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Previous studies have examined lipoprotein metabo-
lism by macrophages following prolonged exposure (>24
h) to macrophage colony-stimulating factor (M-CSF). Be-
cause M-CSF activates several signaling pathways that
could rapidly affect lipoprotein metabolism, we exam-
ined whether acute exposure of macrophages to M-CSF
alters the metabolism of either native or modified li-
poproteins. Acute incubation of cultured J774 macro-
phages and resident mouse peritoneal macrophages
with M-CSF markedly enhanced low density lipopro-
teins (LDL) and B-migrating very low density lipopro-
teins (B-VLDL) stimulated cholesteryl [’H]oleate deposi-
tion. In parallel, M-CSF treatment increased the
association and degradation of 2°I-labeled LDL or
B-VLDL without altering the amount of lipoprotein
bound to the cell surface. The increase in LDL and
B-VLDL metabolism did not reflect a generalized effect
on lipoprotein endocytosis and metabolism because M-
CSF did not alter cholesterol deposition during incuba-
tion with acetylated LDL. Moreover, M-CSF did not aug-
ment B-VLDL cholesterol deposition in macrophages
from LDL receptor (—/—) mice, indicating that the effect
of M-CSF was mediated by the LDL receptor. Incubation
of macrophages with pertussis toxin, a specific inhibitor
of G;,, protein signaling, had no effect on cholesterol
deposition during incubation with B-VLDL alone, but
completely blocked the augmented response promoted
by M-CSF. In addition, incubation of macrophages with
the direct Gy, protein activator, mastoparan, mimicked
the effect of M-CSF by enhancing cholesterol deposition
in cells incubated with -VLDL, but not acetylated LDL.
In summary, M-CSF rapidly enhances LDL receptor-me-
diated metabolism of native lipoproteins by macro-
phages through activation of a G;,, protein signaling
pathway. Together, these findings describe a novel path-
way for regulating lipoprotein metabolism.
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Macrophage colony-stimulating factor (M-CSF),! also known
as colony-stimulating factor-1, is a homodimeric glycoprotein
synthesized by a variety of cell types including monocytes (1),
macrophages (1), endothelial cells (2), fibroblasts (3), and lym-
phocytes (4). M-CSF plays an important role in the prolifera-
tion, differentiation, and survival of monocytes (5-8) and in
regulating macrophage function (6). M-CSF acts on monocytes
and macrophages by binding with high affinity to the M-CSF
receptor, a member of the protein-tyrosine kinase receptor
subfamily encoded by the c-fims protooncogene (9, 10).

Following M-CSF binding, the M-CSF receptor autophospho-
rylates and mediates tyrosine phosphorylation of other sub-
strate proteins thereby initiating a number of well defined
signaling cascades, including activation of phosphatidylinositol
3-kinase (PI 3-kinase), the non-receptor Src family of tyrosine
kinases, and pertussis toxin-sensitive guanosine triphosphate-
binding proteins (G, proteins) (11). Previously published find-
ings have shown that PI 3-kinase activation enhances receptor-
mediated endocytosis via clathrin-coated pits (12), that Src
family kinase activation is often associated with cytoskeletal
changes (13), and that activation of G protein-coupled signaling
pathways modulates endocytosis of the low density lipoprotein
(LDL) receptor-related protein, an LDL receptor family mem-
ber that can bind and internalize cholesterol ester-rich B-mi-
grating very low density lipoproteins (8-VLDL) (14). In addi-
tion, we recently demonstrated a novel regulatory pathway in
macrophages linking signaling through G/, proteins and scav-
enger receptor class A (SR-A)-mediated uptake of acetylated
low density lipoproteins (AcLDL) (15).

Atherosclerosis is thought to result from an alteration in
lipoprotein metabolism precipitated by a chronic inflammatory
process involving T-lymphocytes and macrophages within the
vascular wall. Human and rabbit atherosclerotic lesions have
been shown to contain mRNA and protein for both M-CSF (16,
17) and its receptor (18). M-CSF can directly affect multiple
steps involved in atherogenesis including monocyte recruit-
ment, macrophage survival and proliferation within the lesion,
and removal of modified lipoproteins from the extracellular
space of the vessel wall. Results from in vivo studies have
suggested that M-CSF has both pro- and anti-atherogenic ac-
tivities (19—-22). Atherosclerotic studies using osteopetrotic (op/
op) mice, which lack M-CSF due to a structural gene mutation,

! The abbreviations used are: M-CSF, macrophage colony-stimulat-
ing factor; B-VLDL, B-very low density lipoprotein; LDL, low density
lipoprotein; AcLDL, acetylated low density lipoproteins; SR-A, class A
scavenger receptor; DMEM, Dulbecco’s modified Eagle’s medium; FBS,
fetal bovine serum; BSA, bovine serum albumin; PI 3-kinase, phos-
phatidylinositol 3-kinase.
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have shown that M-CSF deficiency greatly reduced lesion de-
velopment in the atherogenic susceptible LDL receptor (—/—)
(19) and apolipoprotein E (—/—) strains (20-22). Interestingly,
findings in the study by Rajavashisth et al. (19) suggest the
effect of M-CSF deficiency on atherogenesis was not a conse-
quence of a reduction in circulating monocytes, but resulted
from a direct effect of cytokine deficiency on lesion formation.
In contrast to studies using op/op mice, intravenous injection of
Watanabe heritable hyperlipidemic rabbits with M-CSF (three
times a week for 8.5 months) significantly reduced cholesterol
ester content and size of aortic atherosclerotic lesions (23).
Thus, the role of M-CSF in atherosclerosis may be complex and
dependent upon the extent and the site of M-CSF expression.

A number of in vitro studies have shown that prolonged
exposure (>24 h) of macrophages to M-CSF enhanced the up-
take of modified-LDL via both nonspecific (24) and specific
pathways; the latter involving enhanced SR-A expression (25—
27). Because binding of M-CSF to its receptor activates several
signaling pathways (11), we examined whether a short expo-
sure of macrophages to M-CSF would alter the rapid metabo-
lism of lipoprotein-cholesterol. In contrast to prolonged M-CSF
exposure, our results indicate that a brief exposure (5 h) of
macrophages to recombinant M-CSF markedly increases the
uptake of certain lipoprotein particles. Specifically, we found
that M-CSF treatment enhanced the uptake of both LDL and
B-VLDL, obtained from cholesterol-fed rabbits, but did not
affect the uptake of AcLDL. In addition, we have shown that
enhanced B-VLDL metabolism following M-CSF treatment in-
volves activation of a G, protein signaling pathway that reg-
ulates LDL receptor-mediated lipoprotein metabolism.

EXPERIMENTAL PROCEDURES

Chemicals—Dulbecco’s modified Eagle’s medium (DMEM) with L-
glutamine and high glucose, DMEM with 25 mM HEPES but without
sodium bicarbonate, and heat-inactivated fetal bovine serum (FBS)
were purchased from Life Technologies, Inc. Penicillin and streptomy-
cin were purchased from Sigma. Recombinant murine M-CSF was
purchased from R&D Systems (Minneapolis, MN) and was solubilized
in phosphate-buffered saline containing 0.1% bovine serum albumin
(BSA,; Sigma). Pertussis toxin (Bordetella pertussis) and mastoparan
were from Calbiochem (La Jolla, CA) and were both solubilized in
phosphate-buffered saline containing 0.1% BSA. Wortmannin was pur-
chased from Sigma and solubilized as a stock solution in dimethyl
sulfoxide (Me,SO). Na'?’I and [*H]oleate were obtained from Amer-
sham Pharmacia Biotech.

Lipoprotein Isolation, Acetylation, and Radioiodination—LDL (d =
1.019-1.063 g/ml) was isolated by sequential ultracentrifugation (28) of
EDTA-anticoagulated plasma obtained from healthy normolipidemic
volunteers. LDL was dialyzed against saline containing 1 mm EDTA
(pH 7.4). AcLDL was prepared by chemical modification of the LDL
with acetic anhydride as described by Basu et al. (29) and confirmed by
comparing the relative electrophoretic mobility of AcLDL to native LDL
on an agarose gel. B-VLDL (d = 1.006-1.019 g/ml) was isolated by
sequential ultracentrifugation of EDTA-anticoagulated plasma ob-
tained from 12-h fasted male New Zealand White rabbits (Myrtles)
maintained on a cholesterol-enriched diet (1% w/w cholesterol; test diet
9456, Purina, Richmond, IN). Lipoprotein preparations were sterilized
by passage through 0.22-um filters and stored at 4 °C. Lipoprotein
samples were analyzed for protein content as described by Lowry (30).
B-VLDL and LDL were radiolabeled using an indirect labeling method
with Na'?*T using IODO-GEN® pre-coated tubes (Pierce) following man-
ufacturer’s instructions; in this method, the scavenging wash step was
omitted and the radioiodination reaction was terminated by passing the
sample over two desalting columns (Bio-Gel P6DG, Pierce).

Cell Culture—J774A.1 cells, a murine macrophage cell line, was
obtained from American Type Culture Collection (Manassas, VA) and
were maintained in DMEM containing penicillin (10 units/ml), strepto-
mycin (10 pg/ml), and 10% FBS. Resident macrophages were collected
from both male and female inbred C57BL/6 wild type and LDL receptor-
deficient mice (Jackson Laboratory, Bar Harbor, ME) and male outbred
Cr:NIH (S) Swiss mice (National Cancer Institute, Charles River Lab-
oratories, Frederick, MD) by peritoneal lavage with ice-cold sterile
saline. Cells were resuspended in DMEM containing antibiotics and
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FBS. After an overnight incubation at 37 °C, non-adherent peritoneal
cells were removed by gently washing cells three times with serum-free
DMEM. Adherent peritoneal macrophages were then cultured in me-
dium with FBS.

Cholesterol Esterification Assay—The incorporation of [*H]oleic acid
into cholesterol esters was used as a measure of macrophage-mediated
uptake of lipoproteins. Lipoproteins were added to either J774A.1 or
peritoneal macrophages and incubated for 5 h in DMEM plus antibiot-
ics but no serum. Prior to the addition of lipoproteins, macrophages
were treated with pertussis toxin (100 ng/ml) for 24 h, with wortmannin
(100 nm) for 45 min and with M-CSF (1-100 ng/ml) or mastoparan (10
uM) for 15 min. In addition, each well of cells received 0.9 uCi [*H]oleic
acid complexed with fatty acid-free BSA in a molar ratio of 5:1. The
cholesterol ester assays were analyzed as described previously (15).

125].3-VLDL Specific Association and Degradation by Macro-
phages—To quantify lipoprotein association and degradation, J774A.1
macrophages were cultured in 12-well plates in the presence of DMEM
plus antibiotics and serum. When the cells were 80% confluent, the
medium was changed to 0.5 ml/well of serum-free DMEM plus antibi-
otics and 0.5% BSA, and the macrophages were cultured for an addi-
tional 5 h in the absence or presence of M-CSF (25 ng/ml) and 50 pg
1251-8-VLDL. Culture plates were put on ice and the incubation medium
was transferred to disposable glass 12 X 75-mm tubes containing 55 ul
of 100% trichloroacetic acid. The cells were then washed once with
ice-cold buffer A (154 mm NaCl, 42 mMm Tris-HCI, 8 mM Tris, 0.2% BSA,
pH 7.4) and twice with BSA-free buffer A. Cellular protein was solubi-
lized for 16 h at room temperature in 1 ml of 0.1 N NaOH. Tubes
containing the medium-trichloroacetic acid solution were vortexed,
placed on ice for a minimum of 30 min, and subjected to centrifugation
(1500 X g, 30 min, 4 °C). Radioactivity in the supernatant of the media
following trichloroacetic acid precipitation and in the protein extract
were determined using a CliniGamma 1272 [gamma- counter (Wallac
Oy, Turku, Finland); cell protein was determined using the Bio-Rad
protein assay with BSA used to generate a standard curve. The amount
of associated '?*I-8-VLDL and degradation products generated in the
absence of cells was also measured and subtracted from the correspond-
ing samples incubated with cells. Degraded and cell-associated
1251.8-VLDL was expressed as nanograms of '?°I-8-VLDL/mg of cell
protein/5 h.

125].8-VLDL and *?°I-LDL Specific Binding to Macrophages—To
quantify lipoprotein binding, J774A.1 macrophages were cultured in
12-well plates in the presence of DMEM plus antibiotics and serum.
When the cells were 80% confluent, the medium was changed to serum-
free DMEM plus antibiotics, and the macrophages were cultured for an
additional 5 h in the absence or presence of M-CSF (25 ng/ml). Prior to
beginning the binding study, the cell media was replaced with ice-cold
DMEM supplemented with 0.5% BSA and 25 mm HEPES; pH 7.4.
Following an additional 0.5 h at 4 °C, either *#*I-3-VLDL (0.25-20
wg/ml) or 2°I-LDL (0.25—-80 ng/ml) was added to the cells in the ab-
sence or presence of a 20-fold excess of unlabeled B-VLDL or LDL,
respectively, and the cells were then incubated for an additional 2.5 h at
4 °C. The cells were then washed once with ice-cold buffer A plus 0.2%
BSA and twice with BSA-free buffer A. Cellular protein was solubilized
for 16 h at room temperature in 0.5 ml of 0.1 N NaOH. Radioactivity in
the protein extract was determined as stated above; cell protein was
determined using the Bio-Rad protein assay. The amount of specific
binding was calculated by subtracting the amount of '?*I-lipoprotein
bound in the presence of a 20-fold excess of unlabeled lipoprotein from
the total amount of '?°I-lipoprotein bound. The results are expressed as
nanograms of ***I-8-VLDL or ***I-LDL bound/mg of cell protein.

Statistical Analysis—Data analysis was performed using SigmaStat
2.03 software (SPSS Inc.). For each parameter, the mean and standard
error of mean (S.E.) were calculated. Differences between a control and
single experimental group were evaluated by ¢ test. In those experi-
ments where more than one experimental group existed (Figs. 1, 7, and
8A), differences were evaluated using a one-way analysis of variance
with all pairwise multiple comparison procedures conducted using the
Tukey test. Values with p < 0.05 were considered statistically
significant.

RESULTS

M-CSF Treatment Enhances the Metabolism of B-VLDL and
LDL—Prolonged exposure (>24 h) of monocyte-derived macro-
phages to M-CSF has been shown to regulate the metabolism of
modified-LDL, but not B-VLDL (25, 27, 31). In the current
study, we examined whether acute treatment of macrophages
with M-CSF would differ from that of prolonged M-CSF expo-
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Fic. 1. Cholesterol esterification was determined in mouse
peritoneal macrophages that were untreated (open bars) or
treated (solid bars) for 15 min with increasing concentrations of
recombinant mouse M-CSF (1-100 ng/ml) prior to incubation
with 25 ug of protein/ml of 8-VLDL and a [*H]oleic acid-albumin
complex for 5 h. Cellular esterified cholesterol was isolated by thin
layer chromatography and cholesteryl [*H]oleate quantified by liquid
scintillation counting. Values represent mean *= S.E. of three separate
determinations made in triplicate. *, p = 0.001 versus B-VLDL alone.

sure by having a significant affect on the metabolism of
B-VLDL. Using incorporation of [*H]oleic acid into cholesterol
esters as a measure of macrophage-mediated lipoprotein me-
tabolism, we found that acute exposure of peritoneal macro-
phages to M-CSF (10-100 ng/ml) significantly enhanced
B-VLDL-induced cholesterol ester deposition (268.2 = 12.3 ver-
sus 372.2 = 13.7 nmol/mg of protein/5 h at 100 ng/ml of M-CSF;
p < 0.001, n = 3, Fig. 1). Maximal enhancement of B-VLDL
metabolism by M-CSF treatment occurred at a concentration of
approximately 25 ng/ml (Fig. 1). Similarly, M-CSF, in a con-
centration dependent manner, enhanced the metabolism of
B-VLDL by the murine macrophage cell line J774A.1 (data not
shown). Metabolism of B-VLDL by peritoneal and J774A.1
macrophages, in either the absence or presence of M-CSF,
saturated at a concentration of 25 pg of lipoprotein/ml of me-
dium, indicating that accumulation of this lipoprotein (= M-
CSF) involved a specific receptor-mediated uptake process (Fig.
2, A and B). Similar to B-VLDL, native LDL-induced choles-
terol ester deposition was significantly enhanced by acute M-
CSF treatment of J774A.1 macrophages (Fig. 20).

M-CSF Treatment Enhances the Association and Degrada-
tion of B-VLDL—To examine whether cytokine treatment di-
rectly enhancing internalization and degradation of B-VLDL,
association and degradation studies were conducted at 37 °C
using 2°I-B-VLDL and J774A.1 macrophages incubated in the
absence or presence of M-CSF (25 ng/ml). Compared with non-
treated cells, M-CSF treatment significantly enhanced the spe-
cific degradation of B-VLDL by macrophages at 37 °C (2392.3 =
473.2 versus 3785.9 = 358.2 ng/mg of protein/5 h; at 50 ug of
protein/ml, p = 0.018, n = 5) (Fig. 3A). In parallel, cell associ-
ation of 12°I-8-VLDL was also enhanced by M-CSF treatment
(212.5 * 14.1 versus 296.1 = 37.7 ng/mg of protein/5 h; at 50 pg
of protein/ml, p = 0.047, n = 5) (Fig. 3B).

M-CSF Treatment Does Not Enhance AcLDL Metabo-
lism—To determine whether the effect of M-CSF was specific
for B-VLDL, mouse peritoneal macrophages were incubated
with AcLDL to examine scavenger receptor-mediated lipopro-
tein metabolism. In the absence of M-CSF, incubation of macro-
phages with AcLDL caused significant cholesterol ester depo-
sition compared with control cells (245 * 16 versus 12 = 3
nmol/mg of protein/5 h; p = 0.0001, n = 3, Fig. 4). In contrast
to B-VLDL, addition of M-CSF (25 ng/ml) did not alter choles-
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Fic. 2. Cholesterol esterification was determined in mouse
peritoneal macrophages (A) or cultured J774A.1 murine macro-
phages (B and C), that were untreated (open circles) or treated
(solid circles) for 15 min with recombinant mouse M-CSF (25
ng/ml) prior to incubation with increasing concentrations of
either B-VLDL or LDL (10-50 pg of protein/ml) and a [*Hloleic
acid-albumin complex for 5 h. Cellular esterified cholesterol was
isolated by thin layer chromatography and cholesteryl [*H]oleate quan-
tified by liquid scintillation counting. Values represent mean + S.E. of
three determinations made in triplicate. A, *, p = 0.041; B, *, p = 0.05;
C, * p = 0.0057.

terol ester deposition during incubation with AcLDL (249 + 6
nmol/mg of protein/5 h; p = non-significant versus incubation
with AcLDL alone, n = 3, Fig. 4). This result suggests that the
enhanced uptake of 3-VLDL observed in the presence of M-CSF
did not result from a generalized effect on lipoprotein uptake
and metabolism.

Enhanced B-VLDL Metabolism Is Mediated by the LDL Re-
ceptor—B-VLDL has the potential to be internalized by all
members of the LDL receptor family (32). However, g-VLDL,
either in the presence or absence of M-CSF, failed to simulate
cholesterol ester deposition in peritoneal macrophages isolated
from LDL receptor (—/—) mice (Fig. 5). These results indicate
that M-CSF enhances B-VLDL metabolism via a process that
specifically involves the LDL receptor.
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represent mean = S.E. of five determinations made in triplicate. *, p =
0.05 versus incubation in the absence of M-CSF.

! * ! *

ng ['*1]g-VLDL/mg Cell Protein

ng 125I-3-VLDL/mg cell protein/5h ng 1251-g-VLDL/mg cell protein/5 h

L
=]
=]

—— Control
mm + M-CSF (25 ng/mil)

200
150
100 ¥

0 — |

L]
[
o

nmol Cholesteryl [3H]Oleate1'mg Cell PrisSh

AcLDL

No
Lipoprotein (50 pg/mil)

Fic. 4. Cholesterol esterification was determined in mouse
peritoneal macrophages that were untreated (open bars) or
treated (solid bars) for 15 min with recombinant mouse M-CSF
(25 ng/ml) prior to incubation with 50 ug of protein/ml of AcLDL
and a [*H]oleic acid-albumin complex for 5 h. Cellular esterified
cholesterol was isolated by thin layer chromatography and cholesteryl
[*H]oleate quantified by liquid scintillation counting. Values represent
mean * S.E. of three separate determinations made in triplicate.

M-CSF Treatment Does Not Increase B-VLDL or LDL Bind-
ing—To examine whether M-CSF treatment enhanced the
number of B-VLDL binding sites at the cell surface, binding
studies were conducted at 4 °C (to prevent ligand internaliza-
tion) using '?°I-8-VLDL and J774A.1 macrophages incubated
in the absence or presence of M-CSF (25 ng/ml). M-CSF treat-
ment did not enhance the specific binding of 3-VLDL by macro-
phages at 4 °C (Fig. 6A). Similarly, M-CSF treatment did not
increase the binding of native '?I-LDL to its receptor at 4 °C
(Fig. 6B). In contrast to both ?°1-8-VLDL and '?°I-LDL binding
at 4 °C, M-CSF treatment of J774A.1 macrophages at 37 °C
significantly enhanced the metabolism of both B-VLDL
(263.4 = 20.4 versus 369.9 * 9.3 nmol/mg of protein/5 h; at 50

—— Control
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Fic. 5. Cholesterol esterification was determined in mouse
peritoneal macrophages derived from either wild type
(LDLr+/+) or LDL receptor-deficient (LDLr—/—) mice. Macro-
phages were untreated (open bars) or treated (solid bars) for 15 min
with recombinant mouse M-CSF (25 ng/ml) prior to incubation with 50
ug of protein/ml of B-VLDL and a [*H]oleic acid-albumin complex for
5 h. Cellular esterified cholesterol was isolated by thin layer chroma-
tography and cholesteryl [*H]oleate quantified by liquid scintillation
counting. Values represent mean * S.E. of three separate determina-
tions made in triplicate. *, p = 0.008.
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Fic. 6. J774A.1 macrophages were incubated in the absence
(open circles) or presence (solid circles) of M-CSF (25 ng/ml) for
5 h at 37 °C. The cells were rinsed and incubated with increasing
concentration of *?*I-8-VLDL (0.25-20 pug of protein/ml) (A) or ?*I-LDL
(0.25-80 pg of protein/ml) (B) at 4 °C for 2.5 h. The amount of specific
binding was calculated by subtracting the amount of '**I-lipoprotein
bound in the presence of a 20-fold excess of unlabeled lipoprotein from
the total amount of '?*I-lipoprotein bound. Values represent mean *
S.E. of either three (*?*I-8-VLDL) or two (*?°I-LDL) determinations
made in duplicate.

pg of protein/ml, p = 0.009, n = 3) and LDL (42.9 *+ 4.6 versus
65.2 = 4.8 nmol/mg of protein/5 h; at 50 ug of protein/ml, p =
0.0057, n = 2) (Fig. 2, B and O).

M-CSF Does Not Enhance B-VLDL Metabolism via PI 3-Ki-
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Fic. 7. Cholesterol esterification was determined in mouse
peritoneal macrophages that were untreated (opern and solid
bars) or treated (diagonal and hatched bars) with a specific PI
3-kinase inhibitor, wortmannin (100 nm), for 30 min and then
incubated for 15 min in the absence (open and diagonal bars) or
presence (solid and hatched bars) of recombinant mouse M-CSF
(25 ng/ml). B-VLDL (25 pg of protein/ml) and a [*H]oleic acid-albumin
complex was added and incubations continued for 5 h. Cellular esteri-
fied cholesterol was isolated by thin layer chromatography and cho-
lesteryl [*H]oleate quantified by liquid scintillation counting. Values
represent mean *= S.E. of three separate determinations made in trip-
licate. *, p = 0.02 versus incubation with B-VLDL alone.

nase or Src Kinase—Binding of M-CSF to its receptor initiates
a number of specific signaling cascades, including activation of
PI 3-kinase, the non-receptor Src family of tyrosine kinases,
and Gy, proteins (11). To examine the potential role of PI
3-kinase activation in M-CSF-enhanced B-VLDL uptake, a spe-
cific PI 3-kinase inhibitor, wortmannin, was added prior to the
addition of B-VLDL alone or 3-VLDL plus M-CSF. Wortmannin
irreversibly inhibits the catalytic subunit of mammalian PI
3-kinase with an IC5, = 3 nm (33-35). Specific inhibition of this
kinase signaling pathway with wortmannin up to 100 nm did
not affect the enhanced metabolism of B-VLDL following M-
CSF-treatment (Fig. 7). Similarly, the Src tyrosine kinase in-
hibitors 4-amino-5-(-4-cholorophenyl)-7-(¢-butyl)pyrazolo 3,4-d-
pyrimidine (PP2; 100 nm) and herbimycin A (1 uMm) did not
affect the enhanced metabolism of 3-VLDL mediated by M-CSF
treatment (data not shown).

M-CSF Enhances B-VLDL Metabolism via G;,, Protein Acti-
vation—To examine the role of heterotrimeric G proteins, peri-
toneal macrophages were treated with either a specific inhibi-
tor of G;,, protein signaling, pertussis toxin (36, 37), or a direct
G/, protein activator, mastoparan (38), prior to the addition of
B-VLDL alone or B-VLDL plus M-CSF. As shown previously
(15), pertussis toxin treatment did not affect cholesterol ester
deposition during incubation with 8-VLDL alone (183.0 * 16.7
versus 169.2 * 28.7 nmol/mg of protein/5 h; p = non-significant,
n = 3) (Fig. 8A). However, pre-treatment with toxin completely
attenuated the augmented cholesterol ester deposition pro-
moted by M-CSF (352.0 = 55.0 versus 177.4 + 22.5 nmol/mg of
protein/5 h; B-VLDL+M-CSF versus B-VLDL + M-CSF +
toxin, p = 0.014, n = 3) (Fig. 8A). Treatment of peritoneal
macrophages with mastoparan was found to mimic the effect of
M-CSF; metabolism of B-VLDL was significantly enhanced in
the presence of mastoparan (130.9 *= 14.8 versus 295.5 + 51.4
nmol/mg of protein/5 h; p = 0.015, n = 5), whereas AcLDL
metabolism was not affected (105.3 = 5.5 versus 115.1 = 5.4
nmol/mg of protein/5 h; p = non-significant, n = 3) (Fig. 8B).

DISCUSSION

We examined whether B-VLDL metabolism by macrophages
would be affected by a brief exposure of the cells to M-CSF.
Acute M-CSF treatment of both primary isolates and cultured
murine macrophages significantly enhanced cholesterol ester
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Fic. 8. A, cholesterol esterification was determined in mouse perito-
neal macrophages that were untreated (open and solid bars) or treated
(diagonal and hatched bars) with pertussis toxin (Ptx, 100 ng/ml) for
24 h and then incubated for 15 min in the absence (open and diagonal
bars) or presence (solid and hatched bars) of recombinant mouse M-CSF
(25 ng/ml), prior to incubation with B-VLDL (50 pg of protein/ml) and a
[*H]oleic acid-albumin complex for 5 h. B, cholesterol esterification was
determined in mouse peritoneal macrophages that were untreated
(open bars) or treated (solid bars) for 15 min with mastoparan (10 um)
prior to incubation with B-VLDL (50 ug of protein/ml), AcLDL (10 ug of
protein/ml), and a [*H]oleic acid-albumin complex for 5 h. Cellular
esterified cholesterol was isolated by thin layer chromatography and
cholesteryl [*H]oleate quantified by liquid scintillation counting. Values
represent mean * S.E. of three separate determinations (all groups in
A and AcLDL group in B) or four separate determinations (B-VLDL
group in B) made in triplicate. A, *, p = 0.014 versus incubation with
B-VLDL alone, ** p = 0.014 versus incubation with 3-VLDL + M-CSF.
B, *, p = 0.015 versus incubation with -VLDL alone.

deposition upon incubation of cells with either LDL or g-VLDL.
In contrast to its effect on metabolism of LDL receptor ligands,
M-CSF did not alter cholesterol ester deposition in macro-
phages treated with AcLDL. Thus, the effect of M-CSF-treat-
ment on B-VLDL- and LDL-mediated cholesterol ester deposi-
tion was not the result of a nonspecific affect on lipoprotein
uptake and metabolism. To further address this issue, we per-
formed uptake and degradation experiments at 37 °C using
1251.8-VLDL. M-CSF treatment significantly enhanced degra-
dation of '2°I-8-VLDL consistent with the notion that the cy-
tokine was specifically enhancing lipoprotein uptake rather
than affecting cholesterol metabolism downstream of lysosomal
degradation of the lipoprotein. Enhanced metabolism of both
B-VLDL and LDL induced by M-CSF treatment was found to be
saturable, indicating that accumulation of these lipoproteins
involved a specific uptake process. However, 4 °C binding stud-
ies using both '2°I-LDL and '?°I-8-VLDL indicated that M-CSF
did not enhance lipoprotein metabolism via increasing cell sur-
face lipoprotein receptor (LDL receptor) expression. In contrast
to our findings, prolonged exposure (4 days) of a human mono-
cyte-derived macrophage cell line (tetradecanoyl phorbol ace-
tate-treated THP-1cells) to M-CSF had no affect on B-VLDL-
induced cholesterol ester deposition (31). Possible explanations
to account for this discrepancy may include desensitization of
an M-CSF signaling pathway in response to prolonged incuba-
tion with the cytokine, or changes in an M-CSF signaling
pathway following prolonged exposure to the phorbol ester
used to differentiate THP-1 monocytes.
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A number of studies have shown that prolonged exposure of
macrophages to M-CSF will lead to an enhanced uptake of
modified LDL via both nonspecific (24) and specific pathways;
the latter involving enhanced SR-A expression (25-27). In con-
trast, we found that acute treatment of peritoneal macrophages
with M-CSF did not affect the uptake of AcLDL, which binds to
SR-A but not the LDL receptor, suggesting that the effect of
M-CSF did not reflect generalized enhancement of lipoprotein
uptake and metabolism. A likely explanation to account for the
contrast between our findings and those of previous studies is
that 5 h of M-CSF exposure is not sufficient to significantly
alter SR-A receptor expression and function.

Incubation of peritoneal macrophages derived from LDL re-
ceptor (—/—) mice with B-VLDL did not increase cholesterol
ester deposition over basal concentrations. Furthermore, treat-
ment of LDL receptor (—/—) peritoneal macrophages with M-
CSF did not augment B-VLDL uptake. These results strongly
implicate the LDL receptor in mediating f-VLDL metabolism
by peritoneal macrophages and that M-CSF enhances B-VLDL
metabolism by affecting LDL receptor activity. Despite the fact
that uptake of B-VLDL was found to occur via the LDL recep-
tor, M-CSF treatment of LDL receptor (+/+) macrophages did
not increase binding of either '2°1-8-VLDL or 2°I-LDL to the
cell surface. Consistent with our finding, Stopeck et al. (39)
previously demonstrated that 24-h pretreatment of the human
hepatic cell line, HepG2, with M-CSF did not affect binding of
1251 DL to the LDL receptor at 4 °C. Together, these data
indicate that the increase in B-VLDL metabolism observed in
M-CSF-treated cells does not result from increased expression
or changes in the number of cell surface receptors for g-VLDL
or LDL.

Pinocytosis is an active endocytic process that is important in
the uptake of extracellular fluid (fluid phase pinocytosis) and
macromolecules (receptor-mediated endocytosis), and in the
turnover of the plasma membrane and its components (40, 41).
Unlike receptor-mediated endocytosis, which exclusively in-
volves internalization via clathrin-coated vesicles, fluid phase
pinocytosis, which includes both macro- and micro-pinocytosis,
can occur through either clathrin-coated or uncoated vesicles
(42). M-CSF treatment has been shown to rapidly stimulate
fluid-phase pinocytosis in murine bone marrow derived macro-
phages via activation of PI 3-kinase (43, 44). In contrast to its
effect on fluid phase pinocytosis, M-CSF treatment did not
enhance receptor-mediated endocytosis of either transferrin or
AcLDL via the transferrin receptor or SR-A, respectively (44).
The PI 3-kinase inhibitors wortmannin and LY294002 pre-
vented enhancement of fluid phase pinocytosis, but had little
effect on receptor-mediated endocytosis of transferrin (44) and
AcLDL (44, 45). Our findings that pre-treatment of peritoneal
macrophages with wortmannin did not inhibit the enhanced
uptake of B-VLDL mediated by M-CSF is in agreement with
earlier studies, which showed that M-CSF does not affect re-
ceptor-mediated endocytosis, and argues strongly in favor of
the idea that M-CSF enhances uptake of B-VLDL via a recep-
tor-mediated endocytic process and not via activation of a PI
3-kinase-mediated macropinocytic process.

Pertussis toxin, a specific inhibitor of G/, protein signaling
(36, 37), inhibits signal transduction and proliferation of mono-
cytes and macrophages stimulated with M-CSF (46-50), sug-
gesting that G, proteins are involved in M-CSF-mediated sig-
nal transduction. Subsequent to these earlier findings, Corre
and Hermouet (51) showed that Ga;, is the G protein subtype
responsible for the effects of pertussis toxin on M-CSF stimu-
lated cellular proliferation of BAC 1.2F5 cells, a murine macro-
phage cell line that is dependent on M-CSF for its survival and
proliferation. Our results present strong evidence showing that

M-CSF Enhances LDL Receptor Function via G
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enhanced uptake of B-VLDL upon M-CSF treatment is medi-
ated by G/, protein signaling. First, pre-treatment with per-
tussis toxin did not affect cholesterol ester deposition during
incubation with B-VLDL alone; however, pre-treatment with
toxin completely attenuated the augmented cholesterol ester
deposition promoted by M-CSF. Second, acute treatment with
mastoparan, a direct activator of G/, proteins (38) mimicked
M-CSF by enhancing the metabolism of B3-VLDL, but not that
of AcLDL.

In summary, acute incubation of peritoneal macrophages
with M-CSF has pronounced effects on the metabolism of
B-VLDL and native LDL. The findings from this study describe
a novel regulatory pathway linking G/, protein-mediated sig-
naling and LDL receptor-mediated lipoprotein metabolism.
Furthermore, by showing that signaling via the M-CSF recep-
tor promotes rapid cholesterol ester accumulation, this study
defines a potentially important control mechanism for regulat-
ing lipoprotein metabolism and atherogenesis.
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