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In situ delivery of bone marrow cells and mesenchymal stem cells
improves cardiovascular function in hypertensive rats submitted
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Abstract This work aimed to evaluate cardiac morphol-
ogy/function and histological changes induced by bone
marrow cells (BMCs) and cultured mesenchymal stem
cells (MSCs) injected at the myocardium of spontaneously
hypertensive rats (SHR) submitted to surgical coronary
occlusion. Female syngeneic aduit SHR, submitted (MI) or
not (C) to coronary occlusion, were treated 24 h later with
in situ injections of normal medium (NM), or with MSCs
(MSC) or BMCs (BM) from male rats. The animals were
evaluated after 1 and 30 days by echocardiography, his-
tology of heart sections and PCR for the Y chromosome.
Improved ejection fraction and reduced left ventricle
infarcted area were observed in MSC rats as compared to
the other experimental groups. Treated groups had signif-
icantly reduced lesion tissue score, increased capillary
density and normal (not-atrophied) myocytes, as compared
to NM and C groups. The survival rate was higher in C,
NM and MSC groups as compared to MI and BM groups.
In situ injection of both MSCs and BMCs resulted in
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improved cardiac morphology, in a more physiological
model of myocardial infarction represented by surgical
coronary occlusion of spontaneously hypertensive rats.
Only treatment with MSCs, however, ameliorated left
ventricle dysfunction, suggesting a positive role of these
cells in heart remodeling in infarcted hypertensive subjects.
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Ischemic hcart disease is the leading cause of dcath
worldwide and also an important cause of heart failure.
Atherosclerosis, the major determinant of ischemic car-
diomyopathy, involves several complex processes, which
can be initiated and accelerated by risk factors including
systemic arterial hypertension, dyslipidemia, cigarette
smoking, diabetes mellitus, age, male sex and family his-
tory of premature coronary heart disease [1].

Animal models have allowed the study of cardiovascular
diseases in the early stages, as well as the pathogenic
mechanisms and the effects of therapeutic interventions.
Although there is no model that can entirely mimic human
ischemic cardiomyopathy, the most frequently used animal
model involves the induction of complete coronary occlu-
sion [2]. Its performance in spontaneous hypertensive rats
(SHR) accelerates left ventricular dilatation and haemody-
namic alterations caused by the myocardial infarction [3].

The many available treatments for heart failure do not
target the progressive loss of cardiomyocytes. Experi-
mental studies have suggested that stem cells can exert
beneficial effects on the failing heart by transdifferentiating
into cardiac cell types and/or by providing a source of
cardioprotective paracrine factors [4]. Several adult stem

@ Springer



366

J Biomed Sci (2008) 15:365-374

cell types [5-9], animal models [10, 11] and delivery
pathways [12-14] have been tested in the last years, in the
search for ideal conditions which were not yet found. Bone
marrow cells (BMCs) [15] and cultured mesenchymal stem
cells (MSCs) [3, 16], administered mainly by in situ
injection [10], are the most frequently used types of cells.

The aim of the present study was to evaluate the effects
of two different kinds of adult stem cell populations,
administered in situ, on cardiac morphology, function and
histology of SHR submitted to surgical coronary occlusion,
in an attempt to investigate this therapeutic approach in a
more physiological animal model of myocardial infarction.

Materials and methods
Cell culture

Bone marrow cells (BMCs) were obtained from 3-week-
old male SHR by flushing the cavity of femurs with normal
culture medium (NM), consisting of low-glucose Dul-
becco’s modified Eagle’s medium (DMEM, Sigma
Chemical Co., St Louis, MO) with 10% fetal bovine serum
(Cultilab, Sao Paulo, Brazil) and supplemented with 3.7 g/
sodium bicarbonate and 2.5 g/l HEPES (Sigma). No anti-
biotics were added. BMCs were centrifuged at 800 g for
10 min, and viability was assessed by Trypan blue staining.
Isolation, primary culture and expansion of MSCs were
performed as we previously described for murine cells [17].
Briefly, bone marrow cells were collected, washed and
cultured in concentration of 2.15 x 10° cells/ml in 25 c¢m?
bottles (7 ml/bottle). The cells were kept at 37°C in NM,
and non-adherent cells were removed after 72 h. MSCs
were maintained by passage every 3 or 4 days, and were
used for cell therapy between the 8th and 12th passages. For
transplantation, MSC cultures were washed twice with
Ca**Mg?**-free Hank’s balanced salt solution (Sigma),
trypsinized, resuspended in 5 ml NM and washed. The cells
were counted and resuspended in NM at 107 cells/ml.
Osteogenic and adipogenic differentiation of MSCs were
induced as previously described [18]. Briefly, osteogenic
differentiation was induced by culturing MSCs for up to
4 weeks in NM supplemented with 10™% mol/l dexameth-
asone (Sigma), 5 pg/ml ascorbic acid 2-phosphate (Sigma)
and 10 mmol/l S-glycerophosphate (Sigma). To observe
calcium deposition, cultures were washed once with phos-
phate-buffered saline (PBS), and stained for 5 min at room
temperature with Alizarin Red S stain (Sigma), pH 4.2. For
adipogenic differentiation, MSCs were cultured for up to
4 weeks in NM supplemented with 10.8 mol/l dexametha-
sone and 5 pg/ml insulin (Sigma). Adipocytes were easily
distinguished from undifferentiated cells by phase-contrast
microscopy. To further confirm their identity, cells were
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fixed with 4% paraformaldehyde in PBS for 1 h at room
temperature, and stained with Oil Red O (Sigma).

Immunophenotyping

Cells were trypsinized and incubated with fluorescein iso-
thiocyanate (FITC)-conjugated antibodies against rat
CD29, CD44H and CD31 (Becton Dickinson, San Jose,
CA), CDI1 and CD45 (Caltag, Burlingame, CA). The cells
were analyzed in a cytometer equipped with a 488 nm
argon laser (FACScalibur, Becton Dickinson) using the
CellQuest software. At least 10,000 events were collected.

Animal studies

Syngeneic spontaneously hypertensive rats (SHR) used in
the experiments were housed and maintained under stan-
dard conditions, and were treated in accordance with the
Guidelines for the Care and Use of Laboratory Animals
prepared by the National Academy of Sciences and pub-
lished by the National Institutes of Health. All procedures
were approved by a local Research Ethics Committee.
Myocardial infarction was induced in 45 females anesthe-
tized by intraperitoneal (i.p.) injection of 50 mg/kg body
wt ketamine (Parke-Davis, Ann Arbor, MI) and 10 mg/kg
xylazine (Bayer, Newhaven, CT). After intubation, animals
were positive-pressure ventilated with room air at 2.5 ml,
65 strokes/min with a pressure cycled rodent ventilator
(HARVARD Apparatus, Model 683, Holliston, MA). For
induction of myocardial infarction, a 2-cm left lateral
thoracotomy was performed in the third intercostal space
and the left anterior descending coronary artery was
occluded with a single nylon (6.0) suture at approximately
I mm from its origin below the tip of the left atrium as
previously described [19, 20]. The chest was closed with
silk suture. The animals were maintained in the ventilator
until recovery. All rats received antibiotics (penicillin,
20,000 U) and Tramadol (20 mg/kg, every 6 h). The ani-
mals were matched for body weight (160-180 g) and
treated 24 h after surgery with BMCs (BM group, n = 5),
MSCs (MSC group, n = 10) or NM (NM group, n = 7).
Two other groups served as control: one group was sub-
mitted to myocardial infarction and did not receive any
treatment (MI group, n = 6), and another one was not
operated or cell-treated (C group, n = 8).

Cell treatment

Twenty-four hours after coronary occlusion, the animals
were re-anesthetized and an echocardiography was
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performed to measure the infarction area (IA) and the
ejection fraction (EF). Only animals with EF < 50% and
IA > 30% were maintained in the experiment (37% were
excluded). A total of 1 x 10° MSCs or BMCs were sus-
pended in 100 pl NM and drawn into a 300 pl syringe with
a 30-gauge needle. The animals were intubated, a re-tho-
racotomy was performed in the fourth intercostal space,
and the cells or normal medium were injected in five points
of the left ventricle anterior wall, in the viable myocardial
bordering the infarcted area. Proper administration of the
injected material was evaluated by the immediate appear-
ance of a thin film of white liquid inflated underneath the
visceral pericardium.

Systolic arterial pressure

Systolic arterial pressure (SAP) was measured using tail-
cuff plethysmography before the MI surgery, to ensure
similar levels of hypertension among the groups.

Echocardiography

Echocardiographic indices were obtained before treatment
and one and 30 days after induction of myocardial infarction
under the guidelines of the American Society of Echocar-
diography, by one observer blind to the treatments and with
the use of a 10~13 MHz multi-frequency linear transducer in
a SEQUOIA 512 (ACUSON Corporation, Mountain View,
CA). Images were obtained with the transducer on the shaved
chest (lateral recumbence). Rats were anesthetized as
described above and scanned from below, at 2-cm depth with
focus optimized at 1 cm. All measurements were based on
the average of three consecutive cardiac cycles. Wall
thickness and left ventricle (ILV) dimensions were obtained
from a short-axis view at the level of the papillary muscles.
The LV mass was calculated by the use of the following
formula, assuming a spherical LV geometry and validated
in rats: LV mass = 1.047 x [(LVd + PWd + IVSd)3—
LVd3], where 1.047 is the specific gravity of muscle, LVd is
LV end-diastolic diameter, PWd is end-diastolic posterior
wall thickness and [VSd is end-diastolic interventricular
septum thickness. Two-dimensionally guided pulsed-wave
Doppler recordings of LV inflow were obtained from the
apical four-chamber view. Maximal early diastolic peak
velocity (E) and late peak velocity (A) were derived from
mitral inflow. Peak E desacceleration time was also mea-
sured as an index of diastolic function. Isovolumic relaxation
time (IVRT) was taken from aortic valve closure to the onset
of mitral flow. Ejection fraction (EF%) was obtained by a
modification of Simpson’s method, which is more trust-
worthy in infarcted hearts. Its formula is

—— L

\' —Z*;a, *b,*20,

where L = LV length divided into 20 discs (i = 1tol = 20)
from basis to apex, with the diameter of each disc determined
in 2 apical views (A and B). After these measurements in
diastole and systole, the respective volumes were obtained,
allowing EF evaluation (final diastolic volume—final sys-
tolic volume/final diastolic volume) x 100%.

The infarction area was delimited taking into account
the movement of LV walls, by the observation of longi-
tudinal, apical and transversal views of the LV. Regions
with systolic thickness under normal, as well as portions
with paradoxal movement, were considered as infarcted.
The infarcted area (%) was thus determined by the ratio of
these regions by total area of LV walls [21].

Tissue histology and morphometry

Thirty days after the treatments, the rats were anesthetized
with sodium pentobarbital (80 mg/kg body weight), a
transverse incision below the diaphragm and bilateral tho-
racotomy incisions were made and the LV was cannulated
retrogradely with a needle to perfuse. The hearts were
arrested in diastole by perfusion with a NaCl 0.9% plus
14 mM KCl solution, followed by buffered formalin (4%)
for tissue fixation.

Excised hearts were immersed in 4% formalin for 24 h
and then transected 5 mm below coronary ligation.
Transversal slices were processed and embedded in
paraplast. Sections of 5 pm were stained with hematoxylin-
eosin (HE) for qualitative assessment, with picrosirius-
hematoxylin (red stain) for fibrosis evaluation, and with
periodic acid Schiff (PAS) for quantification of capillary
density. Histo-morphometric analyses were performed
blinded regarding the identity of experimental groups.

Fibrosis evaluation

Fibrosis in the LV was evaluated by dividing it in &
quadrants, and determining a fibrosis score (0—4) for each
quadrant. The aspect of collagen fibers was evaluated under
polarized light, allowing evaluation of the molecular dis-
position of collagen and aspects related to myocardial
function. Picrosirius-polarization staining was performed
as previously described [12].

Evaluation of capillary density

Capillary density was quantified by microscopic examina-
tion of the sections using a 10 x 10 grid optically
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superimposed on each of 20 non-overlapping fields at
400x magnification, randomly distributed on the antero-
septal side of the left ventricle. Capillary density was
evaluated adjacent to the cardiac scars as the total number
of capillaries in the fields, expressed as number of capil-
laries per field (units/mm?) [5].

Molecular evaluation

To analyze the presence of the injected cells in the heart
tissue, the infarcted heart was divided in four pieces.
Genomic DNA was extracted from each piece using the
proteinase K method [22] and submitted to PCR. The
quality of the DNA samples was analyzed with GAPDH
primers (Table 1). The PCR reaction mixture contained
approximately 100 ng genomic DNA, 1U Taq DNA poly-
merase (Invitrogen, Sdo Paulo, Brazil), 10 pmol of each
oligonucleotide primers, 1 pl of 5 mM dNTP, 2.5 plof 10x
PCR buffer, and 1 pl of 50 mM MgCl,, in a final volume of
25 pl. The PCR was carried out in a Techne thermocycler
(Barloworld Scientific, Staffordshire, UK) for 40 cycles of
denaturation (94°C, 1 min), annealing (58°C, 1 min), and
extension (72°C, 1 min) with final extension of 7 min
(72°C). Presence of the Y chromosome was analyzed by
nested PCR. The reaction mixture and amplification cycles
were the same as for GAPDH PCR, except that it contained
10 pmol of rat Sry-specific oligonucleotide primers
(Table 1). In the first round, SRY external primers were
used to amplify a fragment of 272 bp. The second round
(nested PCR) included two SRY internal primers added to
the 2 pl of the first round amplification product. Both
reactions were conducted in the same conditions. The PCR
products were analyzed by electrophoresis in 1.5% agarose
gels stained with ethidium bromide.

Statistical analyses
Data are reported as mean £ SEM. According to the

parameter, one or two way ANOVA was used to compare
groups, followed by the Student-Newman-Keuls test. The

Table 1 Sequences of forward and reverse oligonucleotide primers

Kaplan Meyer method was used to determine the survival
curve. The significance level was established at P < 0.05.

Results
Establishment and characterization of rat MSCs

The cell population isolated consisted of adherent cells
with fibroblastoid morphology which, when properly
stimulated, gave origin to adipocytes and osteocytes in
culture (Fig. 1a). The cells were positive for CD29 and
CD44, and negative for CD45, CDI11b and CD31 (Fig. 1b).

Body weight

Body weight was similar in all groups before coronary
occlusion (173.8 £ 4, 166.6 £ 4; 1697 £ 1; 168 = 5 and
172 £ 5¢) but lower 30 days after the procedure
(166.7 £3; 15724 1; 1607 +£7;, 1582+5 and
1628 £ 7g) in C, MI, NM, BM and MSC groups,
respectively (P > 0.05).

Cardiovascular evaluation

As expected, all animals were hypertensive at the begin-
ning of the protocol (mean systolic arterial pressure:
167 &= 3 mmHg), with no differences among the groups.
Figure 2a shows the LV infarcted area 24 h and 30 days
after coronary occlusion. The result was similar between
groups one day after coronary occlusion (~40% of the left
ventricle wall). Treatment with mesenchymal stem cells
determined a significant reduction in the LV infarcted area
(MSC: 26 £ 4%) 30 days after coronary occlusion as
compared to groups that did not receive cells (MI:
52 £ 2% and NM: 41 £ 5%), and also to the group that
received BMCs (BM: 45 £ 4%).

Left ventricle ejection fraction, evaluated at 24 h and
30 days after coronary occlusion, is shown in Fig. 2b. It
was reduced by ~40% one day after coronary occlusion in

Primer Sequence
GAPDH GAPDH F: YACCACAGTCCATGCCATCAC 3’
GAPDH R: 5TCCACCACCCTGTTGCTGTA 3’
SRY External SRY R ext: 5’GTAGGTTGTTGTCCCATTGC 3’

Internal

SRY F ext: YGAGAGAGGCACAAGTTGGC 3/
SRY F int: AAGCAGCTGGGATATCAGTGG 3
SRY R int: ¥TTTTGTTGAGGCAACTTCACG 3’
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Fig. 1 (a) Cultured rat
mesenchymal stem cell (MSCs)
assumes a flat morphology
(400x). The cells differentiate
in osteoblasts (ost, 1,000x) and
adipocytes (adip, 400x) when
cultured with specific induction
media. Bar, 20 pm. (b)
Immunophenotyping of
cultivated MSCs. The cells are
negative for CD31 (not shown),

CD45 and CDI11b, and positive
for CD29 and CD44. ..., control
reactions; ____, incubation with
antibodies
' CD44 8 CD29
84 8]
® L2 4
3 §g4
n‘
A 809 [OC w8 Nv 0 BM & MsC (65 4= 4%). The left ventricle ejection fraction was lower
50 - at the end of the protocol in the MI (34 & 3%), NM
L w i (48 £ 5%) and BM (41 + 4%) groups, as compared to the
g " i C group (69 + 3%). Thirty days after coronary occlusion,
z ; however, the rats injected with cultivated mesenchymal
a3 209 i stem cells (MSC group) presented an improvement in the
10 4 i ” o left ventricle ejection fraction (59 =+ 4%) in comparison to
o | R MI, NM and BM rats, whereas no difference was observed
1 day between MSC and C animals.
B s0 Other variables analyzed by echocardiography (LV
e mass, LVd, E wave, A wave, E/A ratio, EDT and IVRT) are
- zz shown in Table 2. Left ventricle mass and LVd were
B unchanged 1 day after coronary occlusion in all groups, as
% ol compared to the C group. The LV mass was increased in
20 4 the BM group in relation to the other groups at the end of
10 4 the protocol (30 days after coronary occlusion). At the
0 same time, the LV area was increased in all infarcted

1day 30 day

Fig. 2 Left ventricle (LV) wall myocardium infarction (MI) area (a)
and ejection fraction (EF) (b) in C, MI, NM, BM and MSC groups in
the initial and final echocardiographic evaluations. *P < 0.05 vs.
control group: 1P < 0.05 vs. MI group: {P < 0.05 vs. BM group;
oP < (.05 vs. NM: #P < 0.05 vs. initial evaluation in the same group

the animals submitted to myocardial infarction (36.6 £
4%; 41.5 £ 2%; 40.2 £ 3%; 39.9 &+ 4% in MI, NM, BM
and MSC, respectively), as compared to control animals

groups in comparison to the C group and to the initial
evaluation in infarcted groups (1 day after coronary
occlusion). Left ventricle diameter during diastole (LVd)
was also higher in MI, MSC and BM rats in relation to C
rats. The BM group presented increased LVd as compared
to MI, NM and MSC groups. However, LVd was similar in
the infarcted rats injected with cultivated mesenchymal
stem cells (MSC group) as compared to C animals.
Diastolic function, evaluated by A wave, E wave, E/A
ratio, EDT and IVRT, was similar in the infarcted groups
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Table 2 Echodoppler cardiovascular evaluation 1 and 30 days after coronary occlusion

Parameter Day C MI NM BM MSC
LV mass (g) 1 0.92 &+ 0.03 0.95 & 0.03 0.95 & 0.005 1.06 + 0.02 0.95 + 0.02
30 0.93 + 0.03 1.00 + 0.02 1.03 4 0.04 1.24 & 0.01*T* 0.99 £ 0.07F
LVDIA (cm) 1 0.599 + 0.02 0.60 + 0.02 0.62 + 0.02 0.66 + 0.01 0.62 + 0.02
30 0.60 & 0.02 0.76 &+ 0.02%* 0.73 + 0.04* 0.85 + 0.02%* 0.69 + 0.037
E-wave (m/s) 1 0.60 + 0.03 0.64 &+ 0.05 0.66 % 0.036 0.66 =+ 0.01 0.59 =+ 0.02
30 0.59 + 0.01 0.75 + 0.03 0.71 &+ 0.05 0.75 + 0.04 0.64 £ 0.04
A-wave (m/s) 1 0.34 + 0.02 0.24 + 0.03 0.291 £ 0.035 0.276 £ 0.02 0.241 % 0.02
30 0.37 + 0.02 0.16 £ 0.04* 0.31 + 0.047 0.12 + 0.04** 031 £ 0.04™
E/A ratio 1 1.75 £ 0.09 3.02 £ 0.63 2.36 + 0.183 277 + 0.28 2.53 £+ 0.20
30 1.63 £ 0.08 6.47 + 1.34** 3.03 £ 0.77 5.67 + 0.62%# 2.11 = 048
EDT (ms) 1 31.13 + 1.89 28.00 £ 2.51 25.67 £ 2.25 32.00 + 1.15 2633 + 1.93
30 30.38 & 2.33 43.14 + 3.37+* 4122 + 3.43+* 4533 + | 86*" 4343 + 1.81**
IVRT (ms) I 34.13 £ 1.54 33.67 + 3.20 29.80 + 1.02 35.80 £ 1.71 36.60 & 1.58
30 37.75 + 2.76 31.00 + 3.52 36.11 £ 1.89 30.33 + 1.36 35.18 & 2

Values are expressed as mean + SEM. MI, myocardial infarction; NM, MI + normal medium; BM, MI + treatment with bone marrow cells;
MSC, MI + treatment with mesenchymal cells; LV, left ventricular; LVd, LV diameter during diastole; E-wave, maximal early diastolic peak
velocity; A-wave, late peak velocity; E/A ratio, ratio between the velocities of E and A waves; EDT, peak E desacceleration time; IVRT, LV
isovolumetric relaxation time. * P < 0.05 vs. control group; T P < 0.05 vs. MI; { P < 0.05 vs. BM; o P < 0.05 vs. NM; # P < 0.05 vs. initial

evaluation in the same group

and the C group | day after coronary occlusion. The E
wave was also similar among groups at the end of the
protocol. The A wave was reduced and the E/A ratio was
increased in MI and BM groups as compared with C, NM
and MSC groups 30 days after coronary occlusion. The E/
A ratio was also higher in MI and BM rats comparing the
final (30 days) vs. the initial (1 day) evaluation. Thirty
days after coronary occlusion, EDT was increased in all
infarcted groups in comparison to the C group and to their
respective initial evaluation (1 day). IVRT remained
unchanged during the whole protocol.

Survival rates were similar among the C (100.0%), NM
(90.0%) and MSC (87.5%) groups, but these animals pre-
sented higher survival rates as compared to the MI (56.2%)
and BM (66.7%) groups (P < 0.05).

Molecular analyses

PCR and nested PCR showed the presence of the Y chro-
mosome in normal male heart tissue (not shown), but no
amplification was obtained in heart samples collected from
the female rats in any of the experimental groups. Positive
results with GAPDH control primers (not shown) proved
the adequate quality of the DNA samples prepared.

Ventricle fibrosis evaluation

Myocardial scars following ischemia-induced lesion were
always extended to the anteroseptal LV wall. Fibrosis
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deposition was not observed in control rats, while MI
groups presented different scar extension and fibrosis.
Figure 3 depicts the fibrosis scores, which were higher in
the MI group, but reduced by treatment with cells or cul-
ture medium.

The study under polarized light showed, in all groups
submitted to coronary occlusion, a meshwork of thick,
intensely bright fibers exhibiting irregular and anomalous
dispersion of birefringence in both yellow and/or red pat-
terns (Figs. 4 and 5). Control rats showed thin, weakly
birefringent, greenish fibers surrounding each myocyte.
Interestingly, hearts injected with MSCs and BMCs had
normal (not-atrophied) myocytes, presenting visible inter-
calated discs, between fibrosis and scar.
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Fig. 3 Fibrosis score in the studied groups. It was higher in Ml rats as
compared to C rats, but similarly lower in the MSC, BMC and NM
groups. *P < 0.05 vs. MI group
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Fig. 4 Representative Polychromatic light microscopy
photomicrographies of different i ; - 5
myocardial configurations
observed in sections stained
with picrossirius-hematoxylin
and observed under
polychromatic light microscopy
or polarized light microscopy.
(a) and (b) Control group. (¢)
and (d) Scar region,
predominantly in the
myocardium, where epicardic
and subendocardic regions
presents few viable myocytes
(*). () and (f) Region of fibrosis
(arrow), more frequent in the
MSC, BM and NM groups.
presenting larger amount of
viable myocytes (*)

Polarized light micrascopy

Fig. § Representative
photomicrographies of
myocardial configurations
observed in studied groups. (aj
and (b) Thickening of
endomysium around viable
myocytes. (¢) and (d) Viable
myocytes between collagen
fibers. Note the great collagen
deposition by strongly
birefringent, yellow collagen
fibers (*) in contrast with the
weakly birefringent greenish
fibers (arrow) that invelve each
myocyte
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Capillary proliferation

The injection of MSCs and BMCs around the infarcted area
in the LV resulted in important increase of capillary den-
sity. Capillary quantification was performed in viable
myocardium (not in the scar), and MI rats did not show
differences in capillary density as compared to control rats
(273 £ 49 vs. 262 + 28 capillaries/mmz, respectively).
Cell injections increased capillary density, compared to MI
and NM groups (MSC: 487 % 29, and BM: 453 + 38 vs.
NM: 366 + 73 capillaries/mm?). Treatment with normal
medium increased capillary density in the NM group as
compared to the MI group (366 = 73 capillaries/mm? vs.
262 + 28 capillaries/mm?).

Discussion

Adequate definition of the type and route of delivery of
cells is of fundamental importance for stem cell therapy of
cardiovascular diseases to be fully successful. Stem cells
can be delivered through coronary arteries, coronary veins,
peripheral veins or intra myocardial injection. The main
results of the present study showed that in situ injection of
MSCs can successfully reduce the myocardial infarction
area, increase the ejection fraction and reduce mortality in
an animal model of myocardial infarction associated to
systemic hypertension. The effects were not so clearly
observed with the same delivery approach using BMCs,
although in both cases the fibrosis area was decreased and
capillary density increased.

The specific cell type used for treating cardiovascular
diseases can result in different outcomes [10, 15, 23, 24].
We used mesenchymal stem cells obtained from 8th to 12th
passage of cultured bone marrow cells, which showed
plasticity and immunophenotype similar to those previ-
ously described [18, 23]. Bone marrow preparations, more
frequently used in clinical trials of cell-based therapies, are
a heterogeneous population of mature mononuclear cells,
blasts and stem/progenitor cells. MSCs, on the other hand,
represent the expansion of a specific subpopulation, whose
therapeutic potential has been increasingly recognized [23].
The number of cells used for treatment (10%animal) has
already been described as therapeutically appropriate in rat
models of cardiovascular disease [25].

Since hypertension accelerates left ventricular dilatation
and haemodynamic alterations following myocardial
infarction in rats [3], we decided to use SHRs submitted to
coronary occlusion as a more physiological model of the
association of these pathologies. There is no report in the
literature concerning the use of stem cell therapy in this
animal model. We observed that in these animals, ven-
tricular dilatation was not accelerated as in normotensive
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rats following myocardial infarction, probably due to pre-
existing LV hypertrophy and increased hypertrophic
response to myocardial infarction [26]. Absolute left ven-
tricular dimensions in SHR have been shown to increase
out of proportion to body growth, consistent with concen-
tric hypertrophy [27], a finding we did not observe—LV
mass was not different comparing the final vs. the initial
evaluation. This difference is probably due to the younger
age of animals and the short time of follow up (30 days) in
the present study. The only group that presented higher LV
mass at the final evaluation was the BM group. We ascri-
bed this difference, even though it was not statistically
different from the other groups, to their higher baseline LV
mass.

Intracoronary infusions do not appear to infiltrate the
myocardial infarction zone or reduce the myocardial
infarction size [28], so the direct delivery of cells into the
area of tissue necrosis seems to be the best delivery
approach. This could be shown in the present study with
the use of MSCs, but not BMCs, in hypertensive rats, since
the former effectively reduced the LV infarction area. This
structural benefit was also translated into functional
advantage, as observed by the higher LV ejection fraction
and similar L.Vd of the MSC group as compared to the C
group. Using normotensive pigs, similar structural and
functional benefits have been observed with percutaneous
injection catheter delivery of MSCs, persisting until
8 weeks after the cell therapy [10].

Baseline diastolic parameters were similar among
groups, as expected. However, diastolic dysfunction was
observed 30 days after coronary occlusion in MI and BM
groups, but not in C, NM and MSC groups, as indicated by
decreased A-wave and increased E/A ratio. These data
showed that LV remodeling, common in infarcted hearts,
was modified by the in situ injection of NM and MSCs. The
unexpected effect of NM may be due to growth factors
present in the serum. The evaluation of diastolic function
using echodopplercardiography has been reported by few
investigators. The present work showed improved results
as compared to similar experiments with in situ adminis-
tration of MSCs in pigs [10].

Reduction of fibrosis score may suggest reestablishment
of the correct arrange of cytoskeleton, supporting the better
ventricular function. Interestingly, treatment with culture
medium increased capillary density, and this may explain
the reduction of fibrosis score in this group when compared
to MI. The increase in capillary density is in accordance
with a putative angiogenic effect of both MSCs and BMCs
[10, 24].

Cultured mesenchymal stem cells and BMCs treatments
did not induce arrhythmias, differently from results
recently reported [29]. One possible explanation for this
difference could be related to the fact that we injected
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smaller volumes distributed in more myocardial points.
Also, in that study arrhythmia was assessed by telemetry, a
more sensitive method than ours, since we evaluated the
cardiac rhythm by echocardiography twice during the
whole protocol. Since mortality was not different in ani-
mals that presented arrhythmia vs. those that did not have
this complication in the study above, and no higher mor-
tality was seen in our groups injected with stem cells, the
significance of those findings is uncertain.

The therapeutic role of MSCs in myocardial repair is
under intense investigation, and may involve multiple
factors such as direct differentiation into cardiac cells, cell
fusion or the secretion of cytokines and growth factors with
paracrine activities [30]. Our results favor this latter model,
since transplanted male cells were not found in the heart of
treated females when they were analyzed by PCR and
nested PCR 30 days later. Although surprising, similar
results have recently been reported [31, 32]. Prockopp and
collaborators, for instance, using a mouse model of acute
MI, observed that cardiac function and fibrosis were sig-
nificantly improved, but there was no evident MSC
engraftment in the heart despite of the use of three different
and highly sensitive assays [31]. These results give support
to the hypotheses that theses cells can exert beneficial
effects after coronary artery occlusion through the secre-
tion of cardioprotective and reparative factors.

In an attempt to explain these results, the gene expres-
sion profiles of cultured MSCs were analyzed with
microarrays. The expression of genes coding for anti-
apoptotic, angiogenic/arteriogenic, and matrix-mediating
factors, particularly 1L-6, leukemia inhibitory factor (LIF)
and vascular endothelial growth factor (VEGF) family
members in the MSCs was observed [31]. More recently,
Sze et al. [33] determined the secretion proteome of human
embryo-derived MSCs. The study revealed the presence of
201 unique gene products, representing important signaling
pathways in cardiovascular biology, bone development and
hematopoiesis. The MSC secretory products identified may
act as paracring modulators of tissue repair and replace-
ment in cardiovascular diseases. Since our MSC cultures
are in all aspects (morphology, kinetics, immunopheno-
typing and plasticity) identical to the cell populations used
in those studies, we may assume that they secret similar
profiles of cytokines and growth/differentiation factors.
The fact the bone marrow cells did not result in amelio-
ration of left ventricle dysfunction is also an evidence of a
mechanism exclusive of MSCs in heart remodeling.

Systemically administered MSCs determine different
responses in comparison to their in situ administration. We,
in SHR [34], and others, in normotensive rats [23],
observed increased LVd after myocardial infarction and
treatment with systemically injected MSCs. Immunodefi-
cient mice submitted to the same procedure showed

improved cardiac function and reduced myocardial fibrosis
[31]. These results raise the possibility of different actions
of the cells delivered by different routes, and show that in
situ delivery of MSCs is more effective for regeneration of
the damaged myocardium.
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