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Abstract: Macrophage colony stimulating factor (M-CSF) is known to have profound effects upon vascular patholo-
gies, but potential roles of other colony stimulating factors (CSF) are not well understood. We treated apo E deficient 
(apo E-/-) mice with granulocyte colony stimulating factor (G-CSF) or vehicle daily for 9 weeks, during which time they 
were fed a Western-style diet. G-CSF treatment resulted in increased proportions of circulating monocytes (6.9 ± 
2.2% vs. 3.8 ± 0.3%; p < 0.05), a trend towards increased neutrophils (33.5 ± 19.1% vs. 22.2 ± 7.8%; p = 0.17), and 
decreased serum levels of total cholesterol (981 ± 594 vs. 1495 ± 1009 mg/dL; p < 0.005) compared to control 
mice. There was a trend towards less low density lipoprotein (LDL) in G-CSF treated mice (24.6 ± 2.4% vs. 37.4 ± 
12.3%; p = 0.10). A greater proportion of bone marrow cells from G-CSF treated mice expressed membrane type 1 
matrix metalloprotease (MT1-MMP) (G-CSF: 14.5 ± 5.5%; Control: 6.2 ± 5.0%; p < 0.05) compared to bone marrow 
cells from vehicle treated mice. G-CSF treatment was also associated with smaller atheromatous plaque, decreased 
Oil red O staining, and decreased infiltration of both Monocyte/Macrophage Marker Antibody (MOMA-2) and F4/80 
dependent macrophage populations into aortic lesions. However, decreased plaque area appeared to be largely 
due to lower cholesterol levels in G-CSF-treated mice. Lesions in G-CSF treated mice appeared to be structurally 
distinct from control mice, containing relatively less lipid and macrophages. Our results suggest important roles for 
G-CSF in cholesterol metabolism, mobilization of bone marrow stem cells that might alter plaque development, and 
accumulation of lipids and macrophages into atherosclerotic lesions. 
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Introduction 

Emerging evidence indicates a prominent role 
for bone marrow-derived pluripotent cells in 
vascular pathologies such as atherosclerosis 
[1]. Bone marrow–derived progenitor cells can 
differentiate into endothelial cells [2, 3] or vas-
cular smooth muscle cells (VSMCs) [4, 5] and 
participate in the formation of microvessels [6, 
7] and neointima [4, 8] and angiogenesis in ani-
mal models of graft arteriosclerosis [4, 9]. 
Arteriopathy in cardiac transplant patients has 
been reported to be associated with a reduc-
tion in circulating endothelial progenitors and 
with increased seeding of recipient-derived 
endothelial cells at the site of plaque develop-
ment. Post mortem studies in patients who had 

undergone bone marrow transplantation years 
previously indicate the presence of smooth 
muscle cells (SMCs) that originated from donor 
marrow cells [10]. In atherosclerosis-prone apo-
lipoprotein E deficient (apo E-/-) mice, bone 
marrow transplantation with cells from young 
but not old apo E-/- mice prevented progression 
of atherosclerosis, suggesting that pluripotent 
bone marrow cells that may home to sites of 
vascular lesions might play a preventive or 
reparative role in atherosclerosis [11]. Despite 
these intriguing reports, fundamental ques-
tions regarding how bone marrow cells are 
mobilized, home to developing atherosclerotic 
lesions, develop into terminally differentiated 
vascular cells, what functional role they per-
form in the arterial wall and under what set of 
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Thus, available data suggests that the CSFs 
may have unique roles in vascular pathologies, 
but these are not yet well defined. Furthermore, 
the independent effect of mobilization of plu-
ripotent bone marrow cells on vascular patholo-
gies has not been studied well. Here we 
explored the potential role of G-CSF in the 
development of atherosclerosis in apo E-/- 
mice. We report that chronic injections of G-CSF 
into apo E-/- mice lowers serum cholesterol, 
inhibits development of atherosclerotic plaque, 
alters expression of the pericellular protease 
MT1-MMP by bone marrow cells, and appears 
to result in a shift of plaque structure to a less 
lipid and macrophage-rich phenotype.

Materials and methods

Human recombinant G-CSF was obtained from 
Amgen, Inc. (Thousand Oaks, CA). Purified 
mouse monoclonal antibodies to mouse MT1-
MMP, and MMP-2 were purchased from 
Calbiochem, San Diego, CA. Antibodies for 
MMP-9, c-kit, MOMA-2 and F4/80 were 
obtained from Abcam, Inc, Cambridge, MA. 

Mouse model and treatment

Experimental protocols involving genetically-
altered mice were approved by the Institutional 
Animal Care and Use Committee (IACUC). Mice 
were sacrificed by isoflurane and cervical dislo-
cation and all efforts were made to minimize 
suffering. Breeding pairs of Apo E-/- mice on a 
C57BL/6 background were purchased from 
Jackson Laboratories (Bar Harbor, ME) and 
were inbred within our animal colony for at least 
7 generations to achieve maximal genetic 
homogeneity. Mice (10 to 11 weeks of age) 
were fed a Western style diet containing 0.15% 
cholesterol (Harlan Teklad) for 9 week. The 
intraperitoneal injection of G-CSF (300 µg/kg; 
n = 9) or vehicle was administered daily (exclud-
ing weekends) for this duration. At age 19-20 
weeks, blood samples were drawn from the 
periorbital sinus using a capillary pipette, and 
complete blood counts (CBC), total serum cho-
lesterol and lipoprotein profiles were obtained. 
Analysis of total cholesterol was performed by 
spectrophotometric techniques. Lipoprotein 
analysis was performed using steric exclusion 
high performance liquid chromatography 
(HPLC). Blood was obtained, and the heart and 
aortae were excised and frozen in OCT after 
perfusion with PBS via left ventricular 
puncture.

signals, and how long they may reside and pro-
liferate there remain largely unexplored. 

A number of studies suggest that colony stimu-
lating factors (CSFs) may play a crucial role in 
vascular pathology and homeostasis. For 
example, mice with genetic deficiency in both 
macrophage colony stimulating factor (M-CSF) 
and either apo E [12, 13] or low density lipopro-
tein receptor (LDLR) [14] do not develop signifi-
cant atherosclerosis. Evidence from a porcine 
model of neointimal proliferation after balloon 
injury suggests that M-CSF expression may be 
involved in the response to injury as well [15]. 
Several studies suggest that granulocyte mac-
rophage colony stimulating factor (GM-CSF) 
may have pro-atherogenic properties by regu-
lating macrophage expression of myeloperoxi-
dase or lowering serum cholesterol [16-20]. 
Administration of M-CSF can also lower serum 
cholesterol levels both in animal models [21-
23] and in humans [23, 24]. A number of stud-
ies have also reported the significance of gran-
ulocyte colony stimulating factor (G-CSF) in 
vascular pathologies [25, 26]. Neointima thick-
ness was reduced by approximately 60% in the 
G-CSF-treated rats [25]. G-CSF therapy with 
intracoronary infusion of peripheral blood 
stem-cells showed improved cardiac function, 
and promoted angiogenesis in patients with 
myocardial infarction [26]. Additionally, G-CSF 
treatment accelerated re-endothelialization 
and decreased neointima formation following 
vascular injury in C57BL/6 mice [27]. The 
G-CSF-induced mobilization of bone marrow 
derived c-Kit+/Flk-1+ cells contribute to endo-
thelial regeneration in rat [28]. High-dose 
G-CSF induced neointimal proliferation through 
excessive inflammation and bone marrow cell 
mobilization in the early phase [29]. G-CSF 
accelerated the re-endothelialization of denud-
ed arteries, and the pretreatment with nitric 
oxide (NO) synthase inhibitor significantly inhib-
ited it in a rabbit model of atherosclerosis [30, 
31]. These results collectively suggest that 
G-CSF may play important therapeutic role dur-
ing the progression of atherosclerosis. 
Paradoxically, findings also demonstrate that in 
mice model of atherosclerosis (apo E-/-), admin-
istration of G-CSF or GM-CSF failed to show any 
beneficial therapeutic effect; rather both result-
ed in a worsening of atherosclerosis [32]. 
G-CSF may also be involved in other vascular 
diseases such as Kawasaki Disease [33, 34]. 
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protein (40 μg) from each sample was dena-
tured in the absence of a reducing agent and 
was separated on 7.5% SDS-PAGE containing 
0.1% (w/v) gelatin. Gels were incubated with 
2.5% Triton X-100 at room temperature for 2 
hour followed by overnight incubation at 37°C 
in a buffer containing 10 mM CaCl2, 0.15 M 
NaCl, and 50 mM Tris (pH 7.5). Gels were then 
stained with 0.25% coomassie blue, and prote-
olysis was detected as a white band against a 
blue background. The activity of MMP-2 and 
MMP-9 relative to the standards was deter-
mined by densitometric scanning of the bands 
(Gel Imager, Biorad). 

Statistical analysis

Results are expressed as mean ± SD. Mean val-
ues were compared using Student’s t-tests. The 
relationships between continuous variables 
were evaluated using Pearson’s correlation 
coefficient. A p value of less than 0.05 was con-
sidered significant.

Result

G-CSF lowers serum cholesterol and increases 
circulating monocytes

G-CSF treatment resulted in increased propor-
tions of circulating monocytes (6.9 ± 2.2% vs. 
3.8 ± 0.3%; p < 0.05), a trend towards increased 
neutrophils (33.5 ± 19.1% vs. 22.2 ± 7.8%; p = 
0.17). Treatment of apo E-/- mice with G-CSF 
resulted in significantly lower serum cholesterol 
levels compared to apo E-/- mice treated with 
vehicle only (Table 1). In G-CSF treated mice, 
serum cholesterol values averaged 981 ± 594 
mg/dL, compared to 1495 ± 1009 mg/dL in 
vehicle-treated control mice (p < 0.005, Table 
1). We performed HPLC analysis to determine 
the relative proportions of lipoproteins in the 
two groups of mice (Figure 1). Results of this 
analysis revealed a trend towards lower propor-
tions of LDL cholesterol in G-CSF compared to 
vehicle treated mice (24.6 ± 2.4% vs. 37.4 ± 
12.3%). However, this trend did not reach sta-
tistical significance (p = 0.10). There were no 
significant differences in relative proportions of 
very-low-density lipoprotein (VLDL) and high 
density lipoprotein (HDL) in the two groups of 
mice. Thus, treatment with G-CSF appears to 
lower total serum cholesterol without affecting 
the relative proportions of lipoproteins signi- 
ficantly.

Histochemistry and immunohistochemistry 

Serial sections were cut and stained with hema-
toxylin and counterstained with eosin. Lipid 
deposits were stained with Oil red O. These 
stainings were performed using our standard 
protocol. Computer assisted histomorphomet-
ric analysis (ImagePro, Media Cybernetics) was 
performed to quantitate total cross sectional 
area, plaque area, and lumen area. 

Antibodies against MOMA-2 and F4/80 were 
used to identify specific macrophage popula-
tions. Formalin fixed, paraffin embedded tissue 
sections were de-paraffinized in xylene and 
dehydrated in graded ethanol series. Antigen 
retrieval was performed using high pH antigen 
unmasking solution (Vector Lab, CA) followed 
by quenching of endogenous peroxidase activi-
ty with 3% hydrogen peroxide. Sections were 
blocked for non-specific staining for one hour (1 
h) at room temperature and then incubated in 
primary antibody at 4°C for overnight, followed 
by incubation with biotinylated secondary ant- 
ibody for 1 h at room temperature. Final visual-
ization was achieved by using the ABC peroxi-
dase kit and 3, 3’-diaminobenzidine (DAB; 
Vector Lab, CA). Sections were counterstained 
by hematoxylin.

Fluorescence activated cell sorting (FACS)

Blood cells were isolated and FACS analysis 
was performed. The cells were pelleted by cen-
trifugation and incubated with 20 µg of goat IgG 
in PBS/0.1% sodium azide on ice for 10 min-
utes. Primary monoclonal antibody for c-kit and 
MT1-MMP (0.5 µg per sample to a total volume 
of 50 µL) was added to cells, which were then 
incubated on ice for 30 minutes. After 2 wash-
es with PBS containing 1% FCS/0.1% sodium 
azide, cells were incubated with saturating con-
centrations of PE-conjugated goat anti-mouse 
IgG for 30 minutes at 4°C for 10 minutes. After 
2 more washes, cells were fixed with 1% para-
formaldehyde in PBS. Analysis was performed 
with FACS (Becton Dickinson). Cell populations 
were gated according to forward and side scat-
tering. Results were plotted as intensity of fluo-
rescence versus cell number.

Gelatin zymography

MMP-2 and MMP-9 enzymatic activity in tissue 
extracts was determined by SDS-PAGE gelatin 
zymography. Briefly, equal amount of serum 
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Table 1. Effects of G-CSF treatment on circulating 
monocytes, neutrophils and total cholesterol

Circulating 
Monocytes (%)

Neutrophils 
(%)

Total Choles-
terol (mg/dL)

Control 3.8 ± 0.3 22.2 ± 7.8 1495 ± 1009
G-CSF treated 6.9 ± 2.2* 33.5 ± 19.1 981 ± 594**
*p < 0.05; **p < 0.005.

Figure 1. Relative proportions of serum lipoproteins in G-CSF-
treated and control apo E-/- mice.

Histopathologic effects of G-CSF on athero-
sclerotic lesions

As shown in Table 2A and Figure 2, the size of 
intimal plaques was significantly smaller in 
mice treated with G-CSF compared to vehicle-
treated control mice (0.039 ± 0.014; and 0.058 
± 0.005 mm2 respectively; p < 0.01). According- 
ly, lumen area was significantly larger in mice 
treated with G-CSF (G-CSF: 0.174 ± 0.069, con-
trol: 0.090 ± 0.032, p < 0.05). When plaque 
area was expressed as a percentage of the ves-
sel wall cross sectional area (i.e., plaque area ÷ 
[area within the external elastic lamina (EEL) – 
area of lumen]), similar findings were noted. In 
mice treated with G-CSF, there was a trend 
towards greater total cross sectional area of 
the aortic root within the external elastic lami-
na (EEL) compared to control mice, but this dif-
ference did not reach statistical significance. 
(G-CSF: 0.268 ± 0.087, control: 0.181 ± 0.068, 
p = 0.10).

It is possible that the differences in plaque 
size observed in mice treated with G-CSF 
might be explained by the lower serum 
cholesterol values in these mice relative to 
vehicle-treated control mice. To evaluate 
the validity of this notion, we normalized 
plaque size for total serum cholesterol lev-
els. Plaque size expressed as an area 
divided by total serum cholesterol was not 
significantly different between G-CSF-
treated and control mice (p = 0.270). When 
plaque size was expressed as a percent-
age of arterial cross sectional area (sub-
tracting the lumen area), similar results 
were obtained (p = 0.382). These results 
suggest that the effects of G-CSF on 
plaque size are predominantly mediated 
by the lipid-lowering actions of G-CSF 
(Table 2B).

Effects of G-CSF treatment on plaque lipid 
content and macrophage infiltration into 
plaques

We evaluated G-CSF treated animals for 
differences in plaque lipid content and the 
accumulation of macrophages. Lesions in 
G-CSF treated mice appeared to be struc-
turally distinct from control mice, contain-
ing relatively less lipid and macrophages. 
Histochemical Oil red O staining for lipids 
revealed that G-CSF treatment was associ-

ated with decreased lipid staining with smaller 
atheromatous plaque (Figure 2B). Immunohis- 
tochemical analysis using MOMA-2 and F4/80 
antibodies to visualize and quantitate macro-
phage infiltration showed decreased infiltration 
of both MOMA-2 and F4/80 dependent macro-
phage populations into aortic lesions (Figure 
3A and 3B). 

Effects of G-CSF on expression of c-kit and 
MT1-MMP by bone marrow cells

Pluripotent cells including hematopoietic stem 
cells are known to express c-kit [35, 36]. MT1-
MMP is thought to direct a pericellular proteo-
lytic cascade [37], and appears to play an 
important role in cellular invasion [38] and neo-
vascularization [39]. Sub-endothelial migration 
of bone marrow-derived cells including mono-
nuclear phagocytic cells is an important feature 
of all stages of atherogenesis [40]. We rea-
soned that if bone marrow-derived cells gain 
entrance to the arterial wall, they might do so 
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Table 2A. Treatment of apo E-/- mice with G-CSF resulted in significantly larger lumen areas, smaller 
plaque areas, and smaller percent plaque areas compared with control mice treated with vehicle only

EEL (mm2) IEL (mm2) Lumen (mm2) Plaque (mm2) Plaque Area (%)
Control 0.181 ± 0.068 0.148 ± 0.067 0.090 ± 0.032 0.058 ± 0.005 63.7 ± 18.3
G-CSF 0.268 ± 0.087 0.213 ± 0.075 0.174 ± 0.069* 0.039 ± 0.014* 41.5 ± 2.9** 
EEL = area within the external elastic lamina; IEL = area within the internal elastic lamina; Lumen = area of the lumen; Plaque 
= area of plaque (IEL-Lumen); Plaque % Area = (plaque area/[EEL-Lumen Area]). *p < 0.05; **p < 0.01 (G-CSF vs. control).

Figure 2. Hematoxylin and eosin (A) and Oil red O staining (B) in sections of aortic root from apo E-/- mice treated 
with G-CSF or vehicle. Magnification × 4.

by proteolytic degradation of the sub endothe-
lial basement membrane and extracellular 
matrix components. We therefore hypothesized 
that G-CSF treatment may enhance expression 

of both c-kit and MT1-MMP on bone marrow 
cells. To evaluate this possibility, we performed 
FACS sorting of bone marrow cells isolated 
from apo E-/- mice treated with G-CSF or vehi-
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Table 2B. Comparison of plaque area and percent plaque areas with and without adjustment for total 
serum cholesterol

Plaque area mm2 % Plaque area total cholesterol mg/dl Area/Chol % Area/Chol
Control 0.058 ± 0.005 63.7 ± 18.3 1495 ± 1009 3.88e-5 0.043
GCSF 0.039 ± 0.014* 41.5 ± 2.9** 981 ± 594** 3.98e-5 0.042
*p < 0.05; **p < 0.01.

Figure 3. Immunohistochemical staining for MOMA-2 (A) and F4/80 (B) macrophage antigens in sections of aortic 
root from apo E-/- mice treated with G-CSF or vehicle. Magnification × 10.

cle. As shown in Figure 4, G-CSF treatment 
resulted in a significantly greater proportion of 
bone marrow cells that expressed MT1-MMP 
(G-CSF: 14.5 ± 5.5%; Control: 6.2 ± 5.0%; p < 
0.05). There was no significant effect of G-CSF 
on expression of c-kit by bone marrow cells. 

Gelatin zymography

Among the various MMPs that MT1-MMP can 
activate are MMP-2 and MMP-9 [37]. To further 
evaluate whether circulating bone marrow 
derived cells might assume a more invasive 
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Figure 4. FACS analysis of bone marrow cell expression of c-kit 
and MT1-MMP.

Figure 5. Gelatin zymography on serum obtained from G-CSF 
(E) and control (C) apo E-/- mice.

Discussion

A number of studies suggest that the CSFs 
may play important roles in vascular 
homeostasis and pathologies, though not 
necessarily independently of their well-
documented roles in survival, develop-
ment, and mobilization of hematopoietic 
lineages. For example, genetic deficiency 
of M-CSF in murine models of atheroscle-
rosis results in an increase in serum cho-
lesterol, but little or no atherosclerotic 
plaque formation [12-14]. However, in 
these animals, lack of M-CSF causes a 
profound reduction in mononuclear phago-
cytic cells, and hence also in tissue macro-
phages [41]. Hematopoietic cells of the 
mononuclear phagocytic lineage are well 
known to be important participants in ath-
erogenesis [40, 42]. Therefore, it is not 
clear whether the effects of M-CSF on ath-
erogenesis are direct, indirect, or both. In 
addition, two CSFs (M-CSF and GM-CSF) 
appear to play a role in cholesterol homeo-
stasis [19, 20, 23, 24, 43]. Animal models 
have also suggested a potential function 
of GM-CSF in development of atheroma 
[17, 18] and have established as a key 
regulator of intimal cell proliferation in 
lesions demonstrating that both prolifera-
tion and monocyte recruitment contribute 
to the initiation of atherosclerosis [44]. 
The function of the CSFs in vascular 
homeostatic and pathologic processes is 
further complicated by the fact that CSFs 
mobilize bone marrow lineages [35, 36, 
45-47], but emerging evidence indicates 
that bone marrow pluripotent cells are 
mobilized from bone marrow and migrate 
to the arterial wall, where they may under-
go terminal differentiation into vascular 
cells, or may possibly play a reparative 

function [1, 48, 49]. Thus a comprehensive 
understanding of how CSFs might impact vas-
cular biology and pathology has not been 
achieved.

Here we implicate a role for G-CSF in both ath-
erosclerosis and cholesterol metabolism. Our 
results show that G-CSF inhibits plaque devel-
opment, decreases lipid and macrophages in 
plaque that does form, and lowers serum cho-
lesterol. We also found that G-CSF treatment 
increased bone marrow cell expression of MT1-
MMP, but did not change the relative serum lev-

phenotype in response to G-CSF treatment, we 
performed a gelatinolytic assay to differentiate 
zymogen and active forms of both MMP-2 and 
MMP-9 in serum isolated from G-CSF-treated 
and control apo E-/- mice. These results dem-
onstrated no significant effect of G-CSF treat-
ment on gelatinolytic activity in media from 
bone marrow cells. Treatment with G-CSF did 
not appear to alter levels of serum MMP-2 or 
MMP-9 (Figure 5). Also, the relative proportions 
of the zymogen and activated forms of these 
proteases were not affected by treatment with 
G-CSF.
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els of the precursor and active forms of MMP-2 
and MMP-9. The effects of G-CSF on plaque 
size may be a function of decreased serum cho-
lesterol levels, but a direct role of G-CSF on ath-
erogenesis cannot be excluded, and is suggest-
ed by the decreased macrophage infiltration 
into plaques that we observed, which together 
with decreased lipid content, suggest the pos-
sibility that G-CSF alters plaque composition. 
Our results suggest important roles for G-CSF 
in cholesterol metabolism, mobilization of bone 
marrow cells that might alter plaque develop-
ment, and accumulation of lipids and macro-
phages into atherosclerotic lesions. Recent 
findings also suggest that appropriate doses of 
G-CSF reduced atherosclerotic plaque forma-
tion and increased plaque stability in cholester-
ol-fed rabbits [30]. G-CSF significantly prevent-
ed an increase in neointima/media ratio at 4 
weeks after the treatment in a rabbit model of 
vascular injury. In this study, G-CSF accelerated 
the re-endothelialization of denuded arteries, 
and the pretreatment with nitric oxide synthase 
inhibitor significantly inhibited it, suggesting a 
therapeutic potential of G-CSF for the progres-
sion of atherosclerosis [31]. Recent studies 
suggest that regulatory T cells play an impor-
tant role in the atheroprotective effects of 
G-CSF [50]. The findings presented in one 
study, however, demonstrate that in murine 
model of atherosclerosis (Apo E-/-) mice, admin-
istration of G-CSF or GM-CSF, both, resulted in 
a worsening of atherosclerosis [32].

Conclusions

G-CSF lowers serum cholesterol, increases cir-
culating monocytes, increases bone marrow 
cell expression of MT1-MMP, inhibits plaque 
development, and decreases lipid and macro-
phage infiltration into developing plaque. 
Effects of G-CSF on plaque size may be a func-
tion of decreased serum cholesterol levels. Our 
results suggest a prominent role for G-CSF in 
vascular pathology and cholesterol metabolic 
pathways.
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