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Abstract
We utilized two separate techniques, human Umbilical Cord 
Blood Stem Cells (hUCBC) and chitosan hydrogels, to limit 
acute myocardial infarction size and LV remodeling. Human 
Umbilical Cord Blood Mononuclear Cells (hUCBC), contain 
hematopoietic and mesenchymal stem cells. Chitosan is a 
polysaccharide. Chitosan hydrogels are approved by the 
United States Food and Drug Administration for human use 
in drug delivery and are used in repair of skin, nerve, car-
tilage, and bone. Hydrogels made from chitosan are liquid 
at room temperature but form a gel matrix at body tempera-
ture. We permanently ligated the left anterior descending 
coronary artery of 100 rats and then randomly divided the 
rats into control, hUCBC, or chitosan gel treatments. Trans-
thoracic echocardiograms were obtained on rats prior to 
infarction and then at two, four, and eight weeks after in-
farction. Hearts were harvested from randomly selected rats 
from each group at each time for infarct size. Wall thickness 
and neovascularization of the infarction border zone were 
determined at eight weeks after infarction. Infarct sizes in 
the controls, expressed as a percentage of total right plus 
left ventricular area, averaged 25 ± 1% at 2 weeks, 26.5 
± 1% at 4 weeks and 27 ± 1% at 8 weeks. Infarct sizes in 
the hUCBC Group averaged 16 ± 1% at two weeks and 14 
± 1% at 4 weeks and at 8 weeks (all p < 0.001 compared 
with controls) and in the Gel Group averaged 17 ± 1% at 
two weeks, 14.5 ± 0.9% at 4 weeks and 13.9 ± 0.8% at 8 
weeks (all p < 0.01 compared with controls). There was no 
significant difference in infarct size between the hUCBC and 
the Gel group. Injection of hUCBC or Gel into infarct borders 
produced scars that were similar in thickness and 4-5 mm 
thicker than the control scars at 8 weeks (p < 0.01). LV frac-
tional shortening decreased in controls from a normal value 
of 54 ± 1% and averaged 24 ± 1.1% at 2 weeks. 16.8 ± 1.2% 
at 4 weeks, and 19.9 ± 1.1% at 8 weeks (all p < 0.001 com-
pared with normals). Fractional shortening in hUCBC Group 
averaged 33.1 ± 0.9 at 2 weeks, 33.5 ± 1.1% at 4 weeks

and 34 ± 0.9% at 8 weeks and in the Gel group averaged 
31 ± 1% at 2 weeks, 32 ± 1.2% at 4 weeks and 32 ± 0.9 
at 8 weeks (all p < 0.001 compared with controls). The LV 
End-Diastolic Diameter (LVED) increased in controls from 
a normal value of 0.61 ± 0.05 cm to 0.88 ± 0.03 cm at two 
weeks then 0.89 ± 0.01 cm at 4 weeks, and 0.92 ± 0.05 
cm at 8 weeks (all p < 0.001 compared with normals). In 
contrast, LV end-diastolic diameters in the hUCBC and Gel 
Groups were 17 to 23% smaller between two and eight 
weeks after myocardial infarction (p < 0.05). There was no 
significant difference in the hemodynamic measurements 
between the hUCBC and Gel groups. Vessel density in the 
border zones of myocardial infarctions after 8 weeks were: 
5.3 ± 0.4/HPF in the hUCBC treated rats and 4.5 ± 0.5/
HPF in the Gel group in comparison with 3.0 ± 0.3/HPF in 
the DMEM treated rats (p < 0.01 compared with controls). 
We conclude that hUCBC and chitosan hydrogels produce 
similar and significant reductions in infarct size and LV re-
modeling and substantial increases in LV border zone wall 
thickness and vascularity.
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Introduction

Five hundred and twenty-five thousand individuals 
experience a new acute myocardial infarction each year 
in the United States [1]. Although the hospital mortal-
ity from acute myocardial infarction has decreased to 
approximately 2% in the United States, the incidence 
of patients who develop ischemic cardiomyopathy and 
congestive heart failure after acute myocardial infarc-
tion is significantly increasing. Currently, more than 
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550,000 individuals are diagnosed and treated each 
year for ischemic cardiomyopathies and congestive 
heart failure [1,2]. New treatments are needed to limit 
the size of myocardial infarctions and prevent the de-
velopment of left ventricular remodeling, ischemic car-
diomyopathy, and congestive heart failure in patients. 
In order to accomplish this goal, cardiovascular inves-
tigators are administering bone marrow stem cells to 
patients with acute myocardial infarction. However, the 
results of adult autologous bone marrow mononuclear/
stem cell administration in the Time Trial, the Late Time 
Trial, and the Swiss Acute Myocardial Infarction Trial 
have been disappointing with no significant differences 
reported between treated patients and patients treated 
with current standard medical therapy [3]. This may be 
due, in part, to the fact that bone marrow mononucle-
ar cells from patients with advanced age and patients 
with chronic diseases, such as ischemic heart disease 
or diabetes mellitus, are often functionally impaired, 
propagate poorly and have a shortened life span [4,5]. 
We are investigating human umbilical cord blood stem 
cells and chitosan hydrogels in the treatment of acute 
myocardial infarction in order to limit infarction size and 
limit or prevent left ventricular remodeling and the de-
velopment of congestive heart failure. Human Umbilical 
Cord Blood Mononuclear Cells (hUCBC), contain hema-
topoietic and mesenchymal stem cells. One milliliter of 
human umbilical cord blood, obtained after full term 
infant delivery, contains approximately 8000 primitive 
hematopoietic progenitor cells and 10,000 multipotent 
stem/progenitor cells [6]. Mesenchymal stem cells are 
also present in umbilical cord blood in small numbers 
but are present in larger numbers from Wharton’s Jelly 
in the umbilical cord [7]. Cord blood cells can be injected 
into the myocardium during cardiac surgery, left heart 
catheterization, or coronary artery catheterization for 
the treatment of myocardial infarction and ischemic 
cardiomyopathies.

Chitosan and chitosan hydrogels are approved by the 
US Food and Drug Administration for use in tissue engi-
neering, and drug delivery and are currently used in the 
repair of skin, nerve, cartilage, and bone [8,9]. Hydrogels 
made from chitosan are liquid at room temperature but 
undergo gelation and form a matrix at body temperature. 
Therefore, these gels can be directly injected into the heart 
during cardiac surgery or injected by catheter into the LV 
endocardium at cardiac catheterization. Chitosan gels are 
biocompatible, non-toxic, bacteriostatic, and are porous 
[8,9]. Therefore chitosan gels permit the diffusion of cells 
and nutrients to the myocardium. In addition, the degree 
of chitosan deacetylation can be adjusted to optimize 
the degradation rate of chitosan in the myocardium and 
other tissues [8]. We are investigating chitosan hydrogel 
injections into the border zone of myocardial infarctions 
in order to increase myocardial wall thickness, decrease 
myocardial wall stress due to the Law of LaPlace, decrease 
myocardial oxygen requirements, and in this manner limit 
myocardial infarction size.

The present investigation compares hUCBC effects 
with chitosan hydrogel effects in limiting acute myocar-
dial infarction size, decreasing left ventricular remodel-
ing, increasing left ventricular wall thickness and stimu-
lating neovascularization in rats.

Materials and Methods

Male Sprague-Dawley rats, weighing 250-350 g, 
were housed in a temperature-controlled environment 
with free access to food and water. On the day of sur-
gery, the rats were anesthetized with Isoflurane 5% by 
inhalation, intubated with polyethylene tubing, and me-
chanically ventilated (Harvard Apparatus) with oxygen 
and 3 to 5% Isoflurane. The rats were then placed in the 
right lateral decubitus position on a heating pad. A tho-
racotomy was performed in the fourth left intercostal 
space, the pericardium was opened, and the left ante-
rior descending coronary artery (LAD) was permanently 
ligated with 5-0 prolene suture 3 mm below its origin 
from the aorta. Myocardial infarction in each rat was 
confirmed after LAD ligation by discoloration and aki-
nesis of the anterior myocardial wall and by ST segment 
elevation on the electrocardiogram one hour after cor-
onary artery ligation.

Male rats were utilized in the present experiments 
rather than female rats in order to avoid female hor-
monal changes that might affect LV remodeling. One 
hundred male rats were randomly divided into three 
groups. The control group consisted of rats in which the 
LAD coronary artery was permanently ligated and, af-
ter 1 hour, 0.5 ml Dulbecco’s Modified Eagle Medium 
(DMEM), was injected around the perimeter of each 
myocardial infarction. The infarct + hUCBC group con-
sisted of rats that underwent LAD ligation and after 1 
hour were given 4 × 106 hUCBC in 0.5 ml DMEM around 
the perimeter of each infarction. The infarct + chitosan 
group consisted of rats that underwent LAD ligation 
and after 1 hour were given 0.50 ml chitosan in DMEM 
around the perimeter of each infarction. The sequence 
of the experiments was varied.

In each group, the tip of the injection needle for 
DMEM, hUCBC or Gel was bent 90 degrees in allow the 
needle to remain parallel with the myocardial wall. Prior 
to injection, the syringe connected to the needle was 
aspirated to ensure the needle had not entered the LV 
cavity. The chest wall of each rat was then closed with 
3-0 Vicryl then 3-0 Prolene sutures in three separate 
layers and the Isoflurane anesthesia was discontinued. 
The rats were then continuously monitored for approx-
imately one to two hours until alert and ambulatory. 
Carprofen, 5 mg/kg, SC, was given for analgesia every 
12 hours for 48 hours then as needed after surgery. The 
University of South Florida/James A. Haley Institutional 
Review and Animal Use Committees approved all of our 
protocols and procedures.
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Human Umbilical Cord Blood Mononuclear Cells 
(hUCBC)

Human umbilical cord blood mononuclear cells or 
human cord blood were obtained from human cord cell 
blood banks (CordUse, Saneron Therapeutics, Cambrex) 
and the specimens did not contain any identifying infor-
mation of the original donors. The cells were stored at 
-196 °C in liquid nitrogen. The cord blood was rejected 
if the blood was positive for Human Immunodeficiency 
Virus (HIV), human T-lymphocytic virus, hepatitis, syphi-
lis or cytomegalovirus. The mononuclear cell fraction of 
cord blood was obtained by Ficoll density gradient sep-
aration and cryopreserved at -196 °C in liquid nitrogen. 
The cryopreserved hUCBC were thawed at 37 °C and 
transferred into centrifuge tubes containing Isolyte S, pH 
7.4 (Braun Medical). The cells were washed three times, 
centrifuged at 1500 rpm for 7 min, the supernatant dis-
carded and the hUCBC viability determined by Trypan 
Blue dye exclusion technique. The hUCBC viability was 
greater than 90%. hUCBC have very large nuclei that oc-
cupy approximately 80-85% of the cell. This morphology 
readily distinguishes these cells from cardiac myocytes, 
which have eccentric nuclei in cells with cross striations, 
and polymorphonuclear leukocytes, which have poly 
lobed nuclei. The hUCBC were not propagated in culture 
flasks. Each dose of hUCBC administered was adjusted 
to deliver a total of 4 × 106 Trypan Blue-negative hUCBC 
by a precisely calibrated syringe. The hUCBC contained 
1-2% CD34+ cells and approximately 1% SH2 (CD105) 
positive cells as determined by fluorescent antibodies to 
CD34 and SH2 cells that were obtained from Invitrogen 
and Osiris, respectively, and fluorescent activated cell 
sorting cytometry (Becton Dickinson) in our facility. A 
Mac OS9 G-3 computer (Apple Computer) was used for 
initial cell analysis. Cell Quest (Becton Dickinson), was 
used for cell acquisition. The data was then analyzed 
with FlowJo (Tree Star) on a computer. Immune sup-
pression therapy was not given to any rat that received 
hUCBC. The use of hUCBC in animal studies has been 
approved by our Institutional Review Board.

Chitosan hydrogel

Two hundred mg of chitosan (Sigma), which was 75-
90% deacetylated, was dissolved in 10 ml of distilled wa-
ter to obtain a 2% chitosan solution and sterilized using 
liquid autoclaving. Then 1.15 g of ultrapure β-Glycerol 
Phosphate (β-GP) (Sigma) was dissolved in 10 ml of dis-
tilled water to obtain 11.5% β-GP and the solution was 
filter sterilized. Eight ml of chitosan and 2 ml of β-GP 
was then mixed with 2.5 ml of 2.5% sterile hydroxyethyl 
cellulose in DMEM [10]. The liquid product forms a gel 
at body temperature (37 °C) in the rat that is gradually 
degraded over approximately 4 weeks to non-toxic me-
tabolites that are excreted in urine.

Echocardiography

M-mode and two dimensional transthoracic echo-

cardiograms were obtained on rats prior to acute myo-
cardial infarction and then at two, four, and eight weeks 
after myocardial infarction. This technique is accurate 
and reproducible in normal rats and rats with myocar-
dial infarction [11]. An echocardiographic system (Sie-
mens/Acuson) with a 7.5 MHz transducer was used. This 
system has a resolution of 0.5 mm. Rats were very light-
ly anesthetized with 2% Isoflurane and then underwent 
echocardiographic examinations. Two dimensional and 
M-mode echocardiograms were obtained at the level of 
the left ventricular papillary muscles and were record-
ed on the computer hard disc of the echocardiographic 
system and on compact discs. A minimum of five cardiac 
cycles were measured and the values averaged for each 
rat. An investigator and a sonographer, who were un-
aware of the rats’ treatment, analyzed all the echocar-
diographic images. Linear measurements of the LV were 
acquired from the parasternal long-axis or apical views. 
Left ventricular end-systolic diameter was measured af-
ter aortic valve closure or measured from the frame in 
which the left ventricular chamber dimension was the 
smallest. Left ventricular fractional shortening was de-
termined from LV End-Diastolic diameter (LVED) minus 
Left Ventricular End-Systolic diameter (LVES) divided by 
LVED × 100.

Infarct size

Hearts were harvested from randomly selected anes-
thetized rats from each group at baseline then at two, 
four, and eight weeks after myocardial infarction. The 
permanent suture occlusion of the LAD coronary artery 
was verified in each heart. The ventricles of each heart 
were cut into four separate two millimeter slices paral-
lel to the atrioventricular sulcus. Each biventricular slice 
was rinsed in 0.9% NaCL and then was totally immersed 
and turned every five minutes for forty-five minutes in 
1% Triphenyltetrazolium Chloride (TTC) solution contain-
ing 0.2 M Tris at room temperature in a dark room [12]. 
The myocardial slices were then stored in 10% formalin 
for 24 hours. The ventricular slices were then rinsed in 
saline and photographed with a digital camera. Triph-
enyltetrazolium forms a red precipitate in the presence 
of intact dehydrogenase enzymes in normal myocardi-
um whereas infarcted and injured myocardium lacks 
these enzymes and appears white to light pink in color 
within 30 minutes after acute coronary occlusion. Tetra-
zolium does not stain autolytic myocardium and has a 
diagnostic efficiency of 88% for infarcted myocardium 
[12]. Computer imaging software (Image-Pro Plus) was 
utilized for planimetry of the area of the infarcted myo-
cardium and the area of normal myocardium in the right 
and left ventricles. The area of infarction and the area 
of normal right and left ventricles for each slice were 
summed to determine total infarct area and the total 
right and left ventricular area for each heart. Infarct size 
was then expressed as infarct area divided by total left 
plus right ventricular muscle area. All measurements 
were done in duplicate and the results were averaged.

https://doi.org/10.23937/2469-570X/1410047
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Histopathology

Two pathologists, who were unaware of the treatment 
for each rat, examined heart tissue from randomly selected 
rats from each group. Ventricular tissue in paraffin was de-
paraffinized and hydrated with water. The tissue was then 
stained with hematoxylin and eosin, Masson’s Trichrome 
or with Weigert’s Iron-Hematoxylin and Safranin-O solu-
tion [13]. The slides were examined and the sections of 
each ventricle photographed with a digital camera.

The vessel density was determined in LV sections 
stained with antibodies to von Willebrand antigen (Ab-
cam) Ten high magnification microscopic fields spanning 
the border zone of the infarct of each rat heart were 
randomly chosen. Vessels with visible lumens and endo-
thelium positive for von Willebrand antigen were count-
ed and expressed as the mean number of vessels/High 
Power Field (HPF).

Statistical analysis

All results are expressed as the mean ± SEM. Differ-

ences among groups were tested by Analyses of Vari-
ance (ANOVA). The difference between two groups was 
tested by a Student’s t-test. The Bonferroni modifica-
tion of the t-test was used for repeated statistical anal-
yses for planned comparisons. Tukey’s procedure was 
used for post-hoc comparisons. A value of p < 0.05 was 
judged to be significant.

Results

Infarct size

Hearts were harvested from randomly selected rats 
from each of the groups at two, four, and eight weeks 
after myocardial infarction. The infarct sizes as a per-
centage of total right plus left ventricular mass in the 
DMEM treated rats were significantly larger than the 
infarct sizes in the hUCBC and Gel groups at two, four 
and eight weeks after permanent LAD coronary artery 
ligation. The infarct sizes in the control DMEM Group 
average 25 ± 1% at 2 weeks, 26.5 ± 1% at 4 weeks and 
27 ± 1% at 8 weeks. In the hUCBC Group the infarct sizes 

         

Figure 1: Infarct Size with control DMEM, hUCBC, and Chitosan Hydrogels. 
♦ = 0.001 and * = 0.01 in comparison with DMEM.

         

Figure 2: Three representative hearts at eight weeks after myocardial infarction from each of the control DMEM, the 
hUCBC Group, and the Chitosan Hydrogel Groups. White areas indicate lack of triphenyltetrazolium staining and infarcted 
myocardium.

https://doi.org/10.23937/2469-570X/1410047
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tion. In the infarction + control DMEM group, the left 
ventricular fractional shortening significantly decreased 
after acute myocardial infarction and averaged 24 ± 
1.1% at 2 weeks. 16.8 ± 1.2% at 4 weeks, and 19.9 ± 
1.1% at 8 weeks (all p < 0.001 in comparison with nor-
mal rat LV fractional shortening). The fractional short-
ening measurements in the hUCBC and Gel treated rats 
were significantly greater than the measurements in the 
rats in the DMEM group. The fractional shortening mea-
surements in the hUCBC Group averaged 33.1 ± 0.9 at 
2 weeks post infarction, 33.5 ± 1.1% at 4 weeks, and 34 
± 0.9% at 8 weeks (all p < 0.001 in comparison with the 
DMEM group). In the Gel Group the fractional shorten-
ing measurements were similar to the hUCBC group and 
averaged 31 ± 1% at 2 weeks, 32 ± 1.2% at 4 weeks and 
32 ± 0.9 at 8 weeks (all p < 0.001 in comparison with 
DMEM). The increases in fractional shortening were 
most pronounced at two weeks after infarction and 
treatment. There was no significant difference in the 
fractional shortening measurement between the hUCBC 
group and the Gel group (Figure 3).

Left ventricular remodeling

Left Ventricular End-Diastolic (LVED) and Left Ventric-
ular End-Systolic Diameters (LVES) in each rat treatment 
group after myocardial infarction were used as a measure 
of left ventricular remodeling. The left ventricular end-di-
astolic diameters in the normal adult rats averaged 0.61 ± 
0.05 cm prior to myocardial infarction. After infarction, the 
LVED diameter significantly increased in the control DMEM 
treated rats to 0.88 ± 0.03 cm at two weeks then 0.89 ± 0.01 
cm at 4 weeks, and 0.92 ± 0.05 cm at 8 weeks all p < 0.001 
in comparison with normal rat LVED (Figure 4A). In con-
trast, the left ventricular end-diastolic diameters and left 
ventricular remodeling were significantly less in the hUC-
BC and chitosan treated rats. Injection of hUCBC limited LV 
dilation and remodeling after acute myocardial infarction. 
In comparison with the rats treated with DMEM, the left 
ventricular end-diastolic diameters in the hUCBC Group av-
eraged 0.73 ± 0.04 cm at 2 weeks (p < 0.05), 0.72 ± 0.05 cm 

averaged 16 ± 1% at two weeks, 14 ± 1% at 4 weeks, and 
14 ± 1% at 8 weeks (all p < 0.001 in comparison with the 
DMEM Group). The infarct sizes in the Gel group were 
similar to and not significantly different from the hUCBC 
Group and averaged 17 ± 1% at two weeks (p < 0.01), 
14.5 ± 0.9% at 4 weeks and 13.9 ± 0.8% at 8 weeks (both 
p < 0.001 in comparison with the DMEM Group). The 
decreases in infarct size in the hUCBC Group and in the 
Gel Group in comparison with the Control Group were 
most pronounced at two weeks after infarction and 
treatment (Figure 1). Representative myocardial infarc-
tions from rats from the DMEM Group, hUCBC and Gel 
Groups are shown in Figure 2. Comparison of the he-
matoxylin and eosin stained histological sections of the 
controls, the hUCBC treated hearts, and the Gel treat-
ed hearts indicated less myocyte fragmentation and 
disintegration, less inflammatory mononuclear cell and 
fibroblast infiltration and less collagen and scar forma-
tion in the hUCBC and the chitosan gel treated groups in 
comparison with the control groups between weeks two 
and eight post acute infarction. Moreover, we did not 
detect granuloma formation at any time in any of the 
three treatment groups. Injection of hUCBC or Gel into 
the infarct border produced thicker border zone scars 
at 8 weeks which averaged 0.33 ± 0.02 cm in the hUCBC 
group and 0.32 ± 0.01 cm in the Gel group in comparison 
with the DMEM Group which averaged 0.28 ± 0.01 cm 
(all p < 0.01). There were few hUCBC identified in the 
rat myocardium at 8 weeks. Nevertheless, there was no 
histological or gross anatomical evidence of hUCBC im-
mune rejection in rats that received hUCBC even though 
immune suppression was not given to any rat.

Left ventricular contractility

Left ventricular fractional shortening measurements, 
determined by echocardiography, were used as a mea-
sure of LV contractility prior to acute myocardial infarc-
tion in all rats and then at two, four, and eight weeks 
after infarction (Figure 3). Left ventricular fractional 
shortening averaged 54 ± 1% in the rats prior to infarc-

         

Figure 3: Fractional Shortening. Left ventricular fractional shortening with hUCBC and Chitosan Hydrogels in comparison with 
rat infarctions treated with DMEM. 

♦ = 0.001 in comparison with DMEM.
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ISSN: 2469-570XDOI: 10.23937/2469-570X/1410047

Henning et al. Int J Stem Cell Res Ther 2017, 4:047 • Page 6 of 10 •

The decreases in LV remodeling were most pronounced 
two weeks after infarction and treatment. There was no 
significant difference between the LV end diastolic diame-
ters between the hUCBC group and the chitosan gel group.

The LV End-Systolic Diameters (LVES) in the rats prior 

at 4 weeks (p < 0.05), and 0.71 ± 0.03 cm at 8 weeks (p < 
0.01). In comparison with rats treated with DMEM, the LV 
end-diastolic diameters in the chitosan treated rats aver-
aged 0.73 ± 0.01 cm at 2 weeks, 0.72 ± 0.03 cm at 4 weeks, 
and 0.72 ± 0.05 cm at 8 weeks (all p < 0.05) (Figure 4A). 

         

Figure 4A: LV End Diastolic Diameters in rats treated with hUCBC and Chitosan Hydrogel in comparison with rat infarctions 
treated with DMEM.
* = 0.01 and + = 0.05 in comparison with DMEM.
Figure 4B: Left Ventricular End Systolic Diameters in rats treated with hUCBC and Chitosan Hydrogels in comparison with 
rat infarctions treated with DMEM.
♦ = 0.001, * = 0.01 and + = 0.05 in comparison with DMEM.

         

Figure 5: Representative samples of vessel density taken from rat hearts treated with DMEM, hUCBC, or Chitosan Gels. Rat 
hearts treated with hUCBC or chitosan hydrogels had significantly more blood vessels.
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blood while at 38 weeks gestation the CD34+ content is 
1-2% [16]. Approximately 400,000 cord blood units have 
been stored in blood banks and more than 20,000 allo-
geneic cord blood cell transplants have been performed 
worldwide for the treatment of patients with Fanconi 
anemia, aplastic anemia, beta-thalassemia, severe com-
bined immune deficiency, X-linked lymphoprolifera-
tive syndrome, Hurler syndrome, Hunter’s syndrome, 
Wiskott-Aldrich syndrome, acute lymphoid leukemia, 
acute and chronic myeloid leukemia, myelodysplastic 
syndrome, and neuroblastoma [17]. In addition, cord 
blood hematopoietic and mesenchymal stem cells are 
able to survive during severe hypoxia and maintain their 
potency due to peroxidases and catalases within these 
cells, which are able to catalyze free oxygen radicals 
and thereby significantly limit or prevent umbilical cell 
necrosis [18-20]. The fact that hUCBC are beneficial in 
the treatment of different human metabolic and hema-
tological diseases and that cord blood cells can survive 
during severe ischemia suggests to us that hUCBC can 
also be beneficial in limiting LV damage from myocardial 
infarctions.

hUCBC mechanisms of action

One mechanism whereby hUCBC can be beneficial in 
ischemic hearts is by stimulating myocardial vasculogen-
esis and angiogenesis. Vascular endothelial stem cells 
are normal components of umbilical cord blood that can 
promote de-novo blood vessel formation and also can 
integrate into the walls of blood vessels in the periphery 
of injured tissues and can increase capillary density in 
ischemic muscle [21-23]. Vascular endothelial stem cells 
can also release proangiogenic growth factors such as 
vascular endothelial growth factor, angiopoietin and an-
giogenin [20,24].

The beneficial effects of hUCBC in ischemic and in-
farcted myocardium can also be due to their release of 
growth factors, cytokines, nitric oxide, and inhibitors 
of metalloproteinases that can limit myocardial inflam-
mation, necrosis and LV remodeling. In this regard, we 
have demonstrated that hUCBC during severe hypoxia 
secrete hepatocyte growth factor, anti-inflammatory In-
terleukin (IL)-10, insulin growth factor, placental growth 
factor, stem cell factor, and tissue inhibitors of metal-
loproteinases [24]. Moreover, this paracrine action of 
hUCBC is increased 50 to 100% during severe hypoxia 
and in the presence of free oxygen radicals [20,24]. This 
paracrine action of hUCBC can suppress in the ischemic 
myocardium the inflammatory cytokines tumor necro-
sis factor-alpha, monocyte chemoattraction protein 
and macrophage inflammatory protein by more than 
50% [25]. Cord blood stem cells can also limit or inhib-
it caspase expression and the caspase cascade in the 
myocardium that otherwise contributes to myocardial 
inflammation and myocyte death after coronary artery 
occlusion [26]. In addition, hUCBC limit the infiltration 
and proliferation in acute myocardial infarctions of neu-

to infarction averaged 0.35 ± 0.05 cm. Permanent oc-
clusion of the left anterior coronary artery significantly 
increased the LVES at 2 weeks in the DMEM treated rats 
to 0.67 ± 0.03 cm (p < 0.05) (Figure 4B). Thereafter the 
end-systolic diameters in the DMEM Group averaged 
0.68 ± 0.02 cm at 4 weeks, and 0.69 ± 0.05 cm at 8 weeks 
(all p < 0.001 in comparison with the normal rat LVES). 
In contrast, injection of hUCBC prevented the deteri-
oration of LV systolic function in comparison with the 
DMEM Group at each time. The LV end-systolic diame-
ters in the hUCBC averaged 0.47 ± 0.05 cm at 2 weeks (p 
< 0.01), 0.48 ± 0.05 cm at 4 weeks (p < 0.01), 0.44 ± 0.01 
cm at 8 weeks (p < 0.001) (Figure 4B).

Injection of chitosan hydrogel also limited increases 
in the LV end-systolic diameters and limited the LV re-
modeling. In comparison with the DMEM treated rats 
at each time, the LVES in the chitosan treated rats av-
eraged 0.50 ± 0.04 cm at 2 weeks (p < 0.05), 0.50 ± 0.03 
cm at 4 weeks (p < 0.05), and 0.48 ± 0.04 cm at 8 weeks 
(p < 0.01) (Figure 4B). The left ventricular end-systolic 
diameters were slightly but not significantly larger in the 
chitosan group in comparison with the hUCBC group.

Angiogenesis

Vessel density in the border zones of myocardial in-
farction after 8 weeks of injection were: 5.3 ± 0.4/HPF 
in the hUCBC treated rats and 4.5 ± 0.5/HPF in the Gel 
group in comparison with 3.0 ± 0.3/HPF in the DMEM 
treated rats (p < 0.01 compared with controls) (Figure 
5). The vessel density was slightly but not significantly 
greater in the hUCBC group in comparison with the chi-
tosan gel group.

Discussion

The present investigation demonstrates that hUC-
BC and chitosan hydrogels can significantly limit acute 
myocardial infarction size and left ventricular remodel-
ing and increase the thickness and the vascularity of the 
infarct border zone. Each of these treatments produc-
es similar and significant improvements in the function 
of the infarcted heart and decreases in LV remodeling. 
hUCBC and chitosan hydrogels potentially have direct 
applicability to the treatment of patients with myocar-
dial infarctions and ischemic cardiomyopathies.

Human umbilical cord blood stem cells cord blood 
transplantation

Each year in the United States there are approxi-
mately four million live births [14]. Moreover, human 
cord blood obtained after infant delivery can be frozen 
for more than 20 years with the recovery of 80 to 90% 
of primitive but viable nucleated blood cells [15]. Conse-
quently, cord blood is readily available. The content of 
hematopoietic progenitor cells in umbilical cord blood 
varies with gestational age. At 17 weeks gestation, 
CD34+ hematopoietic cells comprise approximately 11% 
of the small mononuclear blood cells in umbilical cord 
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and antimicrobial in tissue [32]. The hydrogels are po-
rous and therefore permit the diffusion of oxygen and 
nutrients. Chitosan hydrogels can create a 3-dimension-
al scaffold that resembles the natural extracellular ma-
trix of the myocardium without distorting the myocardi-
um. The hydrogels are broken down by lysozymes and 
N-acetyl-beta-D-glucosaminidases into biocompatible 
chitosan oligosaccharides which are non-toxic metabo-
lites that are excreted in the urine [29,31]. Chitosan and 
chitosan hydrogels are approved by the US Food and 
Drug Administration for use in tissue engineering, and 
drug delivery and are currently used in the repair of skin, 
nerve, cartilage, and bone [33].

Chitosan mechanisms of action: The beneficial ef-
fects of chitosan in the treatment of acute myocar-
dial infarction in the present investigation can be due 
to three mechanisms: 1) An increase in LV myocardial 
stiffness that decreases myocardial wall stress and myo-
cardial oxygen requirements; 2) An acceleration of in-
farct wound healing; and 3) Stimulation of myocardial 
angiogenesis [34]. Chitosan hydrogels can provide struc-
tural support to the infarcted myocardial wall which 
is directly dependent on the location of the gel in the 
myocardium, the volume of gel added to the myocar-
dium, and the relative stiffness of chitosan in the myo-
cardium. Injection of a gel volume of 0.5-1.5 ml into the 
perimeter of a myocardial infarction, similar to what 
was done in the present investigation, can increase LV 
myocardial stiffness by 20% [35]. This gel volume, which 
increases LV wall thickness, can reduce the myocardial 
fiber stresses in the border zone of the infarction by 17 
to 20% from mean LV end-systolic levels of 212 mmHg 
to near normal levels of 175 mmHg due to the Law of 
LaPlace [34,35]. This wall stress of 175 mmHg in the 
border zone is similar to the wall stress in the remote 
non-infarcted regions of the myocardium. The reduction 
in LV wall stress is associated with a decrease in myocar-
dial wall oxygen requirements and therefore a decrease 
in LV myocyte necrosis. In the present investigation, a 
decrease in LV myocardial oxygen requirements and a 
reduction in myocardial necrosis contributed to the de-
crease in infarct size and LV remodeling and the increase 
in LV ejection fraction in the gel treated rats in compar-
ison with rats with acute myocardial infarction who re-
ceived DMEM.

Chitosan hydrogels, especially in the presence of 
serum, can accelerate wound healing by stimulating 
the migration and proliferation of fibroblasts into the 
wound and the production of collagen by fibroblasts 
[36,37]. In addition, chitosan hydrogel cross linkable 
glycosidic bonds can contribute to wound contracture. 
By stimulating fibroblast migration into infarctions and 
increasing collagen production, chitosan can increase 
infarct scar thickness which we observed in the present 
investigation. Increased scar thickness, especially in the 
infarct perimeter, can also limit the seepage of pro-in-

trophils by 75% and lymphocytes by more than 50% that 
otherwise release inflammatory cytokines that cause 
myocardial inflammation and necrosis [25,27].

Human cord blood stem cell growth factors can ac-
tivate in ischemic cardiac myocytes and vascular endo-
thelial cells the survival proteins Akt and Bcl2 by more 
than 25% and suppresses the death promoting proteins 
JNK, p38 and Bad by as much as 30% [20,24,26]. Acti-
vated Akt phosphorylates the cytotoxic protein Bad in 
myocytes and vascular endothelial cells [24]. The phos-
phorylated Bad then dissociates from the prosurvival 
protein Bcl-2, and Bcl-2 limits or prevents the release of 
cytotoxic mitochondrial proteins into the cytoplasm of 
myocytes. In this manner, hUCBC can inhibit myocyte 
death during severe hypoxia, such as occurs with acute 
myocardial infarction, by more than 40% [24].

In the present investigation, hUCBC decreased myo-
cardial infarct size and LV remodeling and increased LV 
fractional shortening and infarct border zone vascular-
ization most likely due to the significant paracrine secre-
tion of growth factors, anti-inflammatory cytokines, and 
tissue inhibitors of metalloproteinase.

hUCBC immune privilege

Human umbilical cord blood mononuclear cells con-
tain lymphocytes that are immature and produce sig-
nificantly smaller amounts of cytokines and immuno-
globulins than adult lymphocytes [27,28]. Consequent-
ly, little or no cytotoxic activity is generated with cord 
blood cells after rat or human allogeneic cell stimulation 
[27,28]. Moreover, few hUCBC express class II HLA an-
tigens [27]. The immaturity of cord blood lymphocytes 
and the lack of hUCBC class II HLA antigens explain in 
the present investigation the absence of immunological 
reactions in the rats treated with hUCBC during the 8 
weeks of observation even though immune suppression 
therapy was not given to any rat.

Chitosan hydrogels

Chitosan hydrogel structure: Chitosan is a linear 
polysaccharide, consisting of D-glucosamine and N-ace-
tyl-D-glucosamine linked by glycosidic bonds. Chitosan 
hydrogels consist of a mixture of chitosan, β-glycerol 
phosphate, and hydroxyethyl cellulose [29,30]. The de-
gree of chitosan deacetylation determines the rate of 
biodegradation in tissue and can be adjusted to opti-
mize the degradation rate of chitosan in the myocardi-
um [29,31]. Chitosan that is 75-90% deacetylated, which 
was used in the present investigation, is biodegradable 
but chitosan that is > 95% deacetylated is significantly 
more resistant to degradation in the LV myocardium 
[29]. This ability to vary the degradation rates of chi-
tosan significantly contrasts with other biomaterials, 
which have been injected into the myocardium such as 
fibrin glues, which have a short degradation time. Chi-
tosan gels are non-toxic, biocompatible, bioadhesive 
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guidelines for the care and use of laboratory animals 
were followed and approved by the appropriate institu-
tional committees.
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