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Abstract
BACKGROUND: Experimental human stem cell transplantation to the heart has begun, but the
mechanisms underlying benefits seen in pre-clinical models, both at the site of cell injection and at
more distant regions, remain uncertain. We hypothesize that these benefits may be best understood
first at the level of key intracellular signaling cascades in the host myocardium that may be
responsible for functional and structural preservation of the heart.

STUDY DESIGN: Western blot and ELISA were used to assess key pathways that regulate cardiac
myocyte survival and hypertrophy in both the infarct/borderzone (I/BZ) and remote myocardium
(RM) of C57/B6 mouse hearts subjected to coronary artery ligation, with subsequent injection of
either vehicle or bone marrow-derived adult mesenchymal stem cells (MSC).

RESULTS: Improved left ventricular function with MSC transplantation was associated with a
relative preservation of Akt phosphorylation (activation) and of phosphorylation of downstream
mediators of cell survival and hypertrophy. There was no significant difference in activation of MAP
kinase p38, and activation of the anti-apoptotic MAP kinase ERK was lower at one week after MSC
treatment but rose above controls by week 2. Similar changes were observed in both the I/BZ and
the RM.

CONCLUSION: Stem cell transplantation in the post-MI murine myocardium is associated with
preservation of Akt signaling. Together with a possible later increase in ERK activation, this signaling
change may be responsible for cardioprotection. Further focused investigation may identify elements
in transplantation regimens that optimize this mechanism of benefit, and that may increase the
likelihood of human clinical success.
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Introduction
Early experiences with translation of experimental stem cell transplantation for human heart
disease have met with only rare, limited success. In contrast, the wide variety of successful
pre-clinical models has indicated that the growth of new myocardial tissue from donor cells,
likely to occur in only a small subset of these models and stem cell types, may not be a primary
mechanism of benefit in many cases. For example, reductions in infarct size and improvements
in ventricular function have been documented even in the absence of electrical coupling
between donor and host cells, and even when only a very small percentage of donor cells can
be found to survive. Attention has therefore been focused on two possible alternative
mechanisms of benefit: 1) induction of angiogenesis 1-5 and 2) paracrine or
immunomodulatory amelioration of cardiac remodeling 5-11. Given the rare survival of
transplanted cells even when benefits have been observed, and observations of success with a
variety of donor cells that are unlikely to yield vascular cell differentiation, it is likely that both
of these theories boil down to a paracrine or other secondary influence of cell transplantation
within the recipient host tissue.

While some researchers have begun to analyze the secretion of paracrine factors by various
target donor cells in vitro 9-11, extrapolation of these observations to the complex in vivo setting
is a daunting challenge. We have therefore postulated instead that the benefits observed in
experimental cardiac cell transplantation may be first understood in terms of biological changes
instigated in the host myocardial cells. Although some studies have explored signaling within
the donor stem cells, few reports have addressed changes in signaling within the host
myocardium. Nevertheless, much has been learned in recent years regarding the roles of various
intracellular signaling pathways in regulating cardiac myocyte fate 12-14. Interaction between
these pathways helps determine an ongoing “decision” between cell survival and apoptosis; it
also governs phenotypic changes that can lead either to pathologic or physiologic cardiac
hypertrophy 15-21. Two signaling cascades share an interesting role in cardiac myocytes: both
the PI3K/Akt and MAP kinase pathways contain arms that have been associated with cell
survival and with induction of “physiologic” hypertrophy, while other limbs have been
implicated instead in cardiac myocyte apoptosis and the transition from cardiac hypertrophy
to ventricular dilatation 15-21.

In this study, we have begun to dissect changes in cardiac signaling that comprise the
myocardium's response to the transplantation of adult, bone marrow-derived mesenchymal
stem cells (MSCs) early after acute myocardial infarction in mice. This model has been
consistently found to yield measurable structural and functional benefit despite the absence of
new, donor-derived myocardial muscle coupled to host tissue7,22-24. We hypothesized that
either an increase in PI3K/Akt activation or a shift in the balance between the p38 and ERK
arms of the MAP kinase pathway would help explain the reduction in cardiac myocyte
apoptosis and the improvement in ventricular function that have been clearly documented in
past reports. Such an observation would in turn represent a first step toward elucidation of the
intermediate mechanistic steps between the transplantation of stem cells and the benefit derived
by the host myocardium, and may allow a more rational approach both to further analysis of
the direct role of donor cells, and to strategies for human translation that are more likely to
yield early clinical success.

Study Design
Left anterior descending (LAD) coronary ligation and MSC transplantation

Male C57BL/6 mice (6-8weeks old) were anesthetized with 1.5% isoflurane, and ventilated
on a Harvard Rodent Respirator. An anterior thoracotomy was performed and the proximal
LAD artery was ligated approximately one third the distance from the base to the apex of the
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heart. Within 30 minues after ligation, 1×105 culture-expanded MSCs resuspended in 10 μl of
normal saline were injected directly into the myocardium around the infarct border zone. The
chest was then closed and animals were allowed to recover. For sham operations, 10 μl of saline
were injected without cells. The investigation conforms with the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes of Health (NIH Publication No.
85-23, revised 1996), and were approved by the Institutional Animal Care and Use Committee
of the San Francisco Veterans Affairs Medical Center

Isolation and characterization of mouse MSC
Mouse MSC were obtained as previously described 25. Bone marrow was collected from 6-8
week-old male C57Bl/6 or C57-GFP transgenic (C57Bl/6 TgN[ACT6EGFP]) mice (Jackson
Laboratory). In brief, the femurs and tibiae were excised using sterile technique and were
clipped to expose the bone marrow. Cells were diluted with growth medium (αMEM
supplemented with 10% fetal bovine serum, 10% horse serum, glutamine 2mmol/L and
penicillin/streptomycin and filtered through a 70 μm nylon mesh (Cell strainer, Falcon,
Franklin Lakes, NJ). After centrifugation at 200 g for 10 min, the cell pellet was resuspended
and plated in T75 flasks. The cells were incubated for 3 days and the non-adherent cells were
removed by washing. For subculture, the adherent cells were split upon reaching confluence
at a ratio of 1:2 or 1:3.

For detection of surface antigens, MSCs were trypsinized, centrifuged and incubated for 30
minutes at 4°C with phycoerythrin (PE)- or fluoresceinisothiocyanate (FITC)-conjugated
antibodies against murine Sca-1, CD29, CD 31, CD44, CD117, CD90.2, CD34, CD45,
VCAM-1 and CD11b according to the manufacturer's instruction (ebioscience, CA).
Background fluorescence was subtracted after analyzing unstained cells. Stained cells were
analyzed by fluorescence activated cell sorting (FACScan, Becton Dickinson, Mountain View,
CA)

In vitro differentiation
Osteogenic differentiation was induced by treating cultured MSCs with 10nmol/L
dexamethasone (Sigma), 200μmol/L ascorbic acid 2-phosphate(Sigma) and 10mmol/L β-
glycerophosphate (Sigma) 24. Calcium deposition was documented via washing cultures with
PBS, fixation with 4% paraformaldehyde in room temperature PBS for 20 minutes, and staining
for 5 minutes with Alizarin Red S (Sigma).

To induce adipogenic differentiation, MSCs were treated with 1μmol/L dexamethasone
(Sigma), 10 μg/ml insulin (Sigma), 100 μmol/L indomethacin (Sigma) and 0.5mmol/L 3-
isobutyl-methylxanthine (IBMX, Sigma). Cells were fixed with 4% paraformaldehyde and
stained with Oil Red O (Sigma) solution for 5 minutes.

Echocardiography
Transthoracic echocardiography was performed with an Acuson Sequioa 512 with a 13-MHz
probe. A two-dimensional short-axis view of the left ventricle was obtained at the level of the
papillary muscles, and two-dimensionally targeted M-mode tracings were recorded to
determine LV fractional shortening.

ELISA and Western blot
Myocardial tissues were divided into two separate specimens representing infarct/borderzone
(I/BZ) and remote, uninfarcted myocardium (RM), and were homogenized in a lysis buffer
containing 0.13mol/L KCl, 1mmol/L EDTA, 1mmol/L EGTA, 1mmol/L Na3(VO4), 5mmol/
L NaF, 20mmol/L HEPES and Protease inhibitor cocktail tablet (Roche Diagnostics,
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Mannheim, Germany). BCA Protein Assay Reagent Kit (Pierce, Rockford, IL) was used to
measure protein concentration. Phospho-ERK1/2, Phospho-Akt, Phospho-GSK-3α/β, and
Phospho-p70S6 Kinase levels were then assayed by using commercially available ELISA kits
(R&D Systems, Minneapolis, MN). Samples containing equal amounts of protein were
separated by Bis-Tris Gels and transferred to PVDF membranes (Invitrogen, Carlsbad, CA).
Blots were probed with primary antibodies specific for p38, ERK1/2, Akt, p70S6 kinase, GSK,
BAD, and □-actin(Cell Signaling, Beverly, MA), and then with horseradish peroxidase–
conjugated secondary antibodies. SuperSignal West Femto Maximum Sensitivity substrate
(Pierce, IL) was used for the chemiluminescent visualization of proteins. Expression of each
protein was normalized to the level of α-actin to offset the variation from sample loading.

Statistics
Data are reported as mean ± SEM. Comparisons between groups were made using Student's t
test and ANOVA. A P-value of less than 0.05 was considered to denote statistical significance.

Results
Mouse MSCs

Marker expression was examined via FACS analysis after expansion of cells isolated via
differential plating of adult mouse bone marrow aspirates. Consistent with previous reports of
adult mesenchymal stem cells 25, these cells were found to express CD29 and SCA1 but not
CD34, CD45 or CD11b. Furthermore, upon stimulation with dexamethasone, ascorbic acid
and β-glycerophosphate or with dexamethasone, insulin, indomethacin and IBMX, these cells
underwent differentiation into either an adipocyte or osteoblast phenotype, respectively.

Cell transplantation and functional benefit
Injection of isogeneic, bone marrow-derived MSCs into the peri-infarct region of the left
ventricle was completed successfully early after LAD ligation in C57/B6 mice, with a
procedural mortality of 10-15%. MSCs isolated from transgenic mice with constitutive
expression of EGFP could be identified via fluorescent microscopy of thin sections of the left
ventricle in all animals studied. Serial echocardiography was used to confirm a recapitulation
of the functional benefit documented in previous studies of stem cell transplantation early after
MI in mice (Table I). At one week after MI, a trend toward improved fractional shortening
(FS) was observed in MSC-transplanted hearts. By two weeks after MI, a statistically
significant 26% improvement in FS was seen in mice receiving isogeneic MSC transplantation
compared to controls receiving similar injections of normal saline shortly after LAD ligation.
Interestingly, this improvement in FS was observed at the level of the mitral apparatus, i.e. in
the myocardium remote to the infarct and some distance from the injection of MSC, suggesting
a global impact of the transplantation on myocardial biology. Ejection fraction and cardiac
output, as calculated from echocardiographic measurements, were also statistically
significantly improved with MSC transplantation (Table I).

Changes in pathway activation
At 1 week after MI, a significant drop was observed in the level of myocardial Akt
phosphorylation (i.e. activation) in saline-injected control animals compared to uninfarcted
hearts. This cardioprotective signaling was significantly preserved in MSC-injected hearts at
this time point, both in the infarct/borderzone and in the remote myocardium (Figure 1). By
two weeks after MI, Akt phosphorylation had partially recovered in both the saline and MSC
groups. Although the treatment groups were no longer statistically different, levels in the MSC
group had almost returned to those of uninfarcted hearts. Western blot indicated that total Akt
protein expression was similar in both groups at all time points (Figure 1).
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Phosphorylation of two key downstream mediators of Akt signaling was also increased at week
1 after MSC transplantation compared to saline injection, again in both the infarct/borderzone
and the remote uninfarcted regions of the heart. These mediators were p70S6 kinase, a key
mediator of cell hypertrophy, and of GSK-3β, which regulates, among other processes,
mitochondrially-mediated apoptosis (Figure 2A,B). MSC transplantation has been associated
with a reduction in myocardial apoptosis rates after acute MI 26. Akt can exert an anti-apoptotic
effect in numerous cell types, including cardiac myocytes, via phosphorylation of BAD, a pro-
apoptotic member of the Bcl-2 family. A qualitative, though not statistically significant,
increase in the ratio of phosphorylated to total BAD protein was observed at 1 week after MSC
transplantation, when an increase in Akt activation was also observed (Figure 2C).

Although the role of MAP kinase p38 in the evolution of dilated cardiomyopathy remains
somewhat controversial, some studies have demonstrated an association between
phosphorylation (i.e. activation) of p38 and either CM apoptosis in vitro 19 or progression to
dilated cardiomyopathy in vivo 20. An increase in activation of p38 was observed at both 1
and 2 weeks after MI, and, in contrast to the enhanced preservation of Akt signaling seen with
MSC transplantation, there was no difference between levels of p38 activation between MSC-
and saline-injected groups (Figure 3A). Isoform-specific ELISA suggested a similar pattern of
increased phosphorylation of both p38 alpha and gamma isoforms that was not influenced by
MSC transplantation (data not shown).

ERK activation has been associated with inhibition of apoptosis in cardiac myocytes in vitro
27 and with physiologic hypertrophy in vivo 16. ERK activation has also been documented in
models of ischemia-reperfusion 16. In this study, ERK phosphorylation (i.e. activation) was
increased in saline injected controls at 1 week after myocardial infarction; this increase was
significantly less pronounced in hearts undergoing MSC transplantation (Figure 3B).
Interestingly, ERK phosphorylation then declined significantly in control hearts, such that there
was a higher level of ERK phosphorylation in MSC-treated hearts at week 2 after
transplantation.

Conclusions
The results of this study have begun to suggest patterns of altered signaling in the host
myocardium after isogeneic mesenchymal stem cell transplantation. These alterations may
reflect the recruitment of biological pathways that result in myocardial preservation and even
promote more adaptive compensatory hypertrophy, beyond any direct contribution of donor
cells to myocardial function. Interestingly, the signaling changes were not limited to the regions
of the myocardium into which cells were transplanted, suggesting either a more widespread
paracrine effect or a shift in myocardial biology that may extend in wave-like fashion away
from the site of transplantation toward more remote regions. Alternatively, a direct effect on
early pathological changes in the post-MI myocardium might relieve local stresses in the infarct
and borderzone regions in such a way as to relieve increased biophysical and biochemical stress
on the remote myocardium, as well, resulting in an opportunity for better adaptive signaling
throughout the heart.

Understanding the mechanisms of benefit of experimental cardiac cell transplantation models
has proved difficult. Only in the case of fetal cardiomyocyte transplantation has appropriate
coupling of even a small number of host and donor cells been documented 28. Furthermore, a
significant proportion of surviving or “differentiated” donor cells actually represent the product
of cell fusion between donor and host myocardial cells 29,30. The benefits of cell
transplantation may therefore be best understood first in terms of biological changes instigated
in host myocardial cells.
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In contrast to this upregulation of Akt signaling, there was no change in activation of p38 MAP
kinase, which has been associated in some studies with cardiac myocyte apoptosis and
remodeling 19-21. We have recently observed that activation of the anti-apoptotic MAP kinase
ERK is increased in the mouse myocardium after MI, and that this increase may be localized
primarily to cardiac non-myocytes that are actively proliferating during both scar evolution
and remodeling of the remote myocardium 31. The decrease in ERK signaling that we observed
at 1 week after MI followed by MSC injection in this study may reflect a decrease in non-
myocyte proliferation as a result of better overall myocyte survival and reduced remodeling
with cell transplantation.

Another important discrepancy may increase the challenge of translating exciting preclinical
observations into successful therapeutic strategies for treating human heart failure. Nearly all
experimental data have been derived from studies of young, healthy animals. A growing body
of literature, however, suggests that stem and progenitor cell populations in older, sicker
individuals, i.e. those that will be targeted by clinical applications, exhibit important phenotypic
differences compared to similar cells from younger, healthier ones 32-34. In addition, target
tissues, such as the myocardium, in older, diseased individuals may respond differently to cell
transplantation 35,36. For example, stem cells from older populations likely exhibit telomeric
shortening, which can result in accelerated cell senescence. The number and function of
progenitor cells have been documented to decrease both in animals and in humans with
advanced age and with progressive risk factors for heart disease 37,38. Diseased and aged
myocardium may be less able to recruit or retain target cells capable of contributing either
directly or through paracrine mechanisms to myocardial protection or repair 39. Although direct
comparisons of myocardial response to cell transplantation in male and female subjects remain
to be undertaken, preliminary data suggest that important differences may exist between the
sexes in terms of stem cell survival and phenotype 40-42.

It is interesting to note that the changes observed in Akt signaling may be short lived, and that
a shift may take place toward enhanced ERK signaling. It is possible that the duration of
transplanted cell survival may be responsible for these changing patterns of signaling activity,
which may further underscore the need to understand the differences between young, healthy
experimental cohorts and their human clinical counterparts. Ongoing studies will examine this
time course and its implication for optimization of cell transplantation protocols. Such
optimization may include enhanced or prolonged survival of donor cells, with possible
implications for the time course of concomitant signaling changes that can now be explored to
help improve the likelihood of successful clinical translation of this exciting new therapeutic
strategy.
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RM Remote myocardium

MSC Mesenchymal stem cell

I/BZ Infarct/Borderzone

LAD Left anterior descending

FS Fractional shortening
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1.
Akt phosphorylation (i.e. activation) in the remote region and the infarct/borderzone of
infracted mouse hearts treated with either saline (S) or MSC (M) after LAD ligation, measured
either 1 week (1w) or 2 weeks (2w) after LAD ligation. (n=6-8, *P < 0.05)
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2.
Phosphorylation of Akt downstream intermediates p70S6 kinase (A) and GSKβ-3 (B) in the
remote region and the infarct/borderzone of infracted mouse hearts treated with either saline
(S) or MSC (M) after LAD ligation, measured either 1 week (1w) or 2 weeks (2w) after LAD
ligation. (n=6-8, *P < 0.05). A trend toward increased phosphorylation (inactivation) of pro-
apoptotic BAD (n=6, †P = 0.1) was also observed at week 1.
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Phosphorylation of p38γ (A) and ERK (B) in the remote region and the infarct/borderzone of
infracted mouse hearts treated with either saline (S) or MSC (M) after LAD ligation, measured
either 1 week (1w) or 2 weeks (2w) after LAD ligation. (n=4-8, *P < 0.05)
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TABLE 1

1w 2w

Saline BMSC Saline BMSC

EF (%) 60.56±2.42 66.46±4.15 60.28±2.95 70.56±2.41*

FS (%) 34.12±1.98 39.63±3.71 33.95±2.51 42.66±2.23*

LVEDV(μl) 69.84±5.93 76.98±11.91 79.72±7.88 81.95±8.85

LVESV (μl) 28.46±3.49 29.38±8.67 32.12±4.37 24.94±4.20

CO (ml/min) 22.81±1.32 25.22±1.98* 27.79±3.33 32.91±2.98*
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