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Anti-atherosclerotic effects of human macrophage colony-stimulating factor were inves-
tigated using rabbits fed a high cholesterol diet. Rabbits fed a diet containing 2% choles-
terol for 59 days developed hyperlipidemia and atheromatous aortic plaques. They were
then administered 80 pg/kg/day of either macrophage colony-stimulating factor or hu-
man serum albumin, as a control, for the next 12 weeks. Compared with the control
group, rabbits treated with macrophage colony-stimulating factor had significantly
fewer plaques on the inner surface of the thoracic and abdominal aortae, and half the
sectional area of thickened intima in the aortic arch, as well as in the thoracic and
abdominal aortae. Macrophage colony-stimulating factor also decreased the cholesterol
content of the atherosclerotic lesions. Serobiochemical analyses revealed that macro-
phage colony-stimulating factor increased the levels of high density lipoprotein—choles-
terol significantly, without influencing other lipid parameters such as the level of low
density lipoproteins, The effects of macrophage colony-stimulating factor were evident
until the fourth week of drug injection, at which time anti-human macrophage colony-
stimulating factor antibodies were clearly induced in the serum. These results indicate
that exogenously administered macrophage colony-stimulating factor suppresses ath-
erosclerotic lesions induced by a high cholesterol diet by activating lipid metabolism in

vivo.
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Macrophage colony—stimulating factor (M-CSF), a glycopro-
tein with a molecular mass of 85 kDa (I), has been found
not only to be a hematopoietic factor that stimulates the
production of monocytes/macrophages in bone marrow (2,
3), but also to have a wide range of biological activities (4~
9). M-CSF is produced in the intima of atherosclerotic
lesions (10), which may be caused by oxidized serum com-
ponents (1), and is thought to be associated with disease
progression. On the other hand, systemic administration of
human urinary M-CSF has been found to reduce total
serum cholesterol in both clinical trials in leukocytopenia
patients (I12), and in experimental animals (13, 14). The
cholesterol-lowering activity of M-CSF has been shown in
patients with familial hypercholesterolemia (15). Further
experiments using Watanabe heritable hyperlipidemic
(WHHL) rabbits, hereditary atherogenic rabbits without
functional low density lipoprotein (LDL) receptors, have
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revealed that serial injections of M-CSF arrest the progres-
sion of atheroma formation (16). In vitro studies indicate
that M-CSF-treated macrophages experience increased
uptake of acetyl-LDL and enhanced cholesterol esterifica-
tion (17, 18). M-CSF also regulates scavenger receptor gene
expression in cultured monocytes, and stimulates apolipo-
protein E (Apo E) and lipoprotein lipase gene expression in
vitro (19, 20), consistent with an enhancement of reverse
cholesterol transport (21).

Recent studies using M-CSF-deficient mice (op/op), how-
ever, give paradoxical results, demonstrating that M-CSF
plays a crucial role in atherogenesis. Atherosclerosis in-
duced in either LDL receptor-null or Apo E-null mice was
significantly suppressed by M-CSF-deficiency (22-24). Het-
erozygous mice (op/ +) were also resistant to atherogenesis
(24). These results clearly show that M-CSF at physiologi-
cal levels supports atheroma formation caused by heredi-
tary hyperlipidemic disease. On the other hand, a thera-
peutic dose of M-CSF suppresses the advancement of
lesions established in WHHL rabbits (25). The hyperlipo-
proteinemia induced by an atherogenic diet increases the
levels of very low-density lipoproteins (VLDL) as well as
LDL, and is different from conditions in WHHL rabbits, in
which LDL-cholesterol levels are more purely elevated.
This pattern may resemble postprandial hyperlipoproteine-
mia and diabetic dyslipidemia more closely than conditions
in WHHL rabbits. Thus, we have been interested in the
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effects of M-CSF on atherosclerosis established in dietary
animal models, rather than in hereditary models. In the
present study, we performed a sustained administration of
M-CSF to high cholesterol fed-rabbits, and demonstrated
its anti-atherosclerotic effects, which are probably elicited
by up-regulating the serum level of high density lipoprotein
(HDL)—cholesterol.

MATERIALS AND METHODS

Atherogenic Rabbits—Twelve-week-old male NZW rab-
bits (2.4-3.0 kg) were purchased from Kitayama Labes, and
kept at 21°C and 55% humidity with light for 12 h/day
(7:00-19:00). After quarantine for 6 days, animals confirm-
ed to be normal were fed commercial solid food containing
2% cholesterol (RC-4, Oriental Yeast) for 59 days. Autopsies
were performed on two animals to confirm the formation of
atherosclerotic lesions in the aortic arch, thoracic and ab-
dominal aortae. All experimental procedures met the ethi-
cal standards outlined in the Helsinki Declaration.

Drug Treatment—Atherogenic rabbits without jaundice
were returned to a normal diet, and daily treatment with
recombinant human M-CSF (Genetics Institute) was initi-
ated (n = 11). Human serum albumin (HSA) (Aipha Thera-
peutic), another foreign protein, was used as a control drug
(n = 11) (16). Drugs were dissolved in saline solution
(Otsuka Pharmaceutical Factory), and injected into the
femoral muscle at a dose of 80 ng/0.2 ml/kg/day for 12 con-
secutive weeks. The daily dose of M-CSF was determined to
be below the critical limit for thrombocytopenia (14).

Pathological Examination of Aorta—Upon completion of
drug-treatment, all animals were anesthetized with thio-
pental sodium (RAVONAL®, Tanabe Pharmaceutical) and
sacrificed by bleeding via the carotid artery. Aortae from
the arch to the abdominal region were excised and cut
length-wise along the longitudinal muscle. Aortic strips
were fixed in PBS containing 1% formalin for more than 12
h at 4°C, then sectioned at three sites: the first intercostal
bifurcation, then 4 ¢cm and 8 cm distally therefrom (Fig. 1).
The resulting four parts represented the aortic arch, the
proximal thoracic aorta, the distal thoracic aorta and the
abdominal aorta. Atheromatous plaques in each aortic sec-
tion were traced by a xerographic method (26). The total
intimal surface area of the aorta and the area of plaques in
the inner vessel wall were measured using a real-time
image analyzer (LUZEX IID, Nireco). The atheromatous
plaque formation ratio was calculated by the following
equation:

(%) = (plaque area) + (total aortic inner surface area)
X 100

The aortic arch and thoracic aorta were then bisected longi-
tudinally. From the left half of the bisected specimens, lip-
ids were extracted by homogenization with a Potter-
Elvehjem-type teflon homogenizer in a 20-fold volume of a
2:1 (v/v) mixture of chloroform and methanol (27). Total-
and free-cholesterol contents were measured using com-
mercially available kits (Wako Pure Chemical). Cholesterol
ester content was calculated by subtracting free cholesterol
from total cholesterol.

Histological Analyses—The remaining right half of the
longitudinally bisected specimens and abdominal aorta
were fixed in formalin-calcium fixative (28), and divided
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Fig. 1. Schematic diagram of atherosclerotic lesions. Aortae,
from the arch to the abdominal area, of atherosclerotic rabbits were
excised and processed for histological (left) and lipid (right) analyses.
Forty sectional specimens were prepared from each aorta, and
stained with osmium (for lipid-staining) or hematoxylin-eosin.

into 10 X 4-mm slices (Fig. 1). The specimens were then
embedded in paraffin using a routine technique, alternat-
ing five tissue samples between osmium (28) and hematox-
ylin-eosin stain. Using an image analyzer, the intimal
(hypertrophied) and medial areas of each specimen were
measured.

Immunohistochemical Analyses—Intimal cell number on
the aortic arch specimens was counted using an image ana-
lyzer. The aortic arch specimens were further immuno-
stained for macrophages (RAM11, DAKO) using the strep-
toavidine-biotin method (HISTOFINE SAB-PO kit, NICHI-
RED. The immunostained specimens were projected onto
an image analyzer to measure positively stained areas.

Serobiochemical Analyses—Blood was sampled from the
auricular vein before and every 2 weeks during the drug-
treatment period. Sera were analyzed using commercially
available kits for total cholesterol (Wako Pure Chemical),
lipoprotein fractions (LDL, VLDL, and chylomicron) (Eiken
Chemical), and HDL-cholesterol (KYOWA-Medecs).

Anti-Human M-CSF Antibody Titration—Recombinant
human M-CSF in PBS (100 pg/ml) was dispensed at 100
plAawell into 96-well plates, and left for 3 h. The wells were
washed twice with washing buffer (0.01% Tween 20 in
saline), and incubated with blocking buffer (10% normal
horse serum, 0.1% BSA, 0.5% gelatin, 0.02% NaN, in PBS)
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at 4°C overnight. Rabbit serum was diluted 5 to 5 X 10°-
fold in blocking buffer, and dispensed into the M-CSF-
coated wells. Plates were incubated for 2 h, and washed 4
times. Horseradish peroxidase-conjugated goat anti-rabbit
IgG antibody (Bio-Rad) was diluted 2 X 10°-fold in blocking
buffer, and added to the wells for 2 h. After 6 washes, the o-
phenylene diamine substrate was dispensed. H,SO, (2 N)
was added to the wells after 30 min, and A ., Was mea-
sured. ED,, was calculated as the dilution rate giving the
half maximal value of A 45/540-

The neutralizing activity of the test serum was assayed
to inhibit hematopoietic colony formation elicited by recom-
binant human M-CSF. M-CSF at 10* U/ml and serially
diluted serum were mixed, and incubated for 1 h. This mix-
ture was assayed for colony-formation using murine bone
marrow cells (I). The neutralizing titer in the sample was
determined to be 5,000 U/ml, when the colony number de-
creased by half.

Statistical Analysis—Unpaired, two-tailed ¢-test was
used to compare M-CSF- and HSA-treated groups.

RESULTS

Atherogenic Rabbits—Within 59 days on the 2% choles-
terol diet, four out of 28 rabbits developed jaundice, two of
which died around the end of the dietary period. Two rab-
bits without jaundice were examined anatomically for the
progression of atherosclerosis. Advanced atheromatous
plaques were observed on the whole surface from the aortic
arch to abdominal aorta in both rabbits. Serobiochemical
analyses revealed remarkably elevated lipid parameters,
compared with data obtained from normal NZW rabbits
(29); total cholesterol: 2,150 + 200, LDL: 2,280 *= 200,
VLDL: 1,630 + 160, chylomicron: 1,700 + 280 (mean + SE,
n = 17). In contrast, the serum level of HDL-cholesterol in
the atherogenic rabbits (43.6 + 11.4 mg/dl) was twice that
in normal rabbits (29). Based on these results, we returned
the animals to a normal diet, and initiated daily M-CSF or
HSA treatments for animals without jaundice (n = 11).
Two rabbits developed jaundice within one month of M-

Fig. 2. Aortic specimens obtained from M-CSF- or HSA-
treated rabbits. Atherosclerotic rabbits were treated with 80 pg/
kg/day of either HSA (above) or M-CSF (below) for 12 weeks. Aortic
lesions were excised, and atheromatous plaques were visualized.
Aortae from the arch to the thoracic aorta are shown above the ab-
dominal aorta. One representative specimen from 10 (M-CSF) or 7
(HSA) animals is shown.
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CSF treatment, one of which eventually died. Four rabbits
in the HSA-treated group died due to deterioration caused
by jaundice.

Atheromatous Aortic Plaques—Autopsies carried out at
the end of the drug-treatment period revealed the forma-
tion of a large number of atheromatous plaques on the
inner aortic surfaces of all animals. The area most affected
was the aortic arch, with the plaques gradually decreasing
in frequency toward the abdominal region (Fig. 2). Treat-
ment with M-CSF improved the severity of plaque lesions
in both the thoracic and abdominal regions. The ratio of
plaque area to the aortic inner surface was calculated for
all animals, and compared between the M-CSF- and HSA-
treated groups (Fig. 3). From these results, it was found
that M-CSF removed plaques covering approximately 30%
of the surface area in the thoracic and abdominal regions.

Intimal Thickness of Aorta—Aortic specimens ranging
from the aortic arch to the abdominal area were stained
with hematoxylin-eosin (Fig. 4). In contrast to other speci-
mens, little trace of intimal lesions was observed in distal
thoracic and abdominal sections from M-CSF—treated rab-
bits. The sectional areas of both thickened intimal lesions
and vascular media of all animals examined were mea-
sured and compared between the M-CSF- and HSA-treat-
ed group (Fig. 5). Although there was no difference in the
medial sectional area of the aorta, the intimal area (hyper-
trophied area) was significantly reduced by M-CSF treat-
ment. The intimal area was halved by M-CSF treatment,
and the effect was observed not only in the thoracic and
abdominal regions, but in the aortic arch, where no effect of
M-CSF had been observed by plaque analysis (Fig. 3).

Cholesterol Content of Aorta—Cholesterol was extracted
from aortic lesions and measured as the free or esterified
form. Table I shows the cholesterol content in the aortic

lormation rati

Plaque

Fig. 3. Atheromatous plaques reduced by M-CSF treatment.
Atheromatous plaques, as shown in Fig. 2, were measured and the
ratio to total aortic inner surface area was calculated separately for
the aortic arch, proximal thoracic aorta, distal thoracic aorta and ab-
dominal aorta. Data are expressed as the mean * SEM of 10 (M-
CSF) and 7 (HSA) animals. Significant differences were found be-
tween the HSA- and M-CSF-treated groups (p < 0.05).
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arch, proximal, and distal thoracic aorta. According to the
severity of atherosclerosis, the cholesterol content was
higher in the aortic arch than in the thoracic aorta. Total
cholesterol content in the aorta was lower in the M-CSF-
treated group than in the HSA-treated group, most signifi-
cantly in the thoracic region. M-CSF removed not only cho-
lesterol ester, but also free cholesterol that accumulated in
the lesion.

Macrophages in the Lesions—Cellularity in the aortic

(a)

(d)

(e)

(@) | (h)
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lesions did not differ between M-CSF-treated and control
rabbits [0.143 * 0.013 cells/pm? (n = 10), 0.128 * 0.027 (7),
respectively (mean = SE)]. To investigate the effect of M-
CSF on macrophage infiltration into atherosclerotic lesions,
specimens of aortic arch were stained for macrophages
using RAM11 monoclonal antibody (Fig. 6). Macrophages
were detected deep in the intima, where cholesterol depos-
its and foam cells were occasionally observed. The posi-
tively stained areas were measured and compared between

Fig. 4. Light micrographs of
atherosclerotic lesions. Ath-
erosclerotic rabbits were treated
for 12 weeks with 80 ug/kg/day
of either M-CSF (a, c, e, g) or
HSA (b, d, f, h). Aortic lesions
were excised, and specimens
were stained at the aortic arch
(a, b), proximal thoracic aorta (c,
d), distal thoracic aorta (e, ),
and abdominal aorta (g, h). One
representative specimen of 10
(M-CSF) or 7 (HSA) is shown.

J. Biochem.
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Fig. 5. Cross-sectional intimal area reduced
by M-CSF treatment. Cross-sectional intimal
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TABLE I. Aortic cholesterol content is reduced by M-CSF-

treatment.®

Cholesterol (mg/4 cm aortic vessels)

Cholesterol  Drug i arch Proximal Distal

Aortic arc thoracic aorta  thoracic aorta

Free M-CSF 75+09" 04x04 0.0 = 0.0"
HSA 13.6 £ 2.0 3.0*12 2.1 0.8

Esterified M-CSF 11.1 * 0.9 34 +04" 34 01"
HSA 14.2 + 2.0 8.6 =+ 1.0 53+ 0.6

Total M-CSF 186 * 1.5 3.7 05" 34 0.1
HSA 278 +36 11.6=* 18 74+ 1.1

*Data expressed as the mean * SEM of 10 (M-CSF) and 7 (HSA)
animals. " “Significant difference between M-CSF- and HSA-
treated groups at p < 0.05, < 0.01, respectively.

the M-CSF-treated and control group. The difference was
not significant [M-CSF; 48 = 7 (n = 10), HSA; 43 * 8% (7)
(mean * SE)].

Serum Levels of Lipid Parameters—After the change to a
normal diet, serum levels of cholesterol continued to de-
crease during the experimental period regardless of the
drug administered (Fig. 7). Chylomicron levels decreased
rapidly, while the decrease in VLDL and LDL was gradual.
Serum levels of total cholesterol, LDL, VLDL, and chylomi-
crons were lower in the M-CSF—treated than HSA-treated
group, but the differences were not significant. HDL-choles-
terol levels in M-CSF~treated rabbits increased up to the
fourth week of treatment, while those in control rabbits
decreased. These results, together with the decrease in the
cholesterol content of the lesions, seem to indicate that M-
CSF activates reverse cholesterol transport by HDL in ath-
erosclerotic rabbits.

Anti-Human M-CSF Antibody Titer—The effect of M-
CSF on the increase in the serum level of HDL-cholesterol
was evident until the fourth week of treatment. Thus, the
possibility was investigated that an antibody against
human M-CSF was induced, leading to the inactivation of
exogenous M-CSF. Antibody titers against human M-CSF
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in the sera of experimental animals were assayed by en-
zyme-linked immunosorbent assay (ELISA), and the re-
sults are presented as the dilution rate giving half-maximal
absorbance (ED,) (Fig. 8). No antibody was detected before
M-CSF-injection in any animal, and induced after 2 weeks.
The ED,, value reached a plateau after 4 weeks of injec-
tion, and this continued to the end of drug administration.
Furthermore, the neutralizing ability to inhibit colony-for-
mation by human M-CSF was examined in the serum of an
M-CSF—treated rabbit, and shown to increase in parallel
with the ED;, value. From these results, it is plausible that
the effect of M-CSF was masked to some degree by anti-
body induction in this model.

DISCUSSION

Anti-Atherosclerotic Effect of M-CSF—This study demon-
strates that the sustained injection of M-CSF diminishes
atheromatous lesions in atherogenic rabbits fed a high cho-
lesterol diet, a non-hereditary atherosclerotic model. Inoue
et al. also demonstrated suppressive effects of M-CSF on
the development and progression of atherosclerosis in
WHHL rabbits (16). Watanabe et al. reported that repeated
injections of M-CSF into 11-month-old WHHL rabbits re-
duced the intimal thickness of advanced lesions signifi-
cantly (25). Therefore, exogenous M-CSF would seem to
have some effect on advanced atherosclerosis due to both
hereditary (LDL receptor deficiency) and dietary causes.

Effect of M-CSF on Lipid Parameters—The anti-athero-
sclerotic effects of M-CSF are thought to be caused by the
cholesterol lowering activity of M-CSF (12-15), which re-
sults from functional modulation of macrophages including
the expression of LDL- and scavenger-receptors (13, 30),
the activity of cholesterol-metabolic enzymes (31) and the
production of ApoE and lipoprotein lipase (19, 20). Our
study using a dietary model shows a tendency for decreases
in serum cholesterol, LDL, chylomicrons, and VLDL, but
the effect of M-CSF was not significant. Since these lipid
parameters decreased rapidly after the removal of the high
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Fig. 6. Effect of M-CSF on macrophages infiltrating the aortic lesion. Specimens of aortic arch from M-CSF (a)- and HSA (b)-treated
rabbits were immunostained for macrophages using RAM11 monodonal antibody. One representative specimen of 10 (M-CSF) or 7 (HSA) is

shown. Bars indicate 100 pum.
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Fig. 7. Effect of M-CSF on serum lipid parameters in athero-
sclerotic rabbits. Atherosclerotic rabbits were treated for 12 weeks
with 80 pg/kg/day of either M-CSF (n = 10) or HSA (n = 7). Serum
levels of total cholesterol (a), chylomicrons (b), VLDL (¢), LDL (d), and

cholesterol diet, the cholesterol lowering activity of M-CSF
might have been overcome. However, M-CSF increased the
serum level of HDL-cholesterol significantly in our athero-
genic rabbits. This is consistent with the experimental re-
sults of Stoudemire and Garnick in which M-CSF was
found to up-regulate serum HDL cholesterol levels in

Administration period (weeks)

10 15 0 5 10 15
Administration period (weeks)

0 5 10 15
Administration period (vecks)
HDL-cholesterol (e) were assayed during treatment. Data are nor-
malized to the levels at the initiation of treatment, and expressed as
mean * SEM. Significant differences are found between the two
groups ('p < 0.05, "p < 0.01L.

WHHL rabbits (14). However, there are reports that M-
CSF has little effect on HDL-cholesterol levels (16, 21, 25).
The highly atherogenic conditions in our rabbit study may
have elicited a rise in serum HDI-cholesterol caused by M-
CSE.
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Fig. 8. Anti-human M-CSF antibody induced in atheroscle-
rotic rabbits. Atherosclerotic rabbits were treated for 12 weeks
with 80 ug/kg/day of M-CSF (n = 10). The serum titer of anti-human
M-CSF antibody was assayed by ELISA, and the data are expressed
as mean * SEM. Neutralizing activities in one rabbit were mea-
sured by a colony-formation assay with recombinant human M-CSF.

Underlying Mechanism of the Anti-Atherosclerotic Action
of M-CSF—HDL functions as a reverse cholesterol trans-
porter from the periphery to the liver, and might remove
accumulated cholesterol in atherosclerotic lesions, probably
leading to regression of the lesions. Watanabe et al. report-
ed that M-CSF has little effect on cholesterol ester content
in advanced atherosclerotic lesions in WHHL rabbits, and
that plasma HDL-cholesterol levels do not differ between
M-CSF—treated and control animals (25). These results,
taken together with our data, may indicate that the re-
moval of cholesterol from atherosclerotic lesions is associ-
ated with up-regulation of serum HDL-cholesterol level by
M-CSF. M-CSF reduces cholesterol ester incorporation from
VLDL fractions, and enhances cholesterol-release by mac-
rophages prepared from rabbits fed a high cholesterol diet
(32), while M-CSF accelerates both the cellular incorpora-
tion and release of cholesterol derived from LDL and modi-
fied LDL (17). Furthermore, VLDL-induced cholesterol
ester deposition in macrophages is suppressed by M-CSF
when M-CSF acts at the stage of monocytes (33). The
serum level of VLDL is higher in our hyperlipidemic rab-
bits than in WHHL. So, differences in the effects of M-CSF
in the two atherosclerotic models may result from a modifi-
cation of macrophages in our dietary model, making it
more difficult for them to deposit cholesterol ester in re-
sponse to an elevated serum VLDL fraction. Although M-
CSF did not increase the number of macrophages infiltrat-
ing the lesions, we have suggested that M-CSF induces the
production of MMP-1, MMP-9, and a urokinase-type plas-
minogen activator by macrophages, leading to the degrada-
tion of the extracellular matrix accumulated in the lesions
(34). Thus, M-CSF may perform anti-atherosclerotic actions
by mechanisms other than the augmentation of lipid meta-
bolism.

Thrombocytopenia and Antibody Induction—In our
dietary model of atherosclerosis, neither monocytosis nor
thrombocytopenia was observed in hematological analyses
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during the period of M-CSF treatment (data not shown). A
transient decrease in the platelet count is caused by the
continuous intravenous injection of greater than 100 ug/kg/
day of M-CSF into WHHL rabbits (14, 35). Thus, the pres-
ent study clearly shows that the M-CSF-dosage for anti-
atherosclerotic action is lower than that which causes
hematological abnormalities. Antibodies against human M-
CSF are induced 2 to 3 weeks after continuous infusion,
leading to a disappearance of the cholesterol-lowering and
platelet-decreasing activity of M-CSF (35). Our results also
demonstrate antibody-induction in this dietary atheroscle-
rotic model, which might mask the anti-atherosclerotic
effect of M-CSF to some degree. These results suggest that
recombinant human M-CSF is more efficient against ath-
erosclerosis in humans.
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