58035 in a dose-dependent manner suggests that the
IFN-

 

g

 

 effect on efflux is primarily through the modulation
of ACAT expression.  Therefore, in addition to its inflam-
matory effects, IFN-

 

g

 

 can contribute to the progression of
an atherosclerotic lesion by altering the pathway of intracel-
lular cholesterol trafficking in macrophage derived foam
cells.

 

—Panousis, C. G., and S. H. Zuckerman.
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Atherosclerosis as a chronic inflammatory disease is
characterized by the presence of lipid-laden lesions within
the arterial wall (1–4). Infiltration of T-cells and mono-
cyte-derived macrophages into the intimal cell wall is be-
lieved to result in the progression of the atherosclerotic
lesion, from the early fatty streak, which is an accumula-
tion of lipid-laden macrophages (foam cells), to the ad-
vanced fibroproliferative atherosclerotic lesion (1, 2).
Macrophages play a key role in the development of these
early lesions by the uptake and metabolism of modified

 

low density lipoprotein (LDL) particles, as well as in le-
sion progression by secreting a range of chemokines, cy-
tokines, proteases and coagulation factors (5). The regula-
tion of macrophage effector functions through autocrine
and paracrine mechanisms involving cytokine elaboration
suggests a pathologic role in lesion progression for cyto-
kines associated with macrophage activation (1, 2).

Activated CD4

 

1

 

 T cells present in the atherosclerotic le-
sion can secrete interferon-gamma (IFN-

 

g

 

), as has been
demonstrated in human atherosclerotic plaques by immu-
nofluorescence and by polymerase chain reaction (6, 7).
The proatherogenic effects of IFN-

 

g

 

 include the induc-
tion of VCAM-1 on endothelial cells (8), MHC-II on mac-
rophages and smooth muscle cells (9), lipoprotein recep-
tors on smooth muscle cells (10) and decreased secretion
of apolipoprotein (apo)E and expression of lipoprotein
receptors on macrophages (11–13). Consistent with these
in vitro observations is the recent report that apoE knock-
out (KO) mice crossed with IFN-

 

g

 

 receptor KO mice dis-
play reduced lesion size, lipid accumulation, and cellular-
ity (14). However, IFN-

 

g

 

 may also have a protective role in
atherosclerosis as in vitro treatment reduces LDL oxida-
tion by monocytes (15) and the expression of scavenger
receptor (SR) (16) suggesting a decrease in cholesterol ac-
cumulation. To what extent IFN-

 

g

 

 regulates cholesterol
trafficking within macrophage-derived foam cells has not
been reported and yet is important in understanding the
foam cell response to IFN-

 

g

 

 (1–4).
In the present study, IFN-

 

g

 

 was demonstrated to reduce
cholesterol efflux to high density lipoprotein (HDL

 

3

 

)
from macrophage-derived foam cells. This effect was inde-
pendent of apo E secretion by macrophages or SR-BI
expression, and was associated with an increase in intra-
cellular cholesteryl ester accumulation. The increase in es-
terified cholesterol was associated with the induction of
acyl-CoA:cholesterel acyltransferase (ACAT) without any
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effect on neutral cholesteryl ester hydrolase. The inhibi-
tion of cholesterol efflux as well as the increase in choles-
teryl ester accumulation in IFN-

 

g

 

-treated foam cells is con-
sistent with its proatherogenic role within an atheroma
through processes associated with cholesterol trafficking.

MATERIALS AND METHODS

 

Macrophage cultures and cholesterol efflux

 

Peritoneal macrophages, PM

 

f

 

s, were obtained from thioglyco-
late-elicited Balb/C or apoE KO mice and maintained in culture
in RPMI 1640 supplemented with 2% fetal calf sera (Hyclone
Laboratories, Logan, UT). PM

 

f

 

s were seeded in 24-well plates at
3 

 

3

 

 10

 

5

 

 cells/ml and converted into foam cells by incubation
with 50 

 

m

 

g/ml of Ac-LDL or Ox-LDL (Intracel Corp., Rockville,
MD) in the presence of 0.4 

 

m

 

Ci/ml [

 

14

 

C]cholesterol (NEN, Bos-
ton, MA) for 48 h. Cells were washed thrice with PBS and incu-
bated for an additional 48 h in RPMI 1640 with 1 mg/ml fatty
acid-free BSA (Sigma, St. Louis, MO) in the presence or absence
of 300 units/ml recombinant murine IFN

 

g

 

 (Biosource Intl., Cam-
arillo, CA) or 10 ng/ml M-CSF, GM-CSF, JE/MCP, MIP (R&D Sys-
tems, Minneapolis, MN). Cells were then washed once with PBS
and incubated with 100 

 

m

 

g/ml HDL

 

3

 

 in RPMI 1640 for 0–24 h.
Radiolabeled cholesterol was quantitated in the supernatants at
designated intervals after centrifugation, and cell monolayers
were lysed with 250 

 

m

 

l of 0.1 N NaOH to obtain the total counts.
Efflux was expressed as a percent of counts in the supernatant
versus total [

 

14

 

C]cholesterol counts.

 

HDL

 

3

 

 isolation

 

HDL

 

3

 

 was isolated from fresh plasma of healthy volunteers by
sequential ultracentrifugation, as the fraction with density of
1.125–1.215 gm/ml in KBr. The resulting density gradient band
was dialyzed against PBS containing 1 m

 

m

 

 EDTA (17) and further
resolved from apoB- and apoE-containing particles by heparin-
agarose chromatography (Pharmacia, Piscataway, NJ) as de-
scribed (18). The purified HDL

 

3

 

 was filtered through a 0.22-

 

m

 

m
filter, protein concentrations were determined by the BCA
method (Pierce, Rockford, IL) and aliquots were evaluated on
agarose gels.

 

Acyl-CoA:cholesterol-O-acyltransferase assay

 

ACAT activity was measured by the incorporation of [

 

14

 

C]ole-
ate (Amersham Life Science Inc., Arlington Heights, IL) into cel-
lular cholesteryl esters as previously described (19). Briefly, con-
trol or foam cells were washed with PBS, and incubated for 2 h
with RPMI 1640 containing 9 

 

m

 

m

 

 [

 

14

 

C]oleate and 3 

 

m

 

m

 

 BSA at
37

 

8

 

C. Cells were washed with ice-cold PBS containing 1 mg/ml
BSA, and lipids were extracted with hexane–isopropanol 3:2 (v/
v). Lipids were then dried under vacuum, resuspended in
chloroform–methanol 2:1 and separated by thin-layer chromatog-
raphy (20) on silica G plates (Whatman Ltd, Kent, England). The
chromatogram first was developed in chloroform–methanol–
water 65:30:5 for 4 cm, dried, and then developed with a second
solvent system composed of petroleum ether–ethyl ether–acetic
acid 90:10:1. Lipid spots were visualized by I

 

2

 

 vapors, and radioac-
tivity was measured by scintillation counting. ACAT activity was
expressed as counts incorporated [

 

14

 

C]oleate in cholesteryl esters
per mg of cell protein and was compared with the incorporation
of [

 

14

 

C]oleate into triglycerides.

 

Neutral cholesteryl ester hydrolase assay

 

The activity of neutral cholesteryl ester hydrolase, NCEH, was
determined by the release of [

 

14

 

C]cholesterol from [

 

14

 

C]choles-

teryl oleate (NEN, Boston, MA) (21). Cells from a 75 cm

 

2

 

 flask
were washed and detached with a rubber policeman in 1 ml of 10
m

 

m

 

 Tris pH 7.4, 250 m

 

m

 

 sucrose, 0.1 m

 

m

 

 EDTA and sonicated for
20 seconds on ice using a Microson sonicator at 30% power out-
put. A 100-

 

m

 

l aliquot of the sonicate was incubated with 100 

 

m

 

l of
substrate containing 85 m

 

m

 

 phosphate buffer, 12.5 m

 

m

 

 Na-tauro-
cholate, 6 

 

m

 

m

 

 [

 

1

 

4C]cholesteryl oleate (150 mCi/mmol), 25 

 

m

 

m

 

phosphatidylcholine, 25 

 

m

 

m

 

 phosphatidylethanolamine, and 0.4
mg/ml albumin for 2 h at 37

 

8

 

C. Neutral lipids were extracted
thrice with 200 

 

m

 

l of chloroform–methanol 1:1. The chloroform
phase was collected, dried under vacuum, and lipids were sepa-
rated by TLC. NCEH activity was expressed as pmole of free cho-
lesterol released per mg of protein per hour.

 

High performance liquid chromatography

 

After incubation with Ac-LDL macrophage-derived foam cells
were homogenized by sonication and 50 

 

m

 

g of cholesteryl hepta-
decanoate was added as an internal standard to 1 mg of cell
lysate. Lipids, extracted as described for the NCEH assay, were re-
suspended in 40 

 

m

 

l of chloroform–methanol 2:1, and fractionated
by HPLC using a 10-

 

m

 

l loop injector. HPLC was performed in a
Waters 625 LC System with a Spherisorb S3 ODS2 250 

 

3

 

 4 mm
column (Waters, Milford, MA), heated with a Systec column heater
(Systec Inc., New Brighton, MN) at 40

 

8

 

C. Cholesterol and choles-
teryl esters were eluted isocratically using isopropanol–n-
heptane–acetonitrile 35:12:52 as an eluent and detected by UV
absorption at 206 nm (22).

 

Northern blot analysis

 

Macrophage-derived foam cells were incubated in the absence
or presence of 300 unit/ml of IFN-

 

g

 

 for 48 h. Total RNA and sub-
sequently poly A

 

1

 

 RNA was isolated using RNA isolation kits
(Qiagen, Santa Clarita, CA). Poly A

 

1

 

 RNA was denatured for 5
min at 65

 

8

 

C, separated on 0.7% formaldehyde agarose gels, and
transferred to Nytran nylon membranes overnight using the
turboblotter system (Schliecher and Schuell Inc., Keene, NH).
Membranes were prehybridized in hybridization buffer (23) and
hybridized with [

 

a

 

-

 

32

 

P]dATP PCR-amplified DNA probes labeled
with random primers (GIBCO, Grand Island, NY) in fresh hy-
bridization buffer. The following sets of primers were used to am-
plify: SRBI; sense (5

 

9

 

-TCCTGAGCCCCGAGAGCCCCTTCGGC-3

 

9

 

)
antisense (5

 

9

 

-CTGGCTGCGCAGTTGGCAGATGATGGC-3

 

9

 

), CD36;
sense (5

 

9

 

-CAGCCCAATGGAGCCATC-3

 

9

 

) antisense (5

 

9

 

-CAGCGT
AGATAGACCTGC-3

 

9

 

), ACAT; sense (5

 

9

 

-GGACACATACAGAAA
TGGTCAC AT-3) antisense (5

 

9

 

-GCACAAAACCTAGAACTCCAA
GTT-3

 

9

 

), S29; sense (5

 

9

 

-TCTGAAGGCAAGATGGGTCACCA-3

 

9

 

)
antisense (5

 

9

 

-TTTGTGTACAAAGACTAGCATGAT-3

 

9

 

). Mem-
branes were washed in 2

 

3

 

 SSC 1% SDS and exposed to Kodak
Biomax-MS film or to phosphoscreen. Quantitation was per-
formed using a phosphoimager (Molecular Dynamics Inc.,
Sunnyvale, CA).

 

Statistics

 

Statistical analysis was performed by unpaired (two-tail) 

 

t

 

-test.
Values are reported as means 

 

6

 

 SD. The 95% confidence limit
was taken as significant (

 

P

 

 

 

,

 

 0.05).

 

RESULTS

Macrophage activation is associated with an increase in
effector functions contributing to inflammation in gen-
eral and the progression of atherosclerotic disease in par-
ticular. In the current study, cytokines associated with
macrophage activation were evaluated for their effect on
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cholesterol efflux from macrophage-derived foam cells.
As demonstrated in 

 

Fig. 1

 

, IFN-

 

g

 

 in distinction to the
other cytokines evaluated, inhibited efflux by 34% using
HDL

 

3

 

 as the acceptor species. This effect was observed
even with 24 h pretreatment, but it was maximal by 48 h. A
dose of 300 units/ml for IFN-

 

g

 

 and 10 ng/ml for the
other cytokines was used in order to achieve maximal ef-
fects, even though reduction in cholesterol efflux can also
be achieved with 1 unit/ml of IFN-

 

g

 

. The inhibition of
cholesterol efflux was specific to IFN-

 

g

 

 and was not re-
lated to differences in cholesterol loading as total radioac-
tivity was equal between control and treated cells. These
results suggest that the effect of IFN-

 

g

 

 on reducing choles-
terol efflux in foam cells was not attributable to macro-
phage activation as none of the other cytokines exhibited
a similar effect.

Inhibition of cholesterol efflux by IFN-

 

g

 

 was observed
when either Ac-LDL or Ox-LDL (50 

 

mg/ml) were used for
conversion of macrophages to foam cells (Fig. 2). Further-
more, the effects of IFN-g on efflux were apparent at all
timepoints evaluated after addition of HDL3 as the accep-
tor species. The effect of IFN-g was more prominent in
the Ac-LDL-treated cells where the reduction relative to
the control cultures was 48% and 47% at the 6 and 12 h
time point, respectively, compared to 39% and 31% for
the Ox-LDL-treated cells. The kinetics observed for efflux
would suggest that IFN-g does not completely inhibit but
rather reduces the rate of cholesterol efflux.

In an attempt to define the mechanism by which IFN-g
reduced cholesterol efflux, the role of apoE secretion was
evaluated. As apoE secretion has been implicated in cho-
lesterol efflux (24, 25) and IFN-g has been reported to in-

hibit secretion of apoE by macrophages (11, 12), it was
necessary to determine whether the reduction in efflux
was mediated through decreased apoE secretion. There-
fore, the effects of IFN-g on cholesterol efflux were deter-
mined in macrophage-derived foam cells from apoE KO
mice to eliminate the contribution of macrophage synthe-
sized apoE in the efflux process. As demonstrated (Fig. 3),
peritoneal macrophages from apoE KO or from wild-type
mice loaded with Ac-LDL when exposed to IFN-g exhib-

Fig. 1. Effects of macrophage-activating cytokines on cholesterol
efflux. Macrophages were labeled with [14C]cholesterol plus 50
mg/ml Ac-LDL for 48 h prior to treatment with 300 units/ml IFN-g,
10 ng/ml M-CSF, GM-CSF, JE/MCP, or MIP for 48 h in 1 mg/ml
BSA, RPMI 1640 medium. Efflux of [14C]cholesterol was measured
after 4 h incubation at 378C with 100 mg/ml HDL3, and is expressed
as the percent of total [14C]cholesterol appearing in the medium.
Each value represents the mean 6 SD of triplicates. * Significant
difference between Control and IFN-g (P , 0.05).

Fig. 2. Kinetics of HDL3-mediated cholesterol efflux from mac-
rophages. Macrophages were converted into foam cells with (A) 50
mg/ml Ac-LDL or (B) 50 mg/ml Ox-LDL and labeled concurrently
with [14C]cholesterol for 48 h. After the 48-h incubation, lipopro-
tein-containing media were changed to RPMI 1640 with 0.1% BSA
medium alone (h) or medium containing 300 units/ml IFN-g (r)
for 48 h. Efflux to HDL3 was measured at the indicated time points
and expressed as percent of total [14C]cholesterol. Each value repre-
sents the mean 6 SD of triplicates. Statistically different (P , 0.01)
values were obtained for IFN-g for all time points after “0” com-
pared with those of the Control; representative experiment of three.
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ited a comparable reduction in cholesterol efflux suggest-
ing that IFN-g exerts its effects by a mechanism indepen-
dent of apoE.

As cholesterol efflux is dependent on HDL binding
and only the class B scavenger receptors CD36 and SR-BI
have been clearly identified as mediating HDL binding
and efflux (26–28), the effects of IFN-g on SR-BI and
CD36 message expression were evaluated. As demonstrated

(Fig. 4A, B), IFN-g had no significant effect on SR-BI mes-
sage levels whether macrophages were loaded with Ac-
LDL or Ox-LDL. However, consistent with observations re-
ported in human macrophages (29), a reduction in CD36

Fig. 3. IFN-g effects on cholesterol efflux are independent of apoE
synthesis. Peritoneal macrophages from BALB/c or apoE KO mice
were incubated with 50 mg/ml Ac-LDL in the presence of [14C]cho-
lesterol for 48 h and then for an additional 48 h in RPMI medium
containing 1 mg/ml BSA with 300 units/ml IFN-g. Efflux was mea-
sured after incubation with 100 mg/ml HDL3 for 6 h at 378C. In the
absence of HDL3 as acceptor, efflux to BSA was less than 3%.
* Significant difference between Control and IFN-g (P , 0.01).

Fig. 4. Effect of IFN-g on macrophage HDL scav-
enger receptors. Macrophage-derived foam cells ob-
tained after incubation with 50 mg/ml of Ac-LDL or
Ox-LDL were incubated for an additional 48 h in
the presence or absence of 300 units/ml IFN-g. Poly
A1-enriched RNA was isolated and analyzed by North-
ern blot analysis. Filters were hybridized with PCR-
labeled probes for SR-BI (A) or CD36 (C) with S29
as an internal control. Hybridization intensity was
quantitated by phosphoimager and expression was
normalized for differences in loading using S29 as
an internal control (B, D).

Fig. 5. IFN-g-induced redistribution of radiolabeled cholesterol in
foam cells. Peritoneal macrophages were loaded with cholesterol by
incubation with 50 mg/ml Ac-LDL and labeled with [14C]choles-
terol for 48 h. Cells were untreated or treated with 300 units/ml
IFN-g prior to extraction of lipids using hexane–isopropanol 3:2.
Cholesterol and cholesteryl esters were separated by TLC, visual-
ized by I2 vapors, and quantified by scintillation counting. Each
value represents the mean 6 SD as indicated by the error bars.
* Significant difference between IFN-g and Control (P , 0.05); rep-
resentative experiment of five.
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message was observed after treatment with IFN-g (Fig. 4C,
D). These results would suggest that the reduction in cho-
lesterol efflux could occur via a receptor-related mecha-
nism. Furthermore, and consistent with previous results (S.
H. Zuckerman, C. Panousis, and G. F. Evans, unpublished
results), the relative mRNA levels would suggest that CD36
represents the more abundant HDL scavenger receptor on
murine peritoneal macrophage-derived foam cells.

In addition to the effect of IFN-g on CD36, it was possi-
ble that a similar reduction in cholesterol efflux would
occur if IFN-g mediated a shift in the cellular pool of free
cholesterol. In an attempt to explore this possibility fur-
ther, the levels of free and esterified cholesterol were quan-
titated in peritoneal macrophages labeled with [14C]choles-
terol plus Ac-LDL for 48 h in the presence or absence of
IFN-g. As demonstrated (Fig. 5), a pronounced shift towards
esterified cholesterol was observed upon treatment with
IFN-g. There was a 54% increase in cholesteryl esters and a
20% reduction in free cholesterol, or a shift in the free/es-
terified ratio from 2.8 in the control to 1.5 in the IFN-g-
treated cells. This represents 14% of the total radioactivity
that moved from the free to the esterified cholesterol pool.

Equilibration of radiolabeled cholesterol between free
and the esterified pool is achieved after prolonged incuba-
tions (30), which means that the specific activities of free
and esterified cholesterol may be different. Therefore,
changes in both free cholesterol and in the amounts of the
various cholesteryl esters were quantitated by HPLC (22).
As evident (Fig. 6), the effect of IFN-g on increasing choles-
teryl ester was significant for cholesteryl ester species in-
cluding, eicosapentaenoate, docosapentaenoate, arachido-
nate, and linoleate. The percent change for each of the
esters was calculated based on areas under the curve and
averages from three chomatograms are presented (Table 1).
While the trends in other cholesterol species were in-
creased with IFN-g, these changes did not achieve statistical
significance. The increase by more than 50% in the total
cholesteryl ester by IFN-g was confirmed by HPLC, the re-
duction in the free cholesterol was only 5.5%, indicating
that the specific activity of free cholesterol in IFN-g-treated
cells is 85% of that in control cells. These combined results
would suggest that IFN-g did induce a redistribution of cel-
lular cholesterol with a decrease in radiolabeled free cho-
lesterol associated with an increase in the esterified pool.

Fig. 6. IFN-g-induced changes in cholesteryl ester content in foam cells. Macrophages converted to foam cells by incubation with Ac-LDL
for 48 h were incubated for an additional 48 h in the presence or absence of 300 units/ml IFN-g. Lipid extracts were analyzed by HPLC and
the peaks for the cholesteryl esters arachidonate, linoleate, oleate, palmitate, and stearate were identified after comparison with elution
times of commercially available standards. The remainder of the ester peaks were identified based on their relative elution times when com-
pared to published values. Cholesterol heptadecanoate was used as internal standard as described in the materials and methods. The above
chromatogram is representative of four. The HPLC profile for the IFN-g extract was intentionally staggered to facilitate peak comparisons.
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tion of HDL3. As demonstrated (Fig. 9), A58035 inhibited
the IFN-g-mediated reduction in cholesterol efflux in a dose-
dependent manner. At an ACAT inhibitor concentration of
16 mg/ml, the difference in cholesterol efflux between the
control and IFN-g-treated macrophages was no longer statis-
tically significant (P , 0.2). These results suggest then that
the effects of IFN-g on cholesterol efflux are mediated pri-
marily through the up-regulation of ACAT with the reduc-
tion in CD36 expression playing a less significant role.

DISCUSSION

The macrophage-activating factor, IFN-g, has been de-
tected within the atherosclerotic lesion and its effects on

TABLE 1. IFN-g-induced increase in cholesteryl esters

Cholesteryl esters Change

%

Eicosapentaenoate 71.5%
Docosapentaenoate 98.9%
Arachidonate 49.1%
Eicosatrienoate 57.2%
Linoleate 67.5%
Docosatrienoate 29.3%
Eicosadienoate 26.2%
Oleate 11.5%
Palmitate 220.0%
Stearate 58.2%

Average percent change of surface areas for the corresponding
cholesterol and cholesteryl ester peaks from three chromatograms, ad-
justed by the internal control. SD of all CE was less than 20% except for
the docosatrienoate, eicosadienoate, palmitate, and stearate that we
were unable to measure accurately due to the size of the peaks.

The demonstration by both HPLC and TLC that IFN-g-
treated macrophages exhibited an increased accumula-
tion of esterified cholesterol suggested a role for NCEH
and ACAT. Modulation of either enzyme activity will result
in a shift in the intracellular distribution between free and
esterified cholesterol (31). As described (Fig. 7A), IFN-g-
treated cells did exhibit an increase in ACAT and this was
independent of whether the cells were control or lipid-
loaded with either Ac-LDL or Ox-LDL. IFN-g-treated foam
cells had a 2- to 3-fold increase in ACAT activity when
compared to the non-IFN-g-treated cells. This increase
could not be explained by differences in the uptake of
[14C]oleate as both treated and untreated cells accumu-
late the same amount of total radioactivity in cholesteryl
esters, triglycerides, and phospholipids combined (data
not shown). In contrast with ACAT, no differences were
observed with IFN-g in NCEH activity whether or not the
cells had been converted to foam cells with Ac-LDL (Fig.
7B). These results would suggest that the increase in cho-
lesteryl ester accumulation mediated by IFN-g was due to
an increase in ACAT activity and not to a decrease in the
catabolism of cholesterol esters by NCEH.

Northern blot analysis was then performed to deter-
mine whether the increase in ACAT activity was due to
post-translational modifications of ACAT or whether it re-
flected changes in ACAT message levels. As demonstrated
(Fig. 8), IFN-g treatment resulted in a 65–75% increase in
the expression of ACAT by macrophage-derived foam
cells. These results were consistent with the higher basal
ACAT activity observed in Ac-LDL-treated cells and the
higher fold increase in ACAT activity by IFN-g in Ox-LDL-
derived foam cells. Therefore, the Northern data would
suggest that the increase in ACAT activity induced by IFN-
g was due to changes in ACAT mRNA levels.

Finally, cholesterol efflux experiments in IFN-g-treated
foam cells were performed in the presence of the ACAT in-
hibitor A58035, to determine whether the reduction in
cholesterol efflux by IFN-g was due to changes in ACAT
activity or CD36 expression. Accordingly, [14C]cholesterol-
labeled foam cells were incubated in the absence or pres-
ence of A58035 and efflux was evaluated 6 h after the addi-

Fig. 7. Effect of IFN-g on cholesteryl ester metabolism. (A) ACAT
activity was measured in foam cells (control) which were untreated
(open bars) or stimulated with 300 units/ml IFN-g (solid bars) for
48 h. During the final 2 h, cells were pulsed labeled with [14C]oleate–
albumin complex, and assayed for ACAT activity by quantitating
cholesteryl [14C]oleate content; representative experiment of three.
(B) NCEH activity was measured as described in Materials and
Methods in parallel cultures. Hydrolytic activity was expressed as
pmol of free [14C]cholesterol released per mg of protein in 1 hour;
representative experiment of two. * Significant difference between
untreated and IFN-g-treated foam cells (P , 0.05).
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macrophage activation suggest an association with lesion
development and progression (6, 7). Specifically, IFN-g
has been reported to induce iNOS, cytokine and protease
secretion, expression of MHC II, and to decrease apoE se-
cretion by macrophages (32, 33). However, while likely to
contribute to lesion progression, the effect of IFN-g on
macrophage-derived foam cells remains unclear. Using
murine and human macrophages for example, it has been
demonstrated that IFN-g down-regulates the expression of
the scavenger receptor A (16), and the secretion of lipo-

protein lipase (34), resulting in in vitro inhibition of lipid
accumulation and foam cell conversion. Even though this
suggests that IFN-g will have a protective role in vivo on
macrophage foam cell formation and cholesterol accumu-
lation, Gupta et al. (14) reported that apoE KO mice
crossed with IFNgR KO mice displayed a 60% reduction
in lesion lipid accumulation (14). The results of the
present study are consistent with this in vivo effect as IFN-
g increased the esterified cholesterol pool and decreased
cholesterol efflux in macrophage-derived foam cells. The
increase in cholesteryl ester accumulation was associated
with an increase in both ACAT activity and mRNA levels.

The level of free cholesterol in mammalian cells is
tightly regulated, as changes in membrane cholesterol
have major effects on an array of biological functions (35)
and high levels of free cholesterol are toxic for cells (36).
Regulation of membrane cholesterol can be achieved
through extracellular processes that involve uptake or efflux
of free cholesterol between the plasma membrane and
lipoproteins or can be achieved intracellularly through
the actions of ACAT and NCEH (35). Changes in the re-
distribution of intracellular cholesterol between the free
and the esterified pool have a major impact on choles-
terol efflux. Increased cholesterol efflux for example, can
be observed in murine macrophages upon stimulation of
NCEH activity with cAMP (37) or by reducing ACAT activ-
ity with ACAT inhibitors (38). In contrast, reduction in
cholesterol efflux by sequestration of free cholesterol efflux
from the plasma membrane can be observed in human
skin fibroblasts with monensin and brefeldin (39) or in
smooth muscle cells by increased ACAT activity and a shift
towards accumulation of cholesteryl esters (21). In the
present study, inhibition of cholesterol efflux by IFN-g co-
incided with an increased accumulation of cholesteryl
esters. That the increase in cholesterol esters during incu-
bation with IFN-g occurred in a medium with no lipopro-
teins present and consequently in the absence of efflux sug-

Fig. 8. Up-regulation of ACAT expression by IFN-g.
(A) Macrophages were incubated for 48 h with Ac-LDL
or Ox-LDL and then for an additional 48 h in the pres-
ence or absence of 300 units/ml IFN. Foam cells were
then lysed, poly A1 mRNA was isolated and subjected to
Northern blot analysis and hybridized with PCR-labeled
probes specific for ACAT-1 and S29; representative ex-
periment of three. (B) Quantitation of radiolabeled
bands was performed by phosphorimager, and expres-
sion was adjusted to differences in loading by using S29
as an internal standard.

Fig. 9. IFN-g-mediated effects on cholesterol efflux are reversed
by an ACAT inhibitor. Macrophages were loaded with cholesterol
by incubation with 50 mg/ml Ac-LDL, and labeled with [14C]choles-
terol for 48 h. Radiolabeled foam cells were incubated in the ab-
sence or presence of 300 units/ml IFN-g concomitant with increas-
ing concentrations of A58035. Efflux to HDL3 from untreated and
IFN-g-treated cells was measured at 5 h, and the percent inhibition
of efflux by IFN-g was expressed relative to the A58035 concentra-
tion. Brackets indicate standard deviations.
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gests that the effects of IFN-g on cholesterol redistribution
are intracellular and involve ACAT and NCEH activity.

Cholesteryl esters stored as cytoplasmic droplets are not
inert, but exist in a dynamic state undergoing continuous
hydrolysis by NCEH, and re-esterification by ACAT (31).
In the present study, IFN-g had no effect on NCEH activ-
ity, but increased ACAT activity 2- to 3-fold. Increased ACAT
activity can be due to an increase in mRNA expression, as
has been shown during the differentiation of monocytes
to macrophages (40) or after dexamethasone treatment
of murine macrophages (41). Alternatively, increased ACAT
activity can be independent of transcriptional regulation
as has been shown with cholesterol loading and with pro-
tein synthesis inhibitors (42). However, as ACAT activity in
the present study was quantitated on intact cells, the ob-
served increase with IFN-g can reflect enhanced substrate
availability instead of an actual increase in ACAT activity.
This is unlikely to be the case as ACAT activity increased
more than 2-fold after 24 h of incubation with IFN-g,
where almost no differences in lipid accumulation were
observed (data not shown). Moreover, a 65% and 75% in-
crease in ACAT expression with IFN-g in Ac-LDL and Ox-
LDL-loaded cells, respectively, was observed, suggesting
that the increase in ACAT activity was related to increased
enzyme content. The importance of the increase in ACAT
activity in decreasing cholesterol efflux was demonstrated
by reversing this effect with the ACAT inhibitor A58035.
This reversal also suggests that the down-regulation of
CD36 contributes only minimally to the observed reduc-
tion of cholesterol efflux, and that the effect is mediated
mainly through the up-regulation of ACAT. The inhibi-
tion of cholesterol efflux was also independent of SR-BI,
as no differences in its expression were observed upon
IFN-g treatment. These results would then suggest that
the major pathway by which IFN-g reduces cholesterol ef-
flux is through increasing ACAT activity which leads to in-
creased amounts of cholesteryl esters and sequestration of
free cholesterol from the plasma membrane.

The isoform of ACAT that is expressed in macrophages
is ACAT-1 (42, 43), while ACAT-2 is expressed primarily in
the intestine and liver and is not detected in macrophages
(44, 45). Peritoneal macrophages from ACAT-1 KO mice
had reduced cholesteryl ester accumulation (46), and rab-
bits fed an atherogenic diet had a 2- to 3-fold increase
in aortic ACAT-1 mRNA expression (47). Furthermore, in
human atherosclerotic lesions, ACAT-1 expression was de-
tected in macrophages, with greater expression in athero-
matous plaques than in fatty streaks or in diffuse intimal
thickening (48). These results suggest that ACAT-1 plays
an important role in foam cell formation and the develop-
ment of atherosclerosis.

In the present study, the observation that IFN-g up-reg-
ulates ACAT-1 and can impact foam cell formation by inhib-
iting cholesterol efflux further supports its proatherogenic
role. Additionally, the fact that a macrophage-activating cy-
tokine can have a negative impact on cholesterol efflux
provides further evidence that atherosclerosis is an in-
flammatory disease. Future studies will address the ques-
tion of the mechanism that underlies the increase in

ACAT-1 message by IFN-g, and also the impact that IFN-g
may have on de novo synthesis of cholesterol, as an in-
crease in total cholesterol mass by IFN-g was observed.

In summary, the present study demonstrates that IFN-g
up-regulates ACAT-1 and thus mediates part of its pro-
atherogenic effects by increasing cholesteryl ester accu-
mulation and reducing cholesterol efflux. Elucidation of
the pathway that leads to this up-regulation and concomi-
tant change in intracellular cholesterol trafficking could
contribute to the development of novel therapeutics that
target atherosclerosis at the level of the vascular wall.

The authors would like to thank Drs. Chris Vlahos, Michelle
Smith, and Jim Cooke for assistance with HPLC and Dr. Ray
Kauffman for his review of our manuscript.

Manuscript received 21 June 1999 and in revised form 30 September 1999.

REFERENCES

1. Ross, R. 1999. Atherosclerosis—an inflammatory disease. N. Engl.
J. Med. 340: 115–126.

2. Ross, R. 1993. The pathogenesis of atherosclerosis: a perspective
for the 1990s. Nature. 362: 801–809.

3. Fuster, V., L. Badimon, J. J. Badimon, and J. H. Chesebro. 1992.
The pathogenesis of coronary artery disease and the acute coro-
nary syndromes. N. Engl. J. Med. 326: 242–250, 310–318.

4. Berliner, J. A., M. Navab, A. M. Fogelman, J. S. Frank, L. L. Demer,
P. A. Edwards, A. P. Watson, and A. J. Lusis. 1995. Atherosclerosis:
basic mechanisms, oxidation, inflammation, and genetics. Circula-
tion. 91: 2488–2496.

5. Libby, P., Y. J. Geng, M. Aikawa, U. Schoenbeck, F. Mach, S. K. Clin-
ton, G. K. Sukhova, and R. T. Lee. 1996. Macrophages and athero-
sclerotic plaque stability. Curr. Opin. Lipidol. 7: 330–335.

6. Hansson, G. K., J. Holm, and L. Jonasson. 1989. Detection of acti-
vated T lymphocytes in the human atherosclerotic plaque. Am. J.
Pathol. 135: 169–175.

7. Geng, Y. J., J. Holm, S. Nygren, M. Bruzelius, S. Stemme, and G. K.
Hansson. 1995. Expression of macrophage scavenger receptor in
atherosclerosis: relationship between scavenger receptor isoforms
and the T cell cytokine, interferon-g. Arterioscler. Thromb. Vasc. Biol.
15: 1995–1202.

8. Li, H., M. I. Cybulsky, M. A. Gimbrone, and P. Libby. 1993. An
atherogenic diet rapidly induces VCAM-I, a cytokine-regulatable
mononuclear leukocyte adhesion molecule, in rabbit aortic endo-
thelium. Arterioscler. Thromb. 13: 197–204.

9. Jonasson, L., J. Holm, O. Skalli, G. Gabiani, and G. K. Hanson.
1985. Expression of class II transplantation antigen on vascular
smooth muscle cells in human atherosclerosis. J. Clin. Invest. 76:
125–131.

10. Li, H., M. W. Freeman, and P. Libby. 1995. Regulation of smooth
muscle cell scavenger receptor expression in vivo by atherogenic
diets and in vitro by cytokines. J. Clin. Invest. 95: 122–133.

11. Oropeza, R., R. Schreiber, and Z. Werb. 1985. Regulation of apoli-
poprotein E expression in macrophages by g-interferon. In Cellu-
lar and Molecular Biology of Lymphokines. C. Sorg and S.
Schimpl, editors. Academic Press, Inc. New York. 303–307.

12. Brand, K., N. Mackman, and L. K. Curtiss. 1993. Interferon-gamma
inhibits macrophage apolipoprotein E production by posttransla-
tional mechanisms. J. Clin. Invest. 91: 2031–2039.

13. LaMarre, J., B. B. Wolf, E. L. Kittler, P. J. Quesenberry, and S. L.
Gonias. 1993. Regulation of macrophage a2-macroglobulin recep-
tor/low density lipoprotein receptor-related protein by lipopolysac-
charide and interferon-g. J. Clin. Invest. 91: 1219–1224.

14. Gupta, S., A. M. Pablo, X. C. Jiang, N. Wang, A. R. Tall, and C.
Schindler. 1997. IFN-g potentiates atherosclerosis in apoE knock-
out mice. J. Clin. Invest. 99: 2752–2761.

15. Christen, S., S. R. Thomas, B. Garner, R. Stocker. 1994. Inhibition
by interferon-g of human mononuclear cell mediated low density
lipoprotein oxidation: participation of tryptophan metabolism along
the kynurenine pathway. J. Clin. Invest. 93: 2149–2158.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Panousis and Zuckerman Interferon-g inhibits cholesterol efflux 83

16. Geng, Y. J., and G. K. Hansson. 1992. Interferon-g inhibits scavenger
receptor expression and foam cell formation in human monocyte-
derived macrophages. J. Clin. Invest. 89: 1322–1330.

17. Havel, R. J., H. Eder, and J. Bragdon. 1955. The distribution and
chemical composition of ultracentrifugally separated lipoproteins
in human serum. J. Clin. Invest. 34: 1345–1353.

18. Bieosbrioek, R. C., J. F. Oram, J. J. Alberts, and E. L. Bierman.
1983. Specific high affinity binding of HDL to cultured human
skin fibroblasts and arterial smooth muscle cells. J. Clin. Invest. 61:
525–539.

19. Oram, J.F. 1986. Receptor mediated transport of cholesterol be-
tween cultured cells and high density lipoproteins. Methods Enzy-
mol. 129: 645–659.

20. Mendez, A.J. 1997. Cholesterol efflux mediated by apolipopro-
teins is an active cellular process distinct from efflux mediated by
passive diffusion. J. Lipid Res. 38: 1807–1821.

21. Petrichenko, I. E., D. Daret, G. V. Kolpakova, Y. A. Shakhov, and J.
Larrue. 1997. Glucocorticoids stimulate cholesterol ester forma-
tion in human smooth muscle cells. Arterioscler. Thromb. Vasc. Biol.
17: 1143–1151.

22. Cullen, P., M. Fobker, K. Tegelkamp, K. Meyer, F. Kanneberg, A.
Cignarella, A. Benninghoven, and G. Assmann. 1997. An im-
proved method for quantification of cholesterol and cholesteryl
esters in human monocyte-derived macrophages by high perfor-
mance liquid chromatography with identification of unassigned
cholesteryl esters species by means of secondary ion mass spec-
trometry. J. Lipid Res. 38: 401–409.

23. Soares, M.B., M. De Fatima-Bonaldo, P. Jelene, L. Su, L. Lawton,
and A. Efstratiadis. 1994. Construction and characterization of a
normalized cDNA library. Proc. Natl. Acad. Sci. USA. 91: 9228–
9232.

24. Mahley, R.W. 1988. Apolipoprotein E: Cholesterol transport pro-
tein with expanding role in cell biology. Science. 240: 622–630.

25. Huang, Y., A. von Eckardstein, S. Wu, N. Maeda, and G. Assmann.
1994. A plasma lipoprotein containing only apolipoprotein E and
with g mobility on electrophoresis releases cholesterol from cells.
Proc. Natl. Acad. Sci. USA. 91: 1834–1838.

26. Ji, Y., B. Jian, N. Wang, Y. Sun, M. de la Llera Moya, M. C. Phillips,
G. H. Rothblat, J. B. Swaney, and A. R. Tall. 1997. Scavenger recep-
tor BI promotes high density lipoprotein mediated cellular choles-
terol efflux. J. Biol. Chem. 272: 20982–20985.

27. Calvo, D., D. Gomez-Coronado, Y. Suarez, M. A. Lasuncion, and M.
Vega. 1998. Human CD36 is a high affinity receptor for the native
lipoproteins HDL, LDL, and VLDL. J. Lipid Res. 39: 777–788.

28. de la Llera-Moya, M., G. H. Rothblat, M. A. Connely, G. Kellner-
Weibel, S. W. Sakr, M. C. Phillips, and D. L. Williams. 1999. Scaven-
ger receptor BI (SR-BI) mediates free cholesterol flux indepen-
dently of HDL tethering to the cell surface. J. Lipid Res. 40: 575–580.

29. Nakagawa, T., S. Nozaki, M. Nishida, J. M. Yakub, Y. Tomiyama, A.
Nakata, K. Matsumoto, T. Funahashi, K. Kameda-Takemura, Y. Ku-
rata, S. Yamashita, and Y. Matsuzawa. 1998. Oxidized LDL increases
and interferon-gamma decreases expression of CD36 in human
monocyte-derived macrophages. Arterioscler. Thromb. Vasc. Biol. 16:
1019–1025.

30. Kritharides, L., A. Christian, G. Stoudt, D. Morel, and G. H. Roth-
blat. 1998. Cholesterol metabolism and efflux in human THP-1
macrophages. Arterioscler. Thromb. Vasc. Biol. 18: 1589–1599.

31. Brown, M., and J. Goldstein. 1980. The cholesteryl ester cycle in
macrophage foam cells. Continual hydrolysis and re-esterification
of cytoplasmic cholesteryl esters. J. Biol. Chem. 255: 9344–9352.

32. Boehm, U., T. Clamp, M. Groot, and J. C. Howard. 1997. Cellular
responses to interferon-g. Annu. Rev. Immunol. 15: 749–795.

33. Zuckerman, S. H., G. F. Evans, and L. O’Neal. 1992. Cytokine reg-
ulation of macrophage apo E secretion: opposing effects of GM-
CSF and TGF-b. Atherosclerosis. 96: 203–214.

34. Jonasson, L., G. K. Hansson, G. Bondjers, L. Noe, and J. Etienne.
1990. Interferon-gamma inhibits lipoprotein lipase in human
monocyte-derived macrophages. Biochim. Biophys. Acta. 1053: 43–
48.

35. Fielding, C. J. 1992. Lipoprotein receptors, plasma cholesterol me-
tabolism, and the regulation of cellular free cholesterol concentra-
tion. FASEB J. 6: 3162–3168.

36. Warner, G. J., G. Stoudt, M. Bamberger, W. J. Johnson, and G. H.
Rothblat. 1995. Cell toxicity induced by inhibition of acyl coen-
zyme A cholesterol acyltransferase and accumulation of unesteri-
fied cholesterol. J. Biol. Chem. 270: 5772–5778.

37. Jepson, C. A., and S. J. Yeaman. 1993. Expression of hormone-
sensitive lipase in macrophage foam cells. Biochem. Soc. Trans. 21:
2325.

38. Schmitz, G., R. Niemann, B. Brennhausen, R. Krause, and G. Ass-
mann. 1985. Regulation of high density lipoprotein receptors in
cultured macrophages: role of acyl-CoA:cholesterol acyltrans-
ferase. EMBO J. 4: 2773–2779.

39. Mendez, A. J. 1995. Monensin and brefeldin A inhibit high density
lipoprotein-mediated cholesterol efflux from cholesterol-enriched
cells. J. Biol. Chem. 270: 5891–5900.

40. Wang, H., S. Germain, P. Benfield, and P. Gillies. 1995. Gene ex-
pression of acyl coenzyme A. Arterioscler. Thromb. Vasc. Biol. 16:
809–814.

41. Cheng, W., K. V. Kvilekval, and N. A. Abumrad. 1995. Dexametha-
sone enhances accumulation of cholesteryl esters in human mac-
rophages. Am. J. Physiol. 269: E642–648.

42. Chang, T. Y., C. C. Chang, and D. Cheng. 1997. Acyl-coenzyme A:
cholesterol acyltransferase. Annu. Rev. Biochem. 66: 613–638.

43. Uelmen, P. J., K. Oka, M. Sullivan, C. C. Chang, T. Y. Chang, and L.
Chan. 1995. Tissue-specific and cholesterol regulation of acylcoen-
zyme A: cholesterol acyltransferase (ACAT) in mice. J. Biol. Chem.
270: 26192–26201.

44. Cases, S., S. Novak, Y. W. Zheng, H. M. Myers, S. R. Lear, E. Sande,
C. B. Welch, A. J. Lusis, T. A. Spencer, B. R. Krauser, S. K. Erickson,
and R. V. Farese. 1998. ACAT-2, a second mammalian acyl-
coA:cholesterol acyltransferase. J. Biol. Chem. 273: 26755–26764.

45. Anderson, R. A., C. Joyce, M. Davis, J. W. Reagan, M. Clark, G. S.
Shelness, and L. L. Rudel. 1998. Identification of a form of acyl-
coA:cholesterol acyltransferase specific to liver and intestine in
nonhuman primates. J. Biol. Chem. 273: 26747–26754.

46. Meiner, V. L., S. Cases, H. M. Myers, E. R. Sande, S. Bellosta, M.
Schambelan, R. E. Pitas, J. McGuire, J. Herz, and R. V. Farese.
1996. Disruption of the acyl-coA:cholesterol acyltransferase gene
in mice: evidence suggesting multiple cholesterol esterification en-
zymes in mammals. Proc. Natl. Acad. Sci. USA. 93: 14041–14046.

47. Pape, M. E., P. A. Schultz, T. J. Rea, R. B. DeMattos, K. Kief, C. L.
Bisgaier, R. S. Newton, and B. R. Krause. 1995. Tissue specific
changes in acyl-CoA:cholesterol acyltransferase (ACAT) mRNA
levels in rabbits. J. Lipid Res. 36: 823–838.

48. Miyazaki, A., N. Sakashita, O. Lee, K. Takahashi, S. Horiuchi, H.
Hakamata, P. Morganelli, C. C. Chang, and T. Y. Chang. 1998. Ex-
pression of ACAT-1 protein in human atherosclerotic lesions and
cultured human monocytes-macrophages. Arterioscler. Thromb. Vasc.
Biol. 18: 1568–1574.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

