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Clinical administration of bone marrow-derived stem cells in the setting of acute myocardial infarction (AMI)
leads to improved left ventricular ejection fraction. Thymosin beta-4 (TB4) and vascular endothelial growth factor
(VEGF) are linked to adult epicardial progenitor cell mobilization and neovascularization and is cardioprotective
after myocardial ischemia. This study investigated the time course of TB4 and VEGF during AMI, cardiac arrest,
and resuscitation. Fifteen anesthetized and instrumented domestic swine underwent balloon occlusion of the
proximal left anterior descending coronary artery. During occlusion, venous blood samples were collected from
the right atrium at 5-min intervals until 15 min after the onset of cardiopulmonary resuscitation (CPR). Plasma
levels of TB4, VEGF, and matrix metalloproteinase-9 (MMP-9, selected as a marker for remodeling and repair)
were measured by ELISA. Generalized linear mixed models were employed to model the time-dependent change
in plasma concentration. All variables were natural log transformed, except TB4 values, to normalize distributions.
Fifteen animals successfully underwent balloon occlusion of the left anterior descending coronary artery and
samples were collected from these subjects. The average onset of spontaneous ventricular fibrillation was 28 min.
TB4, VEGF, and MMP-9 demonstrated a statistically significant, time-dependent increase in concentration during
ischemia. Following arrest and throughout the first 15 min of resuscitation, MMP-9 had an unchanged rate of rise
when compared with the prearrest, ischemic period, with VEGF showing a deceleration in its time-dependent
concentration trajectory and TB4 demonstrating an acceleration. Endogenous TB4 and VEGF increase shortly after
the onset of AMI and increase through cardiac arrest and resuscitation in parallel to remodeling proteases. These
markers continue to rise during successful resuscitation and may represent an endogenous mechanism to recruit
undifferentiated stem cells to areas of myocardial injury.

Introduction

The G-actin–sequestering 43-amino acid peptide thy-
mosin beta-4 (TB4), when forming a complex with in-

tegrin-linked kinase (ILK), results in the activation of
survival kinase Akt, which promotes cardiomyocyte migra-
tion, survival, and repair (Bock-Marquette and others 2004).
The exogenous administration of TB4 after acute myocardial
infarction (AMI) has been shown to upregulate ILK/Akt,
enhance early myocyte survival, and improve cardiac func-
tion via cardiomyocyte and endothelial cell migration (Sri-
vastava and others 2007). Endogenous TB4 is located in
cellular cytoplasm and nuclei and increases in response to
myocardial ischemia (Sosne and others 2010). The beneficial

effects of TB4 on cardiomyocyte replenishment and regen-
eration may be secondary to its effects on the Akt pathway,
which stimulates production of vascular endothelial growth
factor (VEGF) and may provide a pathway in the treatment
of AMI (Crockford and others 2010).

VEGF is reported to increase early during acute myocar-
dial ischemia in response to hypoxia-inducible factor in an
attempt to stimulate angiogenesis and myocardial-cell sur-
vival (Lee and others 2000). Matrix metalloproteinase-9
(MMP-9) is elevated after AMI and is associated with left
ventricular remodeling post-MI (Kelly and others 2007). The
purpose of this study was to investigate the correlation be-
tween TB4 and VEGF during acute myocardial ischemia and
their relationship to MMP-9, a marker of myocardial injury.
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Materials and Methods

This investigation was approved by our institution’s An-
imal Care and Utilization Review Committee. Yorkshire
swine (n¼ 15) of both sexes were premedicated with keta-
mine and xylazine. General anesthesia was induced via nasal
isoflurane and maintained with isoflurane and oxygen/
nitrous oxide after intubation.

Under fluoroscopy and continuous electrocardiographic
monitoring, micromanometer-tipped catheters (Millar In-
struments, Houston, TX) were positioned in the ascending
aorta and right atrium for pressure monitoring. The left an-
terior descending coronary artery (LAD) was occluded distal
to the first septal perforator using a standard PTCA balloon
catheter with angiographic confirmation. Animals were ob-
served until ventricular fibrillation (VF) or for 30 min. No
further samples were collected after 30 min and the study
protocol did not occlude any animals that did not develop
spontaneous VF during this period or any animals devel-
oping VF due to reperfusion arrhythmias after balloon de-
flation.

ECG and hemodynamic data were recorded and stored on
a laptop computer using PowerLab Chart v. 5.2 (ADInstru-
ments, Castle Hill, Australia). Venous blood was sampled
from the right atrium prior to occlusion and at 5-min inter-
vals for 30 min or until VF. Samples were placed in sterile,
chilled (08C) EDTA tubes and centrifuged at 5000 rpm for
10 min. Plasma was immediately separated and stored at
�808C until analysis. TB4, VEGF, and MMP-9 levels were
determined using a quantitative sandwich ELISA custom-
ized for porcine plasma [TB4 (Alpco Diagnostics, Salem,
NH); VEGF and MMP-9 (R&D Systems, Minneapolis, MN)].

Data were entered into an Excel 2003 spreadsheet (v. 11.8;
Microsoft Corp., Redmond, WA) and imported into SAS
statistical software (9.2; SAS Institute, Cary, NC) for analysis.
Spearman rank correlations were employed to measure bi-
variate associations. Time-dependent changes in the con-
centrations of TB4 were evaluated using generalized linear
mixed models, which account for the auto-correlation in-
herent in repeated measures designs. Mixed modeling, al-
lowing for fixed and random effects, has the parameter
vector for both, can estimate the error covariance matrix for
each, and provides the correct standard errors for either the
fixed or random effects.

The SAS procedure, PROC MIXED, was invoked for this
purpose with ischemia time, measured in minutes, and the
intercept (control values) treated as random effects. Model fit
was assessed using relative measures such as deviance sta-
tistics (for nested models), Akaike’s Information Criteria,
Bayesian Information Criterion, and percent reductions in
random variance components when compared with uncon-
ditional means and unconditional growth models. An un-

structured variance matrix was used for this analysis. To
account for multiple comparisons when contrasting interval
measurements to controls, P values were adjusted according
to the method of Dunnett-Hsu.

Results

Fifteen animals successfully underwent balloon occlusion
of the LAD. Angiographic confirmation was obtained in all
animals. Right atrial blood samples were collected from all
subjects. The average onset of spontaneous VF was 28 min.
TB4, VEGF, and MMP-9 demonstrated a statistically signif-
icant, time-dependent increase in concentration during is-
chemia as demonstrated in Table 1. VEGF values showed a
statistically significant increase from control values by 5 min
(P¼ 0.006) as did MMP-9 (P¼ 0.003). TB4 demonstrated a
delayed rise, not reaching a level statistically higher than
control values until 15 min postocclusion (P¼ 0.0003).

Following arrest and throughout the first 15 min of re-
suscitation, MMP-9 had an unchanged rate of rise when
compared with slope during the prearrest, ischemic period,
whereas VEGF showed a statistically significant deceleration
in its time-dependent concentration trajectory and TB4
demonstrated a statistically significant acceleration. Proto-
typical trajectories obtained through mixed modeling are
given in Figs. 1–3.

Levels of TB4 were correlated with levels of VEGF
(r¼ 0.80, P< 0.0001) and MMP-9 (r¼ 0.74, P< 0.0001). VEGF
and MMP-9 levels were also correlated (r¼ 0.63, P< 0.0001)
and were not dependent on the sex of the animal or time
to VF.

Analysis of samples from animals that underwent instru-
mentation without balloon occlusion of the LAD showed no
rise in either TB4, VEGF, or MMP-9.

Discussion

This study showed that serum levels of VEGF and MMP-9
rise early during myocardial ischemia and are correlated
with the rise in TB4. Acute myocardial ischemia may result
in a signaling cascade that triggers TB4 to stimulate cardio-
myocyte regeneration.

Myocardial ischemia and its resultant damage to the
myocardium were thought to be irreversible given the pre-
vailing notion that the heart was a terminally differentiated
organ. However, recent studies have reported that the heart
is, in fact, capable of regeneration via repopulation by en-
dogenous or circulating progenitor cells, which home to the
myocardium and differentiate into functioning myocytes
(Lipinski and others 2007). Cell therapy for AMI has focused
on the isolation and administration of adult progenitor cells,
pretreatment of cells with activators to augment cell homing,
improving the delivery of cells to increase the number of

Table 1. Concentrations of Thymosin Beta-4, ET-1, MMP-9, and VEGF During Ischemia and During Resuscitation

Molecule
D Concentration/minute
Ischemic period (P value)

D Concentration/minute
Resuscitative period (P value)

Thymosin beta-4 0.06 pg/mL (P¼ 0.0006) 0.16 pg/mL (P< 0.0001)
ln(ET-1) 7.0% (P< 0.0001) Same
ln(matrix metalloproteinase-9) 6.2% (P< 0.0001) Same
ln(vascular endothelial growth factor) 8.0% (P< 0.0001) 5.1% (P¼ 0.02)
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active cells, and finally, the identification of endogenous
molecules that guide the homing, engrafting, and differen-
tiation of pluripotent cells (Chavakis and others 2010). One
of the most important agents involved in recruiting pro-
genitor cells to damaged myocardium is TB4, which also
signals migrating progenitor cells to differentiate into endo-
thelial and myocardial cells. VEGF is also responsible for the
differentiation of progenitor cells into endothelial cells. This
study shows that early myocardial ischemia results in ele-
vated levels of TB4 and VEGF and may explain the cardio-
protective effects of TB4 in the setting of myocardial injury.

Left ventricular dilatation after AMI is an important pre-
dictor of prognosis and development of congestive heart
failure (White and others 1987). Degradation of the extra-
cellular matrix is central to left ventricular remodeling after
AMI. MMPs are a family of endopeptidases that act as
physiologic regulators of the extracellular matrix. MMP-9
exists within human myocardium during nonpathologic
states (Guedez and others 1998).

MMP-9 has been implicated in the structural changes oc-
curring after experimental AMI (Ducharme and others 2000)
as well as can predict cardiovascular mortality in patients
with coronary artery disease (Blankenberg and others 2003).
Squire and others reported that the levels of MMP-9 correlate
directly with LV function and presumably infarct size after
AMI in man (Squire and others 2004). Other studies have
reported that the levels of MMP-9 are associated with post-
ischemic myocardial tissue and also correlates with infarct
size (Gonzalez and others 2009). Both myocardial and pro-
genitor cells produce MMP-9 in response to ischemia.

FIG. 1. Average change trajectory of matrix metalloprotei-
nase-9 (MMP-9) levels after left anterior descending coronary
artery (LAD) occlusion. Average change trajectory with 95%
confidence bands for serum MMP-9 levels following coro-
nary occlusion and the onset of spontaneous, ischemic ven-
tricular fibrillation (VF). MMP-9 levels were natural log
transformed to better normalize its distribution for analysis.
Values were statistically higher than control values by 15 min
postocclusion (P¼ 0.0003). The average onset of VF was at
the 30 min time point postcoronary occlusion. The rate of rise
at this point was not statistically different from that mea-
sured prearrest.

FIG. 2. Average change trajectory of thymosin beta-4 (TB4)
levels post-LAD occlusion. Average change trajectory with
95% confidence bands for serum thymosin b-4 levels fol-
lowing coronary occlusion and the onset of spontaneous,
ischemic VF. Values were statistically higher than control
values by 5 min postocclusion (P¼ 0.003). The average onset
of VF was at the 30 min time point postcoronary occlusion.
The rate of rise at this point was statistically faster when
compared with the prearrest slope.

FIG. 3. Average change trajectory of vascular endothelial
growth factor (VEGF) levels post-LAD occlusion. Average
change trajectory with 95% confidence bands for serum
VEGF levels following coronary occlusion and the onset of
spontaneous, ischemic VF. VEGF levels were natural log
transformed to better normalize its distribution for analysis.
Values were statistically higher than control values by 5 min
postocclusion (P¼ 0.006). The average onset of VF was at the
30 min time point postcoronary occlusion. The rate of rise at
this point was statistically slower when compared with the
prearrest slope.
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MMP-9 may contribute to weakening and rupture of
atherosclerotic plaque and is elevated during AMI (Fang and
others 2009). Inhibition of MMP-9 has been associated with
improved postinfarct myocardial remodeling and improve-
ment in cardiac function (Huang and others 2009).

TB4 is a highly conserved, 43-amino acid acidic peptide
(pI 4.6) initially isolated from bovine thymus. It is present in
most tissues and cell lines and is found in high concentra-
tions in blood platelets, neutrophils, macrophages, and other
lymphoid tissues. One important function is the regulation of
actin polymerization in mammalian nucleated cells, with
subsequent effects on actin cytoskeletal organization, neces-
sary for cell motility, organogenesis, and other important
cellular events (Crockford 2007). Specifically, TB4 stimulates
the capillary-like tube formation of adult coronary endothe-
lial cells and increases embryonic endothelial cell migration
and proliferation in vivo, thus leading to repopulation of
damaged cells with cells capable of regeneration (Bock-
Marquette and others 2009). TB4 has been shown to be a
potent stimulator of coronary vasculogenesis and angio-
genesis via the proangiogenic cleavage product N-acetyl-
seryl-aspartyl-lysyl-proline (AcSDKP) (Smart and others
2007; Rossdeutch and others 2008). Other studies have re-
ported that the survival of embryonic and postnatal cardio-
myocytes in culture was also enhanced by TB4, which
formed a functional complex with PINCH and ILK, resulting
in activation of the survival kinase Akt (also known as pro-
tein kinase B). After coronary artery ligation in mice, TB4
treatment resulted in upregulation of ILK and Akt activity in
the heart, enhanced early myocyte survival, and improved
cardiac function. The effects of TB4 on recruitment of pro-
genitor cells are not limited to the heart as recent studies
have shown its recruitment effects on the kidney, skin, and
liver (Varneaeva and others 2007). Recently, studies have
demonstrated that TB4 is a key factor for inducing thera-
peutic neovascularization (Hinkel and others 2010). Studies
investigating the use of exogenous TB4 to patients with AMI
are ongoing, with a preliminary study reporting that exog-
enous synthetic administration of TB4 was well tolerated
(Ruff and others 2010).

Stromal-derived factor-1 and its receptor CXCR4 have
been widely reported to be essential for hematopoietic pro-
genitor cell recruitment and angiogenesis (Walter and others
2005). VEGF has been shown to induce recruitment of bone
marrow-derived circulating myeloid cells via induction of
stromal-derived factor-1 (Grunewald and others 2006) via
tyrosine kinase receptors, which are potent inducers of vas-
cular growth. In addition to enhancing blood flow, both
VEGF-A and VEGF-B may also protect hibernating myo-
cardium after myocardial infarction by altering myocardial
metabolism and apoptosis inhibition (Lahteenvuo and others
2009). VEGF-B administration has been reported to induce
angiogenesis in mouse hindlimb ischemia (Silvestre and
others 2003). Further, overexpression of MMP-9, in the set-
ting of myocardial injury, has been associated with increased
VEGF and placenta-derived growth factor (Gargioli and
others 2008).

There were several limitations with this study. The first is
that we did not obtain tissue specimens to identify progen-
itor cells or endothelial cells in the area of infarction. Second,
we did not objectively assess the size of the infarct, which
may independently predict the levels of TB4 and VEGF via
staining or magnetic resonance imaging. Subsequent proto-

cols will assess stem cell mobilization based on the data re-
ported in this experiment. MMP-9, a surrogate for
myocardial infarct size, rose in accordance with the rise in
TB4 and VEGF, suggesting diffuse myocardial injury. Fur-
ther long-term assessments are needed to justify the hy-
pothesis that the cardioprotective mechanisms of TB4 and
VEGF may blunt myocardial injury and MMP-9. VEGF (Es-
kens and Verweij 2006) and MMP-9 (Neto-Neves and others
2010) inhibitors may trigger or blunt TB4 and warrant fur-
ther investigation. And, third, the long-term effects of the rise
in TB4 and VEGF were not studied as the subjects in this
study were sacrificed.

Mesenchymal stem cells have been shown to increase
circulating VEGF via a paracrine effect (Tang and others
2005), and the cardiac function postmyocardial infarction is
dependent on this effect (Li and others 2009).

The mechanism of this paracrine action has been reported
to be due to modulation of the Akt pathway. Lim and others
have reported that transplantation of mesenchymal stem
cells in a porcine myocardial infarction model resulted in
increased signal-regulated protein kinase (ERK) and VEGF
(Lim and others 2006).

In conclusion, this study shows that levels of signal-
ing molecules involved in the recruitment and differentia-
tion of pluripotent cells into functioning myocardium rise
early during the setting of acute myocardial injury. The
levels of TB4 and VEGF are correlated with MMP-9, a
marker of myocardial injury, and these levels may reveal
an endogenous method of cardioprotection in a porcine
infarct model.
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