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Abstract: Stem cells are characterized by their ability to differentiate into multiple cell lineages and display the 
paracrine effect. The aim of this work was to evaluate the effect of therapy with bone marrow cells (BMCs) on blood 
glucose, lipid metabolism and aortic wall remodeling in mice through the administration of a high fat diet and sub-
sequent BMCs transplantation. C57BL/6 mice were fed a control diet (CO group) or an atherogenic diet (AT group). 
After 16 weeks, the AT group was divided into four groups: an AT 14 days group and AT 21 days group, that were 
given an injection of vehicle and sacrificed at 14 and 21 days after, respectively; AT-BMC 14 days group and AT-BMC 
21 days group that was given an injection of BMCs and sacrificed at 14 and 21 days after. The CO group was sacri-
ficed along with other groups. The BMCs transplant had reduced blood glucose, triglycerides and total cholesterol. 
The Qa (1/mm2) was quantitatively reduced in AT 14 days group, AT 21 days group and was high in AT-BMC 21 days 
group. The AT 21 days group exhibited increased tunica media and elastic system fibers. The immunolabeling for 
α-SMA and VEGF showed less immunolabeling in transplanted groups with BMCs. The immunostaining for PCNA 
seems to be more expressive in the group AT-BMC 21 days group. To conclude, our results support the concept that 
in mice, the injection of BMCs improve glucose levels, lipid metabolism and remodeling of the aortic wall in animals 
using atherogenic diet.

Keywords: Bone marrow cells, aorta remodeling, atherogenic diet

Introduction 

Atherosclerosis is a multifactorial vascular dis-
order initiated by endothelial dysfunction that 
develops progressively and is characterized by 
[1] by enhanced extracellular lipid content as 
well as necrotic cells in the subendothelial la- 
yer. The atherosclerotic plaque then undergoes 
fissure, erosion or rupture, leading to thrombo-
sis of the plaque surface [1, 2]. Evidence sug-
gests that endothelial dysfunction/injury is trig-
gered by several factors such as increased 
blood pressure, obesity and shear stress in blo- 
od vessels [3, 4]. The difficulty of detecting ath-
eroma plaques in humans via non-invasive 
methods further complicates our understand-
ing of the development of this disease [5]. 

An unbalanced diet associated with a seden-
tary lifestyle favors the development of dyslip-
idemia, obesity, inflammation and vascular 

injury [6, 7]. High intake of saturated fatty acids 
contributes to the development of hypercholes-
terolemia and atherosclerosis [8, 9]. Therefore, 
several animal models have been developed to 
better understand plaque development, one of 
which is a mouse model fed a high-fat diet with 
cholic acid and cholesterol [10, 11]. An athero-
genic diet consisting of 15% fat, 1.25% choles-
terol and 0.5% cholic acid is able to trigger ath-
erosclerotic plaque formation in mouse aortas 
after 15 weeks [12]. Cholic acid is a bile acid 
that facilitates the absorption of fat and choles-
terol excretion. When added to mice chow, it 
reduces plasma concentration of the apolipo-
protein E (Apo E), affecting reverse cholesterol 
transport, which is an important mechanism 
that transports cholesterol from peripheral tis-
sues to the liver, where it is excreted through 
the bile duct [13, 14]. Without this mechanism, 
the lipids accumulate in the plasma and may 
lead to the development of atherosclerosis.
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Bone marrow cells (BMCs) are the main source 
for cell transplantation therapies, and studies 
have shown that they are capable of remodel-
ing activity in atherosclerosis [15]. In the bone 
marrow, there is a population of heterogeneous 
cells including blood lineage cells, hematopoi-
etic stem cells, mesenchymal stem cells and 
endothelial progenitor cells [16-19]. Evidence 
has emerged suggesting that the vascular hom-
ing of endothelial progenitor cells (EPCs) con-
tributes to endothelial recovery, thus limiting 
neointima formation after arterial injury. In 
patients with coronary artery disease, the num-
ber and function of EPCs have been linked with 
improved endothelial function or regeneration 
but have been inversely correlated with cardio-
vascular risk [20]. It is thought that endothelial 
progenitor cells can repair and renew arteries 
under specific physiological conditions. For 
instance, progenitor cells stabilize the athero-
sclerotic plaque in pathological conditions [21], 
and studies have demonstrated that infusion of 
bone marrow cells is neuroprotective after per-
manent cerebral ischemia [22]. Conversely, 
other studies have shown that endothelial pro-
genitor cells contribute to the formation of the 
atherosclerotic lesions [23]. Thus, whether BM- 
Cs would further increase the injury or be ben-
eficial is still controversial [15, 24]. 

The low number of circulating endothelial pro-
genitor cells (EPCs), one type of progenitor cell, 
has emerged as a biomarker of cardiovascular 
risk in humans adults [25]. Because concern 
regarding morbidity and mortality due to obesi-
ty-associated atherosclerosis is growing, it is 
important to investigate the potential benefits 
or hazards associated with cell therapy. There- 
fore, this work aims to evaluate the effect of 
therapy with BMCs on lipid metabolism and 
aortic wall remodeling in C57Bl/6 mice through 
the administration of a high fat diet and subse-
quent BMCs transplantation.

Materials and methods

Animals and diet

The study was performed in accordance with 
the Guide for Care and Use of Laboratory Ani- 
mals 2011 from the National Academies Press, 
Washington, DC. All protocols were approved by 
the local ethics committee (CEUA/010/2011). 
Male C57BL/6 mice (n = 60, 10 weeks old, 27 
g ± 1.5) were obtained from the Research 

Institute of the National Cancer Institute (INCA) 
and housed at the Animal Care Facility in the 
Laboratory of Histology and Embryology of the 
State University of Rio Janeiro (UERJ), Brazil. 
The room was both temperature and humidity 
controlled (temperature 21 ± 2°C, humidity 60 
± 10%, dark/light cycle 12 h/12 h). The male 
C57BL/6 mice were randomly allocated into 
two groups: the control group (CO group, n = 20 
animals) was fed a standard diet (AIN 93 M) 
[26] for 16 weeks, and the atherogenic diet 
group (AT group, n = 40) was fed a modified ath-
erogenic diet that consisted of 60% of fat (10% 
soy oil plus 50% lard), cholic acid (0.5%) and 
cholesterol (1.25%) for 16 weeks [11, 27]. 

After 16 weeks on the atherogenic diet (6 mo- 
nths old), the AT group (fed with a modified ath-
erogenic diet) was randomly allocated to four 
groups: the AT 14 days group (n = 10); the 
AT-BMC 14 days group (n = 10); the AT 21 days 
group (n = 10); the AT-BMC 21 days group (n = 
10). The AT 14 days group and AT 21 days group 
were fed a modified atherogenic diet for 16 
weeks and at the end of the 16th week, the ani-
mals received 0.1 ml of PBS (Phosphate-
Buffered Saline) in the tail vein, besides they 
were sacrificed after 14 and 21 days respec-
tively, after injection into the tail vein. The 
AT-BMC 14 days group and AT-BMC 21 days 
group were fed a modified atherogenic diet for 
16 weeks and at the end of the 16th week, the 
animals received a transplant of BMCs (bone 
marrow cells) in 0.1 ml of PBS in tail vein, and 
they were sacrificed after 14 and 21 days 
respectively. During the entire experiment, all 
animals continued to receive the modified ath-
erogenic diet.

The animals in the CO group were sacrificed at 
the same time as those in the other groups (14 
and 21 days). Water was offered ad libitum dur-
ing the entire experiment.

The body mass was measured at each stage of 
the study (g).

Isolation of bone marrow cells (BMCs) and 
BMCs transplantation

BMCs were obtained from male C57BL/6 mice 
(n = 10, 10 weeks old, 27 g ± 1.5, INCA-Rio de 
Janeiro). Mice were anaesthetized with pento-
barbital (150 mg/kg), and BMCs were isolated 
from the tibias and femurs [22, 28]. The medul-
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lar cavities of the bones were exposed and 
flushed with DMEM (Dulbecco’s Modified Eag- 
le’s Medium, Sigma Aldrich-St. Louis, MO, USA), 
pH 7.2 [29]. The BMCs were resuspended in a 
red blood cell lysis buffer (10 mM NaHCO3, 150 
mM NH4Cl, 0.4% EDTA, pH 7.4) for 10 minutes 
at 37°C. Then, the cells were washed and 
counted in a Neubauer chamber and adjusted 
to 106 cells per experiment for transplantation 
(BD Ultra-Fine II 0.5 ml syringe) into the tail 
vein. This pool of cells comprised bone marrow 
mononuclear cells [19].

Blood biochemistry

Before the beginning of the experiment, the 
blood glucose levels were examined. The same 
glucose levels were examined in the day of the 
death. The mice were fasted for 6 hours and 
then anesthetized with pentobarbital (150 mg/
kg). The thoracic wall was opened through a 
median incision; then, blood was collected by 
cardiac puncture through the right atrium, cen-
trifuged at 1500 rpm for 15 minutes and stored 
at -80°C. Blood glucose, triglycerides (TG) and 
total cholesterol (TC) were analyzed by an enzy-
matic colorimetric assay (Bioclin System II, Qui- 
basa, Belo Horizonte, MG, Brazil).

Histochemistry and immunohistochemistry

The thoracic aorta and the adjacent aortic arch 
were isolated from the surrounding tissue. Non-
consecutive aortic rings (approximately 5 mm 
long) were immersed in freshly prepared 4% 
w/v formaldehyde (0.1 M phosphate buffer pH 
7.2 for 48 h) for light microscopy and sectioned 
according to the vertical section method. Sam- 
ples were processed according to routine histo-

logical procedures, embedded in Paraplast pl- 
us (Sigma-Aldrich, St. Louis, USA), and cut into 
5 µm sections. The sections were stained with 
Weigert resorcin fuchsin (with pre-oxidation 
with potassium peroxymonosulfate [oxone]) for 
visualization and quantification of elastic fibers 
[30, 31].

The following proteins were identified by immu-
nohistochemical procedures: Vascular Endoth- 
elial Growth Factor (VEGF, 1:100, SC-7269, 
Santa Cruz Biotechnology), Smooth Muscle 
alpha-Actin (α-SMA, 1:100, SC-53142, Santa 
Cruz Biotechnology), Proliferating Cell Nuclear 
Antigen (PCNA, 1:100, ab-2426, Abcam). The 
reaction was amplified with a biotin-streptavi-
din complex system (K0679, Kit LSAB, Universal 
DakoCytomation, Glostrup, Denmark), and the 
immunoreactivity was determined after incuba-
tion with 3, 3’-diaminobenzidine tetrachloride 
(K3466, Universal DakoCytomation, Glostrup, 
Denmark). Sections were stained with hema-
toxylin to identify cell nuclei, and then the slides 
were mounted and analyzed.

Morphometry

Five non-consecutive digital images from aortic 
rings were acquired (TIFF format, 36-bit color) 
with an LC evolution camera and an Olympus 
BX51 light microscope. The tunica media (TM) 
was defined as the region enclosed by the inter-
nal and external elastic lamina. To estimate the 
intima and media thickness (TM thickness), 
four measurements per image were obtained 
at 0°, 90°, 180°, and 270° [32]. An area was 
delimited using the irregular AOI tool, and the 
area occupied by the white was quantified 
using an image histogram tool and expressed 
as percentage. This evaluation will be per-

Table 1. Body mass and blood biochemistry 
Experimental groups

CO AT 14 days AT-BMC 14 days AT 21 days AT-BMC 21 days
Parameter
Body mass, g 29.6 ± 1.0 37.34±1.6a 34.4±31.1a 38.3 ± 2.5a 36.6 ± 1.2a

Blood glucose, mg/dL (sacrifice day) 105.4 ± 9.1 200.6± 6.9a 112±7.1b 200.6 ± 7.9a,c 167 ± 8.2a

Triglycerides, mg/dL 61.1 ± 1.3 103.8± 9.9a 53.16±2.8b 86.0 ± 8.2a,c 50.0 ± 6.8b,c,d

Total cholesterol, mg/dL 63.6 ± 10.6 130.4±12.4a 90.2±11.0 124.6 ± 13.1a 59.6 ± 8.3b,d

Data are shown as mean ± standard error of the mean. Symbols represent statistical difference (P < 0.05) with: avs. CO group; bvs. 
AT 14 days group; cvs. AT-BMC 14 days group; dvs. AT 21 days group. Abbreviations: CO, mice fed with the standard diet during the 
experiment; AT 14 days group and AT 21 days group, mice fed with the atherogenic diet during 16 weeks, received vehicle into tail 
vein and sacrificed at 14 and 21 days after respectively; AT-BMC 14 days group and AT-BMC 21 days, mice fed with the atherogen-
ic diet during 16 weeks and that received a single injection of BMCs (1×106 cells) into the tail vein at the 16th week and sacrificed 
at 14 and 21 days after respectively.
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formed only in post-transplant 21 days groups 
for the final observation thickness. The quanti-
fication of the cell nuclei number of was per-
formed starting from a test area of 36 points 
and 11.2 cm2 (Qa 1/mm2).

Statistical analysis

Data are shown as the mean and standard 
error of the mean (SEM). Differences among 
groups were analyzed by one-way ANOVA and a 
post-hoc Bonferroni test. A p value of 0.05 was 
considered statistically significant (Graph Pad® 
Prism version 5.0, San Diego, USA).

Results

Body mass and blood biochemistry

The atherogenic diet was successful in promot-
ing overweight and metabolic changes in 
C57Bl/6 mice.

Body mass of the control group at the end of 16 
weeks were 29.6 ± 1.0 g. The body mass of the 
AT group were 38.3 ± 2.5 g (P = 0.0027). The 
body mass were 37.34 ± 1.6 g in the AT 14 days 
group. The body mass were 34.4 ± 31.1 g in the 
AT-BMC 14 days group. The body mass were 
38.3 ± 2.5 g in the AT 21 days group. The body 
mass were 36.6 ± 1.2 g in the AT-BMC 21 days 
group (Table 1). 

At the day of death, the blood glucose levels 
were 105.4 ± 9.1 mg/dL in CO group. In the AT 
14 days group was 200.6 ± 6.9 mg/dL. In the 
AT-BMC 14 days group was 112 ± 7.1 mg/dL. In 
the AT 21 days group was 200.6 ± 7.9 mg/dL. 
In the AT-BMC 21 days group was 167 ± 8.2 
mg/dL (Table 1).

The TG levels were 61.1 ± 1.3 mg/dL in CO 
group. In the AT 14 days group was 103.8 ± 9.9 
mg/dL. In the AT-BMC 14 days group was 53.16 
± 2.8 mg/dL. In the AT 21 days group was 86.0 
± 8.2 mg/dL. In the AT-BMC 21 days group was 
50.0 ± 6.8 mg/dL (Table 1).

The TC levels was 63.6 ± 10.6 mg/dL in CO 
group. In the AT 14 days group was 130.4 ± 
12.4 mg/dL. In the AT-BMC 14 days group was 
90.2 ± 11.0 mg/dL. In the AT 21 days group 
was 124.6 ± 13.1 mg/dL. In the AT-BMC 21 
days group was 59.6 ± 8.3 mg/dL (Table 1).

Aortic wall remodeling

The Qa mean observed is 3751.56 1/mm2 in 
CO group. In the AT 14 days group was 2885.96 

Figure 1. Quantitative analysis of cell nuclei number 
(Qa 1/mm2). Data are shown as mean ± standard 
error of the mean. Symbols represent statistical dif-
ference (P < 0.05) with: [a] vs. CO group; [b] vs. AT 
14 days group; [c] vs. AT-BMC 21 days group; [d] vs. 
AT 21 days.

Figure 2. Quantitative analysis of thoracic aorta 
showing TM thickness. Abbreviations: CO, AT 21 days 
group, AT-BMC 21 days group. Data are shown as 
mean ± standard error of the mean. Symbols repre-
sent statistical difference (P < 0.05) with: [a] vs. CO 
group; [b] vs. AT 21 days group.

Figure 3. Quantitative analysis of the percentage of 
elastic fibers within Tunica media. Abbreviations: CO, 
AT 21 days group, AT-BMC 21 days group. Data are 
shown as mean ± standard error of the mean. Sym-
bols represent statistical difference (P < 0.05) with: 
[a] vs. CO group; [b] vs. AT 21 days group.
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1/mm2. In the AT-BMC 14 days was 3238.7 1/
mm2. In the AT 21 days group was 2636.12 1/
mm2. In the AT-BMC 21 days group was 5232.4 
1/mm2 (Figure 1).

The TM thickness mean was 48.9953 µm in CO 
group. In the AT 21 days group was 66.6183 
µm. In the AT-BMC 21 days group was 57.7585 
µm (Figure 2). 

The % of the elastic fiber mean was 55.754 in 
CO group. In the AT 21 days group was 63.868%. 
In the AT-BMC 21 days group was 56.364% 
(Figure 3). 

There was no difference in the number of elas-
tic lamellae between among all study groups at 
any time during the study. 

Immunohistochemistry revealed that VEGF and 
α-SMA in the intima and media tunics were 
noticeably. The AT-BMC 14 days group and 
AT-BMC 21 days group shows equal and lower 
immunostaining than the AT 14 days group and 
AT 21 days group (Figures 4, 5). The immunos-
taining for PCNA showed increased labeling of 
nuclei in AT-BMC 21 days group (Figure 6).

Discussion

The data concerning the effect of BMCs on the 
physiopathology of several diseases, including 

atherosclerosis, are still inconclusive. We dem-
onstrated the beneficial effects of BMCs trans-
plantation on lipid metabolism and arterial wall 
remodeling in a mice model of atherogenic diet. 
It is important to explain that much of the 
effects caused by stem cell transplant does not 
relate the differentiation of these cells into the 
tissue cells similar but the paracrine effect that 
these cells are capable of generating in an 
organism transplanted. Cell therapy with endo-
thelial progenitor cells is an emerging thera-
peutic option to promote angiogenesis or endo- endo-
thelial repair. Although the release of angioge-
nic paracrine factors is known to contribute to 
their therapeutic effect, little is known about 
their release of proinflammatory factors and 
expression of proinflammatory adhesion mole-
cules [33]. BMCs transplantation successfully 
decreased blood glucose, triglycerides, total 
cholesterol and reduced media thickness in 
the aorta of overweight mice previously fed an 
atherogenic diet. The blood glucose revealed a 
reduction in their serum levels of animals sub-
jected to injection of cells compared to groups 
that did not receive these cells. This reduction 
was 43% in AT-BMC 14 days group compared to 
the AT 14 days group and 16% in AT-BMC 21 
days group compared to the AT 21 days group 
(P < 0.0001). The reduction of glucose is more 
efficient in the first weeks after injection of 
cells (observed in the AT-BMC 14 days group) 

Figure 4. Photomicrographs of the thoracic aorta stained for anti VEGF. The negative control of the immunohisto-
chemical reaction is shown in (D). Groups: CO (A); AT 14 days group (B); AT-BMC 14 days group (C); AT 21 days group 
(E); AT-BMC 21 days group (F). All images are in same scale (bar = 50 µm). Arrows indicate markings.
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and does not display significant difference from 
the CO group. This is not observed in the 
AT-BMC 21 days group data when compared to 
CO group. The glucose levels in AT-BMC 14 
days group was similar compared to the CO 
group, though the AT-BMC 21 days group sho- 
wed no such similarity. The explanation for this 
finding is that during the whole experiment, ani-
mals continued receiving fat diet and the che-
motactic effect of transplanted cells would not 
be enough so long after the injection to modify 
related to the levels of blood glucose mecha-
nisms. Recent data show that diabetes increas-
es both the number of bone marrow-derived 
smooth muscle-like cells in atherosclerotic 
lesion and the differentiation of mononuclear 
cells towards smooth muscle-like cells, which 
may contribute to accelerated atherosclerotic 

plaque formation in diabetic apoE(-/-) mice 
[34]. Another explanation for this finding is that 
even after transplantation with bone marrow 
cells, the stimulus for the development of ath-
erosclerotic plaques is maintained, perhaps 
due to diabetes, because glucose levels rem- 
ained high in our study. In addition, hyperglyce-
mia promotes myelopoiesis and impairs the 
resolution of atherosclerosis [35]. 

The initial evaluation of triglyceride and total 
cholesterol was necessary to demonstrate the 
homogeneity and homocedasticity of the sam-
ple the beginnings of the study and after the 
division among groups. TC and TC were first 
assessed in the groups studied separately for 
further comprehensive assessment. The TC 
increased by 104% (P = 0.0189) in AT-14 days 

Figure 5. Photomicrographs of the thoracic aorta stained for anti α-SMA. The negative control of the immunohisto-
chemical reaction is shown in (D). Groups: CO (A); AT 14 days group (B); AT-BMC 14 days group (C); AT 21 days group 
(E); AT-BMC 21 days group (F). All images are in same scale (bar = 50 µm). Arrows indicate markings.

Figure 6. Photomicrographs of the thoracic aorta immunohistochemistry for anti PCNA (A-C). The negative control 
of the immunohistochemical reaction is shown in (D). Groups: CO (A); AT 21 days group (B); AT-BMC 21 days group 
(C). The negative control of the immunohistochemical reaction is shown in (D). All images are in same scale (bar = 
50 μm). Arrows indicate immunolabeling.
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group and 96% (P = 0.05) in AT 21 days group 
when compared to CO. The TG increased by 
69% (P = 0.05) in AT 14 days group and 40% (P 
= 0.05) in the AT 21 days group compared to CO 
group. When assessing the TG, the groups that 
received the cell injection, we observed no sig-
nificant difference between these groups with 
the CO group, showing that transplantation was 
able to maintain the levels of normality this 
parameter. The same occurs in relation to the 
TC levels. No difference was observed in these 
two parameters versus time elapsed cell injec-
tion, either 14 or 21 days. Regarding the 
improvement of triglycerides and total choles-
terol, our results demonstrate that the adverse 
remodeling that occurred in the aorta main-
tained vascular endothelial function. A whole 
and free remodeling of endothelium are less 
susceptible to dyslipidemia. With this endothe-
lium hardly oxidized LDL molecules would be 
retained on the wall of the aorta, returning to 
the vessel by reverse cholesterol transport to 
the liver and be taken. This would be the expla-
nation for the reduced levels of total cholester-
ol and in consequence with interlocking mecha-
nisms, reducing triglyceride. Recent advances 
in understanding of how the bone marrow 
responds to endothelial injury now suggest that 
multiple bone marrow cell populations, includ-
ing both endothelial progenitor cells and a 
novel group of cells called early outgrowth cells, 
promote endothelial repair and regeneration 
through different, yet complementary, mecha-
nisms. Moreover, certain subsets of bone mar-
row-derived cells also appear to have novel, 
potent, angiogenesis-independent tissue-pro-
tective properties [36]. The key to reducing 
these levels would be the greatest integrity of 
the endothelium, as already seen in previous 
studies that bone marrow cells would be able to 
promote endothelial repair and regeneration. 
This would be extremely important since the 
cholesterol reverse transport and the removal 
of oxidized LDL in the vessel wall requires the 
integrity of the endothelial wall and to deliver 
these molecules being disposed in a pathway 
in the liver.

The C57Bl/6 mouse is a useful strain for study-
ing chronic diseases such as obesity, hyperten-
sion, insulin resistance, and dyslipidemia when 
saturated fat acids are added to the diet [37, 
38]. When a high-fat diet is further supplement-
ed with cholic acid and cholesterol, it becomes 

a useful model of atherosclerosis [11]. The cho-
lic acid is a bile acid that, together with apolipo-
protein E (ApoE), is involved in reverse choles-
terol transport. This transport removes choles-
terol from peripheral tissues to the liver. ApoE 
is mainly produced in the liver, though it can 
also be synthesized by other cells such as mac-
rophages [39]. Our goal was to evaluate the 
role of BMCs in the prevention, rather than 
treatment, of an established lesion. The athero-
genic diet successfully altered the lipid metab-
olism, as has already been shown by other 
researchers using similar high-fat diets [37-39]. 
It is still controversial, however, whether pro-
genitor cell therapy would improve these meta-
bolic changes as well as inhibit the progression 
of atherosclerosis [15]. The present study sug-
gests that BMCs can positively influence lipid 
metabolism after transplantation. The reduc-
tion in total cholesterol might be associated 
with increased production of ApoE and thus 
increased reverse cholesterol transport. Addi- 
tionally, the reduction in total cholesterol might 
have helped to normalize serum triglycerides. 

The Qa observed significantly reduced in AT 14 
days group (P < 0.05) and AT 21 days group (P 
= 0.01) when compared to CO. Contrary to 
these groups, the AT-BMC 14 days group (P > 
0.05) has shown the same cell number as well 
the CO and the AT-BMC 21 days group (+ 39%) 
becomes excessively increased (P < 0.0001). 
These cell nucleus station further increased 
when more time elapsed after transplantation 
of cells. Convincing evidence accumulated that 
dysregulation of apoptosis, the programmed 
cell death, of endothelial cells is involved in the 
pathophysiology of atherosclerosis [40]. This 
explains the decrease Qa in the groups receiv-
ing the atherogenic diet in additional to adverse 
remodeling of the vessel sustained by continu-
ous exposure to a noxious stimulus. The incr- 
ease in Qa in relation to AT-BMC 21 days group 
for all groups was observed and reviewed this 
increase was performed immunohistochemis-
try for PCNA. The PCNA is an auxiliary protein of 
DNA polymerase delta and is involved in the 
control of eukaryotic DNA replication by increas-
ing the polymerase’s processibility during elon-
gation of the leading strand. It was demonstrat-
ed that positively stained cells were peripheral 
blood monocytes that differentiated in the ath-
erosclerotic lesion [41]. The immunohistochem-
istry for PCNA suggested that the cell prolifera-
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tion in the arterial wall in the AT-BMC 21 days 
group was due to a paracrine effect from cells 
derived from bone marrow after being trans-
planted and was not due to the presence of 
inflammatory cells such as macrophages. The- 
se results should be further elucidated in future 
studies.

The atherogenic diet induced adverse remodel-
ing in aortic wall. The thoracic aortas of the AT 
21 days group were thicker (35%, P < 0.001) 
and had a higher elastic fiber content (14%, P < 
0.01) compared with the CO group. The tunica 
media of the AT-BMC 21 days group was 12% 
thinner (P < 0.001), and the percentage of elas-
tic fibers in the media layer decreased by 13% 
compared to the AT 21 days group (P < 0.01). 
Aortic wall remodeling occurs due to physiologi-
cal or pathological stimuli, such as hyperten-
sion and atherosclerosis [32, 42]. In this study, 
as expected, we observed increased thickness 
of the aortic wall and the elastic fiber system in 
the AT 21 days group due to the atherosclerotic 
stimulus within the aorta wall. The fact that 
remodeling did not occur in the aorta of the 
transplanted group suggested that there was 
no stimulus since it the reduced levels of circu-
lating total cholesterol and triglycerides have 
been observed. The number of elastic lamellae 
did not vary between the groups because the 
initial production of elastic fibers occurred after 
the deposition of elastic lamelae.

Alpha smooth muscle actin (α-SMA) is an impor-
tant marker of fibrous plaque development in 
atherosclerosis. Bone marrow derived fibro-
cytes can acquire smooth muscle characteris-
tics, including α-SMA expression [43]. Increa- 
sing evidence indicates that mechanical forces, 
cytokines and other factors influence the differ-
entiation of stem cells into smooth muscle cells 
and endothelial cells [44]. However, the exact 
mechanism by which these cells improve the 
disease as well as the stage at which this 
improvement would occur is poorly understood. 
Positive α-SMA staining was observed in previ-
ous works that reported its role in the forma-
tion of fibrous plaques in atherosclerosis. Rece- 
ntly, the endothelial to mesenchymal cell tran-
sition, a newly recognized type of cellular trans-
differentiation, revealed that endothelial cells 
lose their specific markers and acquire a mes-
enchymal or myofibroblastic phenotype, such 
as the α-SMA phenotype, in pathological fibro-

sis in multisystemic diseases [43]. Our work 
showed a reduction in α-SMA in the AT-BMC 14 
days group and AT-BMC 21 days group com-
pared to the groups that received atherogenic 
diet without the injection of bone marrow cells 
(AT 14 days group and AT 21 days group, 
respectively), possibly due to reduced exposure 
of the aortic wall to cholesterol and triglycer-
ides. Because this exposure is essential for the 
development of atherosclerosis, transplanta-
tion of BMCs would delay (or even prevent) the 
development of atherosclerotic plaques, result-
ing in less fibrosis and reduced transdifferenti-
ation of endothelial cells. A reduction in the en- 
dothelial lesion could lead to better morpho-
logical organization in the transplantation gro- 
up. There are some reports supporting the 
hypothesis that the smooth muscle and endo-
thelial progenitors may act as a double-edged 
sword in the pathogenesis of atherosclerosis 
[15]. The smooth muscle cells forming the neo-
intima would be derived from progenitor cells 
within the vessel wall and blood circulation 
[45]. The injection of smooth muscle cell pro-
genitors may have a beneficial effect by reduc-
ing the progression of atherosclerotic plaques 
in mice [46]. Endothelial dysfunction stimulates 
the proliferation and migration of smooth mus-
cle cells and increases the synthesis of extra-
cellular matrix components, which explains the 
characteristic thickening of the tunica intima 
and thus the arterial wall. These smooth mus-
cle cells may be recruited from circulating pre-
cursors or may derive from the adjacent tunica 
media [47]. These data support our results that 
showed an increase in immunolabeling for 
α-SMA and increased thickness of the aortic 
wall in the AT 21 days group. The BMC trans-
plant reduced the α-SMA immunolabeling in 
the AT-BMC 14 days group and AT-BMC 21 days 
group as well as thickness in AT-21 days group.

Vascular endothelial growth factor (VEGF) is a 
member of the superfamily of growth factors, 
and it has two main receptors in blood vessels: 
VEGFR-1 and VEGFR-2. In physiological condi-
tion, VEGF induces new vessel formation in pro-
cesses such as tissue healing and scarring. 
Previous studies have shown that pulmonary 
hypertension increases VEGF [48] and that 
VEGF is present in atherosclerotic lesions dur-
ing coronary artery disease [49]. The cellular 
cardiomyoplasty technique has proved effec-
tive in patients with transmural infarction [50] 
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after mononuclear cells from bone marrow 
aspirated from the ileum of 10 patients were 
injected onto the infarct zone. This approach 
resulted in significant benefit to patients in 
terms of a decrease in the perfusion defect 
[51]. As in the aforementioned studies, the 
increased expression of VEGF in the AT 14 days 
group and AT 21 days group was expected. The 
lighter VEGF stain in the AT-BMC 14 days group 
and AT-BMC 21 days group suggests that those 
animals aortas were less injured and therefore 
required less VEGF.

In conclusion, the present study demonstrated 
that BMCs therapy improves blood glucose, 
lipid metabolism and the adverse aortic remod-
eling in C57Bl/6 mice fed an atherogenic diet. 
Although the data regarding beneficial effects 
of BMCs on atherosclerosis are controversial, 
our results contribute to the current knowledge 
favoring cell therapy.
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