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Possible Therapeutic Effect of Stem Cell in Atherosclerosis in
Albino Rats. A Histological and Immunohistochemical Study
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Background: Atherosclerosis is the leading cause of death worldwide. there are no effective approaches to regressing
atherosclerosis due to not fully understood mechanisms. Recently, stem cell-based therapies have held promises to
various diseases, including vascular diseases.

Aim: The present study aimed at investigating the possible effect of cord blood mesenchymal stem cell (MSC) therapy
on atherosclerosis.

Material and Methods: Eighty adult male albino rats were divided into control group (I), atherogenic group (II): sub-
jected to high cholesterol fed diet (200~300 mg/kg body weight) for 12 weeks and 1.8 million units of vitamin D / kg
of diet for 6 weeks. Stem cell therapy group (III): injected with stem cells in the tail vein following confirmation
of atherosclerosis. Histological, Immunohistochemical and morphometric studies were performed were conducted.
Results: Atherogenic group (II) showed increased aortic thickness, intimal proliferation, smooth muscle proliferation
and migration. Increased area % of collagen fibers, iNOS and vimentin immunoreactions were recorded and proved

morphometrically. All findings regressed on stem cell therapy.
Conclusion: A definite therapeutic effect of mesenchymal stem cells was found on atherosclerosis.
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Introduction

Atherosclerosis and its consequences remain a major
global challenge. Coronary artery or cerebrovascular dis-
ease represents the leading cause of mortality worldwide
(D). Apart from its lethal consequences such as myocardial
infarction or stroke, atherosclerosis underlies the cause of
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huge burden of morbidity, associated with heart failure
due to ischemic heart disease or neurological impairment
due to stroke.

Over the past decades, therapeutic options to treat athe-
rosclerosis or at least prevent its consequences have been
significantly improved including new pharmacological
treatments such as novel inhibitors of platelet aggregation
(2) but also interventional techniques such as percuta-
neous coronary interventions (3). However, there is still
an enormous unmet need. Thus novel treatment options
are desperately needed in order to reduce morbidity and
mortality due to atherosclerosis.

The traditional environmental risk factors for athero-
sclerosis are lifestyle choices, including intake of choles-
terol-rich foods, low exercise level, and smoking. Low
physical activity in combination with an unhealthy diet
will elevate plasma levels of LDL (the bad cholesterol),
lead to increased lipid accumulation both in the artery
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wall and in fat deposits, and increase the incidence of obe-
sity and the risk of developing type 2 diabetes. Hypercho-
lesterolemia is a major risk factor for the development and
progression of atherosclerosis and related cardiovascular
diseases (4).

Atherosclerosis, a chronic progressive inflammatory dis-
ease of the arterial wall, has traditionally been considered
an "inside-out" response in which injury to intimal endo-
thelial cells initiates the adhesion/invasion of inflammatory
cells in the subendothelial space. Subsequently athero-
sclerotic plaques grow by the accumulation of in-
flammatory cells and lipid substances and the pro-
liferation of vascular smooth muscle cells (5, 6). Clinical
evidence indicates that instability rather than plaque size
affects the prognosis of cardiovascular diseases (7, 8).

Stem cells are a population of undifferentiated cells
which characterized by the ability to extensively pro-
liferate (self-renewal), usually arise from a single cell
(clonal), and differentiate into different types of cells and
tissues (potent). It can make exact copies of itself indef-
initely and can differentiate and produce specialized cells
for the various tissues of the body. There are two types
of stem cells: adult and embryonic. There are several sour-
ces of stem cells with varying potencies. Pluripotent cells
are embryonic stem cells derived from the inner cell mass
of the embryo that can differentiate into tissue from all
3 germ layers (endoderm, mesoderm and ectoderm).
Multipotent stem cells may differentiate into tissue de-
rived from a single germ layer such as mesenchymal stem
cells which form adipose tissue, bone and -cartilage.
Tissue-resident stem cells are oligopotent since they can
form terminally differentiated cells of a specific tissue.
Stem cells can be used in cellular therapy to replace dam-
aged cells or to regenerate organs (9).

There are four adult stem cells from common sources
including, adipose tissue-mesenchymal stem cells (AT-MSC),
bone marrow mesenchymal stem cells (BM-MSCs), nasal
septum derived multipotent progenitors (NSP) and um-
bilical cord blood stem cells (USSCs) (10).

The use of stem cells in medicine is considered a prom-
ising untraditional field as many scientists and researchers
anticipate that adult and embryonic stem cells will soon
be able to treat cancer, Type 1 diabetes mellitus, Parkinson's
disease, Brain damage, Spinal-cord injury, Heart damage,
Hematopoiesis (blood-cell formation), Baldness, Missing
teeth, Deafness, Blindness and vision impairment, Amyo-
trophic lateral sclerosis, Graft vs. host disease and Crohn's
disease, Neural and behavioral birth defects, Diabetes,
Transplantation, Orthopaedics, Wound healing, Infertility
Huntington's disease, Celiac disease, cardiac failure, mus-

cle damage and neurological disorders, and many others (11).

This study was conducted to monitor the effect of stem
cells in vascular repair and reduction of atherosclerosis
which brings worldwide benefits.

Materials and Methods

Induction of atherosclerosis

By giving a high cholesterol diet and high doses of vita-
min D as follow; Rats will be given high cholesterol fed
diet (200~300 mg/kg body weight) for 12 weeks and 1.8
million units/kg of vitamin D for 6 weeks (12).

Animals

Eighty male albino rats of 3 to 4 weeks-old, weighing
180=10 gm housed at optimum conditions (temperature
[21£2°C], with a 12-h light/dark cycle), fed standard chow
adlibitum with free access to water at all times for 1 week
to acclimate the animals. The animals were treated accord-
ing to animal rights committee. The animals then divided
into 3 experimental groups (n=20):

Control group (I): where rats will be kept at optimum
normal conditions.

Atherogenic group (ll): where rats will be given High
cholesterol fed diet (200~300 mg/kg body weight) for 12
weeks and 1.8 million units/kg of vitamin D for 6 weeks
(12).

Stem cells treated group (lll): where rats will be given
High cholesterol fed diet (200~300 mg/kg body weight)
for 12 weeks and 1.8 million units/kg of vitamin D for
6 weeks. Following confirmation of atherosclerosis, the an-
imals were injected each with 3x10° of cultured and la-
beled mesenchymal stem cells (MSCs) suspended in 0.5
ml phosphate buffer saline (PBS) on two successive days
in the tail vein (13-15).

Cord blood collection

UCB was collected from warm blood full-term born rats
immediately after birth. After clamping and disinfecting
of the umbilical cord with 70% alcohol, the umbilical vein
was punctured immediately after birth and UCB was
drained by gravity into standard blood donor bag and sub-
sequently stored at 4°C. Samples were processed only if
(1) at least 150 mL UCB was collected, (ii) storage time
was less than 15 hours, and (iii) no signs of coagulation
or hemolysis were present. Once the umbilical cord was
ruptured, a clamp was placed on each end of the amniotic
part, after which the umbilical cord was rinsed with tap
water and iodine soap to remove the gross contamination
and disinfected with 70% alcohol. Subsequently, a
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S-cm-long piece was obtained from the middle of the dis-
infected umbilical cord with a sterile scalpel blade and
stored in phosphate-buffered saline containing 50 ug/mL
gentamycin at 4°C (16).

Isolation and culturing of mesenchymal stem cells (MSCs)

Mononuclear cell fraction (MNCF) was isolated by
loading 30 ml of whole blood onto 10 ml of Ficoll density
media (Healthcare Bio-Sciences) in 50 ml polypropylene
tubes, centrifuge for 30 minutes at room temperature. The
interphase collected after aspirating and discarding the su-
pernatant, then was washed with 20 ml PBS and centri-
fuged at room temperature. The supernatant was aspirated
and cells were washed with PBS again. Cells were re-
suspended in the isolation media and transferred to cul-
ture dishes. Incubation was at 38.5°C in humidified at-
mosphere containing 5% CO,. The isolation media was
low glucose Dulbecco's modified Eagles medium (DMEM)
(Cambrex Bio Science) supplemented with low dexame-
thazone (107 M) (Sigma-Aldrich), penicillin (100 IU/ml),
streptomycin (0.1 mg/ml) (Invitrogen) and ultraglutamine
(2 mM) (Cambrex Bio Science) (16).

MSCs in culture were characterized by their adhesive-
ness and fusiform shape. MSCs cells were harvested dur-
ing the 4™ passage and were labeled with PKH26 red
fluorochrome. Labeled cells retain both biological and
proliferating activity. Labeled cells that have been washed
can be visualized in culture up to 100 days after staining
(for non-dividing cells). The dye itself is stable and will
divide equally when the cells divide (17).

Histological study

Aortas were quickly excised after dissection of animals.
The samples were preserved in 10% formol saline for 24
hours. Paraffin blocks were prepared and 5 um thick sec-
tions were subjected to hematoxylin and eosin (18) and
Masson's trichrome (19).

Immunohistochemichemical study

Sections of aorta were deparaffinised and treated with
PBS for 30 min at room temperature. The slides were in-
cubated for 30 min with primary anti-eNOS (1:50 rabbit
polyclonal, RR-1711-R7, Neomarkers; Lab Vision, Fermont,
CA, USA), anti-INOS (mouse momoclonal antibody (BD
transduction Lab, USA) and vimentin (1:500 dilution;
BioGenex) antibodies. After three washes with PBS, the
sections were incubated with biotinylated secondary anti-
body, and incubated with peroxidase substrate. Antibody
labeled specimens were rinsed with distilled water for 5
min and dehydrated. Positive cytoplasmic immune re-

action appeared as brown dots against blue background of
Mayer's hematoxylin stain (20, 21).

Statistical analysis

Quantitative data were summarized as means and stand-
ard deviations as compared using one-way analy-
sis-of-variance (ANOVA). p-values 0.05 were considered
statistically significant. Calculations were made on SPSS
software (22).

Results

Hematoxylin and eosin (H&E) stained sections
Section of aorta of control rats (group I) demonstrated
that its wall is formed of three layers tunica intima, tunica
media and tunica adventitia (Fig. 1A). Closer observation
revealed the tunica intima exhibiting simple squamous en-
dothelium with underlying lamina propria. tunica media
formed of concentrically-arranged smooth muscle (Fig.
1B) and tunica adventitia exhibiting vasa vasorum (Fig. 1A).
In atherogenic rats (group II), sections of Aorta showed
thickening of tuinca intima with fat deposition (Fig. 1C,
D). Tunica media demonstrated foam cells (Fig. 1C, D)
and smooth muscle proliferation with migration of smooth
muscle fibers into intima (Fig. 1E, F). Thickness of the
whole wall was significantly increased compared to control
group (Table 1) (Fig. 1E, F). Some fields showed thinning
of adventitia (Fig. 1G) and inflammatory cells (Fig. 1C).
In stem cell therapy group (group III), no intimal thick-
ening, tunica media appears normal except some foam
cells and congested vasa vasorum within tunica adventitia
(Fig. 1H). Thickness of the whole wall was significantly
decreased compared to atherogenic group (Table 1).

Masson's trichrome stained sections

Minimal collagen fibers were found in sections of aorta
of control rats (group I) (Fig. 2A). While in atherogenic
rats (group II), extensive collagen fibers demonstrated
(Fig. 2B) which were significantly increased compared to
control group (Table 1). In stem cell therapy group (group
III), minimal collagen fibers were seen in detected and
significantly decreased compared to atherogenic group
(Table 1) (Fig. 2C).

Vimentin immunostained sections

There is a significant increase in vimentin immunor-
eactivity in atherogenic group (group II), compared with
normal control group (group I) while stem cell therapy
group (group III) showed a siginificant decrease in vi-
mentin immunoreactivity compared to atherogenic group
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Fig. 1. (A) Three layers forming wall of aorta: tunica intima (TI), tunica media (TM) formed of concentrically-arranged smooth muscle (black
arrow) and tunica adventitia (TA) exhibiting vasa vasorum (white arrow) (group |, H&E, x200). (B) Tunica intima exhibiting simple squamous
endothelium (black arrow) with underlying lamina propria (white arrow) (group I, H&E, x400). (C) Thickening of tunica intima (TI) with
fat deposition (black arrow) and appearance of foam cells (white arrow). Tunica adventitia shows inflammatory reaction (arrow heads) (group
Il, H&E, x200). (D) Thickening of tunica intima (TI) with fat deposition (black arrow) and appearance of foam cells (white arrow) (group
Il, H&E, x400). (E) Increased thickness of the whole wall of aorta (double headed arrow) with protrusion of intima into lumen (black
arrow) (group I, H&E, x200). (F) Smooth muscle proliferation and migration into intima (black arrow) (group Il, H&E, x400). (G) Thickened
wall of aorta with protrusion into lumen (black arrow) and thinning of adventitia (white arrow) (group Il, H&E, x200). (H) normal aorta
except tunica media show some foam cells (black arrow) and congested vasa vasorum within tunica adventitia (white arrow) (group lII,
H&E, x200).

Table 1. Aortic wall thickness and area % of collagen fibers distribution eNOS, iNOS and vimentin immune-reaction of of Aorta in all
groups

Group | (Control) Group Il (atherogenic) Group Il (stem cell)
Aortic wall thickness 80.79+1.38 124.70+8.40° 83.25+1.66"
Area % of collagen fibers 8.79+0.873 13.06+1.934° 8.13+0.743"
Area % of vimentin immune-reaction 1.08+0.43 5.16+0.73% 1.0911.01b
Area % of eNOS immune-reaction 2.56+0.538 1.61+0.66" 1.6411‘01b
Area % of iINOS immune-reaction 0.76+0.07 3.01+0.14" 1.0810‘19b

%ignificant compared to control group, “significant compared to atherogenic group p<0.05.
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Fig. 2. (A) Minimal collagen fibers (arrows) (group I). (B) Extensive collagen fibers (arrows) (group I1). (C) Minimal collagen fibers (arrows)
(group 1) (Masson' trichrome, x200). (D) Minimal vimentin immunoreactivity (group i). (E) Increased vimentin immunoreactivity (group
I). (F) Minimal vimentin immunoreactivity (group Ill) (immunostaining for vimentin x200).

(Table 1) (Fig. 2D~F).

eNOS immunostained sections

There is a significant decrease in eNOS immunor-
eactivity in atherogenic group (group II), compared with
normal control group (group I) while stem cell therapy
group (group III) showed a significant increase in eNOS
immunoreactivity compared to atherogenic group (Table 1)
(Fig. 3A~C).

iNOS immunostained sections

There is a significant increase in iNOS immunor-
eactivity in atherogenic group (group II), compared with
normal control group (group I) while stem cell therapy
group (group III) showed a significant decrease in iNOS
immunoreactivity comperd to atherogenic group (Table 1)
(Fig. 3D~F).

Homing of transplanted MSCs

Positive PKH 26 immunofluorescent stem cells were de-
tected within aortic sections from stem cell therapy group
(group III) (Fig. 4) indicating homing of stem cells in the
injured aortic tissues.

Morphometric results

The mean thickness of the wall of aorta was sig-
nificantly increased in atherogenic group compared to
control and stem cell therapy groups. Similar significance
was recorded as regards the mean area % of collagen fi-
bers, vimentin and iNOS immunoreactivity. While there
was a significant decrease in eNOS immunoreactivity in-
creased in atherogenic group (group II) compared to con-
trol and stem cell therapy groups (Table 1).
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Fig. 3. (A) eNOS immunoreactivity in tunica intima (arrows) (group I). (B) Weak eNOS immunoreactivity in tunica intima (arrows) (group II).
(C) eNOS immunoreactivity in tunica intima (group ) (immunostainig for eNOS, x200). (D) Weak iNOS immunoreactivity (arrows) (group I).
(E) increased iNOS immunoreactivity (arrows) (group ). (F) Weak iNOS immunoreactivity (arrows) (group IIl) (immunostainig for iNOS,

% 200).

e

Fig. 4. A photomicrograph of section of aorta from group Ill show-
ing positive immunofluorescent stem cells (arrows) within aorta.

Discussion

The current study demonstrated modulating effect of
cord blood stem cell therapy on atherosclerosis in albino
rat. This was evidenced by histological, Immunohistochemical
and morphometric studies.

By examination, high cholesterol diet and high doses of
vitamin D resulted in significant increase in wall thick-
ness, thickening of tunica intima with fat deposition and
appearance of foam cells which is in accordance with the
work of other investigators (23-25). Tang et al. (26) dem-
onstrated that hypercholesterolemia is accompanied by
lipid deposition in the vessel resulting in foam cell and
plaque formation.

The lesions of atherosclerosis represent a series of high-
ly specific cellular and molecular responses. The earliest
changes that precede the formation of lesions of athero-
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sclerosis take place in the endothelium, with resultant en-
dothelial dysfunction. Endothelium dysfunction can result
in increased lipid permeability, macrophage recruitment,
formation of foam cells, and recruitment of T-lymphocytes
and platelet (27).

Tietge (28) declared that lipid deposition and accumu-
lation within vascular wall is the initial stage of athe-
rogenesis. Thereafter inflammatory cells such as mono-
cytes and neutrophils infiltrate and engulf these lipid mol-
ecules, and then subsequently turn into foam cells and si-
multaneously produce a substantial of inflammatory cyto-
kines such as interleukins and CRP. Oxidation of low den-
sity lipoprotein (LDL) is believed to play a role in the
initiation of atherosclerosis, leading to LDL uptake by
macrophages and foam-cell formation, but becoming less
important in the later stages of the condition (29).

Our results demonstrated smooth muscle proliferation
with migration of smooth muscle fibers into intima. The
results were confirmed by Rudijanto (27), who declared
that after intimal injury, different cell types, including en-
dothelial cells, platelets, and inflammatory cells release
mediators, such as growth factors and cytokines that in-
duce phenotype change of vascular smooth muscle cells
from the quiescent "contractile" phenotype state to the ac-
tive "synthetic" state, that can migrate and proliferate from
media to the intima.

The present study reported an increase in collagen fi-
bers of the atherogenic group as evidenced by Masson's
trichrome and vimentin immunostaining. Collagen is be-
lieved to be produced by smooth muscle cells (30) forming
unusual and distinctive type of fibrous tissue.

Diet-induced hypercholesterolemia in rats resulted in a
significant decrease in aortic eNOS activity coupled with
increased aortic iNOS activity which is consistent with the
studies of Verbeuren et al. (31) and Li et al. (32). Current
findings could be attributed to hypercholesterolemia-induced
oxidative stress leading eventually to endothelial dysfunc-
tion (33).

In stem cell therapy group, all morphological changes
have been disappeared except for some foam cells and
slight congestion of vasa vasorum. This was proved morp-
mometrically. Niyaz et al. (34) reported that mesenchymal
stem cells can participate in the regeneration and repair
of diseased adult organs including the blood vessels.

It was reported that MSCs express intermediate to low
levels of human leucocytic antigen (HLA) class I, low lev-
els of HLA class II and low levels of co-stimulatory mole-
cules allowing the MSCs to escape alloreactive recognition.
These properties result in modulation of the immune re-
sponse by MSCs and have been the basis for clinical trials

of allogenic MSC administration to patients (35).

Ji et al. (36) added that one concern in the use of trans-
plantation of non-hematopoietic stem cells from human
umbilical cord blood (UCB-nHSCs) is the possibility of
rejection by the host's immune system. They showed that
both UCB-nHSCs and their progenies have no significant
effects on proliferation of xenogenic T lymphocytes.
UCB-nHSCs are shown to induce a lower level of CD4
and CDS expression in the brain and in the peripheral
blood indicating that both undifferentiated and differ-
entiated UCB-nHSCs all have weak immunogenicity.

The mechanisms that regulate mobilization, migration,
and differentiation of stem cells and their homing to sites
of vascular injury are complex and involve several media-
tors and receptors, such as P-selectin glycoprotein ligand-1
(PSGL-1), a4 integrin, CXC chemokine receptor-2 and -4,
and Ai- and A ,-integrins (17-20). Furthermore, it has
been shown that the interaction of platelets with progeni-
tor cells influences their chemotaxis, adhesion, activation,
and differentiation into mature endothelial cells during
vascular repair (37).

Platelets are involved in progenitor cells homing by re-
leasing potent chemotactic factors such as the stro-
mal-cell-derived factor-1 (SDF-1«). In an in vitro model
it was shown that a significant interaction occurs between
activated platelets and EPCs under both static and flow
conditions, and this interaction is mediated by P-se-
lectin-P-selectin glycoprotein ligand-1 (PSGL-1) binding
and A1- and A2 integrins (38).

In vivo experiments of carotid injury in mice have re-
ported that platelets provide a critical signal for the early
recruitment of bone marrow (BM) -derived progenitor
cells, such as CD34+ cells, to the sites of vascular injury.
Apart from EPC homing to sites of vascular injury, plate-
lets support and promote the maturation and differ-
entiation of EPCs to endothelial cells (ECs) (39).

eNOS, the predominant NOS isoform in the vascula-
ture, is responsible for most of the NO- produced in this
tissue. Vascular NO- dilates all types of blood vessels by
stimulating soluble guanylyl cyclase and increasing cyclic
guanosine monophosphate (¢cGMP) in smooth muscle
cells. NO- released toward the vascular lumen is a potent
inhibitor of platelet aggregation and adhesion. NO- also
can inhibit leukocyte adhesion to the vessel wall either by
interfering with the ability of the leukocyte adhesion mol-
ecule CD11/CD18 to form an adhesive bond with the en-
dothelial cell surface or by suppressing CD11/CDI18 ex-
pression on leukocytes. White cell adherence is an early
event in the development of atherosclerosis; therefore, NO-
may protect against the onset of atherogenesis. Furthermore,
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NO- has been shown to inhibit DNA synthesis, mito-
genesis, and proliferation of vascular smooth muscle cells.
The inhibition of platelet aggregation and adhesion pro-
tects smooth muscle from exposure to platelet-derived
growth factor(s). Therefore, NO- also prevents a later step
in atherogenesis, fibrous plaque formation. Based on the
combination of those effects, endothelial NO- probably
represents the most important antiatherogenic defense
principle in the vasculature (40). In our study we showed
that in stem cell therapy group, there was a significant
increase in eNOS immunoreactivity. This may declare
that stem cell can differentiate into endothelaial cells.

Conclusion

Thus, the present study demonstrates that cord blood
mesenchymal stem cells could offer a a novel therapeutic
opportunity against diet-induced atherosclerosis in rats.
Our study opens the perspective to clinical studies.
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