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Abstract
Background— The mechanisms by which mesenchymal stem cells (MSCs) may protect native
tissue are incompletely understood. Understanding the mechanisms by which these cells release
factors such as vascular endothelial growth factor (VEGF), may lead to enhanced protection. We
hypothesized that stress, in the form of hypoxia or TNF, activates MSCs to release VEGF by STAT3
and p38 MAPK dependent mechanisms.

Methods and Results— Mouse MSCs from wild type (WT) and STAT3 knockout mice
(STAT3KO) were harvested and purified by a single-step method using adhesion. The release of
VEGF was analyzed by using MSC conditioned media under hypoxia or TNF stimulation with or
without p38 MAPK inhibition. Activation of STAT3 and p38 MAPK were determined by analysis
of cell lysates. MSCs released VEGF under normoxia, which was associated with constitutive STAT3
activity. STAT3 deficiency resulted in decreased MSC production of VEGF. In response to hypoxia
or TNF, MSCs produced more VEGF, which was correlated with hypoxia or TNF activated p38
MAPK and STAT3. The p38 MAPK inhibitor significantly decreased hypoxia-induced or TNF-
stimulated VEGF production in WT. Additionally, STAT3 ablation neutralized hypoxia-induced
MSC release of VEGF. No effect of p38 MAPK inhibitor alone was observed on MSC release of
VEGF in WT. However, inhibition of p38 MAPK blocked release of VEGF in STAT3KO MSCs.

CONCLUSIONS— MSCs are a potent source of VEGF, the production of which is mediated by
STAT3 under normoxia partly; however, following hypoxia or TNF exposure, MSC release of VEGF
is mediated by both STAT3 and p38 MAPK.
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INTRODUCTION
The delivery of progenitor cells into ischemic myocardium is emerging as a potentially
promising therapy. Although bone marrow derived mesechymal stem cells (MSCs) may
differentiate into one or more types of cells including cardiac myocytes [1,2], cardiac protection
provided by MSCs may not only be mediated by transdifferentiation [3]. Indeed, accumulated
studies demonstrate that transdifferentiation of stem cells into cardiomyocytes occurrs at very
low levels (less than 0.05% cardiomyocytes derived from stem cell sources)[4,5]. In addition,
our previous study has shown that adult progenitor cell differentiation is not required for
myocardial functional protection [6]. This has led to an important appreciation that other
mechanisms may contribute to the protective effect provided by stem cells on ischemic tissue.

We recently reported that human progenitor cells are a potent source of vascular endothelial
growth factor (VEGF) [7], which may be a critical growth factor in the protection of ischemic
tissue. Bone marrow stem cells have been shown to protect myocardial function from ischemic
injury through paracrine actions of an increase in local VEGF [8]. Additionally, it has been
reported that MSCs mediate acute protective effects on ischemic myocardium through elevated
VEGF [9]. Therefore, it can be proposed that stem/progenitor cells may exert protection by the
secretion of protective factors such as VEGF. However, it is unclear by what mechanisms stem
cells produce VEGF under stress, such as hypoxia or TNF stimulation. It has been shown that
VEGF expression is associated with activation of signal transducer and activator of
transcription 3 (STAT3) [10,11] and p38 MAPK is required for VEGF production in fibroblast
cell lines [12]. Recently, the STAT3 signaling pathway has been implicated in a variety of
cellular functions, including the TNFR2-mediated survival pathway, apoptosis, proliferation
and the immune response [13]. However, little information exists regarding the effect of
STAT3 and p38 MAPK on MSC production of VEGF under hypoxia. Given these interesting
unknowns, the purposes of this study were to determine the effects of STAT3 and p38 MAPK
on MSC production of VEGF under hypoxia or TNF stimulation by using mice with a
conditional deletion of STAT3 from bone marrow MSCs, as well as a p38 MAPK inhibitor.

MATERIALS AND METHODS
Animals

The STAT3 deficiency mouse line was in C57B6/129 mixed background, and has been
described previously [14]. Four- to six- week-old wild type (WT) and conditioned STAT3
knockout mice were maintained in a quiet quarantine room for one month before the
experiments. The animal protocol was reviewed and approved by the Indiana Animal Care and
Use Committee of Indiana University. All animals received humane care in compliance with
the “Guide for the Care and Use of Laboratory Animals” (NIH publication No. 85-23, revised
1985).

Preparation of Mouse Bone Marrow Mesenchymal Stromal Cells
In addition to wild type animals with an identical background, we used a mouse line in which
STAT3 was deleted from bone marrow cells by crossing STAT3 allele floxed mouse with a
Tie-2 promoter driving cre expression mouse [14]. A single-step purification method using
adhesion to cell culture plastic is employed as previously described [15] with the following
modifications: Mouse bone marrow mesenchymal stromal cells were harvested from bilateral
femurs and tibias by removing the epiphyses and flushing the shaft with complete media
[Iscove’s Modified Dulbecco’s Medium with 10% fetal bovine serum and 1% pen-strep
(GIBCO Invitrogen, Carlsbad, CA)]. Cells were disaggregated by vigorous pipetting several
times and were passed through 30-μm nylon mesh to remove remaining clumps of tissue. Cells
were washed by adding complete media, centrifuging for 5 min at 300 rpm @ 24°C and
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removing supernatant. The cell pellet was then resuspended and cultured in 75 cm2 culture
flasks with complete media at 37°C, 5% CO2 and 90% humidity. MSCs preferentially attached
to the polystyrene surface; after 48 h, nonadherent cells in suspension were discarded. Fresh
complete medium was added and replaced every three days thereafter. When the cultures
reached 90% of confluence, MSCs were detached by the addition of a solution 0.25% trypsin-
EDTA (GIBCO Invitrogen, Carlsbad, CA) and cells were passaged.

Experimental Groups
After five passages, MSCs were plated in 12 well plates at a concentration of 1 × 105 cells/
well/ml. WT and STAT3KO MSCs were divided into 3 experimental groups (triplicate wells
per group: 1) control; 2) 24-hour or 48-hour hypoxia with or without p38 MAPK inhibitor (p38
MKI) (10 μM of SB 203580); 3) 50 ng/ml of TNF with or without p38 MKI. After 24-hour
(TNF and hypoxia) and 48-hour (hypoxia) incubation, supernatants were collected for VEGF
assay (ELISA). Cells were harvested for western blot assay. The experiment was repeated on
three separate occasions (n=6–11 wells/group).

VEGF ELISA
VEGF in the MSC supernatant was determined by enzyme-linked immunosorbent assay
(ELISA) using a commercially available ELISA set (R&D Systems Inc., Minneapolis, MN).
ELISA was performed according to the manufacturer’s instructions. All samples and standards
were measured in duplicate. All reported VEGF values in cell supernatant were compared with
cell number at the time of assay.

Western blotting
Western blot analysis was performed to measure STAT3 and p38 MAP kinase proteins. Cells
were lysed in cold buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1
mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β-Glycerophosphate, 1
mM Na3VO4, 1 μg/ml Leupeptin, 1 mM PMSF, and centrifuged at 12000 rpm for 10 minutes.
The protein extracts (10 μg/lane) were subjected to electrophoresis on a 8–16% precise protein
gel (Pierce, Rockford, IL) and transferred to a nitrocellulose membrane, which was stained by
Naphthol Blue-Black to confirm equal protein loading. The membranes were incubated in 5%
dry milk for 1 hour and then incubated with the following primary antibodies: STAT3,
phosphor-STAT3 (Tyr705), p38 MAP kinase antibody and phosphor-p38 MAP kinase
(Thr180/Tyr182) (Cell Signaling Technology, Beverly, MA). Membranes were then incubated
with horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse IgG secondary antibody
and detection using supersignal west pico stable peroxide solution (Pierce, Rockford, IL). Films
were scanned using an Epson Perfection 3200 Scanner (Epson America, Long Beach, CA) and
band density was analyzed using ImageJ software (NIH).

Presentation of data and statistical analysis
All reported values are mean ± SEM (n=6–11 well/group). Data was compared using Student’s
t-test. A two-tailed probability value of less than 0.05 was considered statistically significant.

RESULTS
Hypoxia or TNF stimulates MSC production of VEGF dependent on p38 MAPK

Under hypoxia or TNF stimulation, bone marrow stromal cells secreted significantly larger
amounts of VEGF compared to controls (figure 1). MSC production of VEGF was increased
nearly 50% in the 24-hour hypoxia group, 80% in the 48-hour hypoxia group and 65% in the
24-hour TNF stimulated group.
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In addition, hypoxia or TNF stimulation resulted in increased activation of p38 MAPK in MSC
culture (figure 2). Activation of p38 MAPK was increased three fold with hypoxia and two
fold with TNF stimulation. Administration of p38 MAPK inhibitor (10 μM of SB 203580)
decreased production of VEGF in response to hypoxia or TNF in MSC (figure 3 A, B). There
was no effect of p38 MAPK inhibitor alone on production of VEGF.

STAT3 mediates MSC release of VEGF under normoxia
After 24-hour or 48-hour incubation at 37°C, 5% CO2 and 90% humidity, STAT3 deficiency
resulted in lower levels of VEGF secretion by MSC (figure 4A). VEGF production was
decreased in STAT3KO MSC by nearly 40%. The western blot of STAT3 further indicated
that STAT3 activity was not observed in STAT3KO MSC, and that lower levels of STAT3
protein existed in MSCs derived from STAT3KO mice (figure 4B).

Effect of STAT3 on MSC in response to hypoxia or TNF stimulation
Hypoxia or TNF stimulation increased STAT3 activation in MSCs (figure 5A). STAT3
activation was increased by two fold with hypoxia and by three fold with TNF stimulation.
However, STAT3 ablation neutralized hypoxia-induced VEGF production in MSCs (figure
5B). STAT3 deficient MSCs produced 30% more VEGF with TNF stimulation (figure 5C),
however this was still lower than VEGF levels produced by WT MSCs.

Effect of p38 MAPK on STAT3KO MSC production of VEGF under hypoxia or TNF
Although hypoxia or TNF stimulation resulted in less of an increase of p38 MAPK activation
in STAT3KO MSCs compared to WT, p38 MAPK activation was elevated by 30% under
hypoxia or TNF exposure (figure 6A). Interestingly, administration of p38 MAPK inhibitor
resulted in lower levels of VEGF production not only under hypoxia or TNF stimulation, but
also under normoxia in STAT3KO MSCs (figure 6B, C).

DISCUSSION
In the present study, we analyzed MSC function following hypoxia or TNF stimulation by
using mouse bone marrow STAT3 knockouts (since the systemic STAT3 knockout is lethal),
as well as p38 MAPK inhibition. Our results indicated that: 1) MSCs are a potent source of
VEGF; 2) STAT3 mediates VEGF production under normoxia partly; 3) MSC release of VEGF
is mediated by STAT3 and p38 MAPK following hypoxia or TNF stimulation.

Progenitor cell therapy has received much attention for its potential benefit in the treatment of
diseases that result in the loss of viable tissue. However, some studies have questioned the
differentiation of progenitor cells into cardiomyocytes in ischemic myocardium [3]. In
addition, the magnitude of progenitor cells’ contribution to target tissue cells is very low, which
rarely provides protection in most organs. Thus, there has been a growing supposition that
progenitor cells may protect ischemic organs via paracrine actions [16,17]. Previously, our
group not only indicated that pretreatment of human progenitor cells into the isolated heart
immediately before myocardial ischemia improved postischemic myocardial function through
stem cell differentiation-independent mechanisms [6], but also demonstrated that human
progenitor cells were shown to be a potent source of VEGF in response to TNF [7]. Local
increases in VEGF production have been noted after bone marrow cells were delivered into
ischemic tissue [3]. In addition, it has been reported that MSCs mediate acute protective effects
on ischemic myocardium through elevated VEGF [9]. Altogether, it can be proposed that
progenitor cells may exert protection by the secretion of protective factors such as VEGF.
VEGF was selected to represent MSC function in this study for the following reasons: 1) VEGF
is an angiogenic factor that benefits neovascularization and tissue remodeling [18,19]; impaired
myocardial angiogenesis and ischemic induced heart failure have been observed in mice with
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disruption of VEGF activity [20]; 2) VEGF exerts an anti-apoptotic effect as conditioned media
containing VEGF has been shown to increase cell growth and to inhibit cell apoptosis [21]; 3)
VEGF is able to recruit circulating bone marrow derived progenitor cells to necrotic tissue
[22].

Hypoxia stimulated VEGF expression has been noted in tumor cells, vascular endothelial cells
and fibroblasts [10]. Additionally, accumulated evidence has shown that TNF, as a local
proinflammatory cytokine induced by various injuries, stimulates VEGF production in human
monocytes, macrophages and fibroblasts [23]. However, it is unknown whether hypoxia or
TNF will induce mouse MSC release of VEGF, and if so, by what mechanisms. In fact, it may
be very important to understand the signaling mechanisms that MSCs utilize in order to prime
progenitor cells for maximal growth factor production in vitro during therapeutic use.

p38 MAPK appears to be an important protein kinase that is involved in the production of
several proinflammatory cytokines [24–27]. Activation of p38 MAPK is required for VEGF
production in fibroblast cell lines [12]. In addition, a role for MAPK in the regulation of VEGF
expression has been reported in mouse embryonic stem cells [28] and mesenchymal stem cells
[29]. Our previous studies have indicated that p38 MAPK is involved in TNF-induced
production of growth factors in human progenitor cells [7]. In the present study, our data
demonstrate that TNF-stimulated VEGF production is associated with increased p38 MAPK
activation, and this increase in VEGF production is blocked by administration of a p38 MAPK
inhibitor in mouse MSCs. These findings not only corroborate our previous results, but they
also demonstrate that hypoxia stimulates more release of VEGF in MSCs. Hypoxia-induced
VEGF production also appears to require p38 MAPK.

Recent evidence has indicated that transcription of the VEGF promoter is mediated by active
STAT3 in human renal carcinoma cells [10]. Several different types of tumor cells
constitutively express active STAT3, which is associated with up-regulated angiogenesis and
increased VEGF production [11,30]. In addition, glycoprotein 130-mediated VEGF production
requires STAT3 activation in cardiomyocytes [31]. Over-expression of active STAT3 in
cardiomyocytes has been shown to increase myocardial VEGF production [32]. Therefore, it
can be proposed that STAT3 signaling may mediate MSC production of VEGF. A systemic
KO of STAT3 has been reported to result in early embryonic death [33]. Here, we used a mouse
line in which STAT3 was deleted from bone marrow cells by crossing STAT3 allele floxed
mouse with a Tie-2 promoter driving cre expression mouse [14]. Our data indicated that total
STAT3 protein levels were much lower in STAT3KO MSCs compared with wild type, and
that STAT3KO MSCs had no STAT3 activity. In parallel, VEGF production was significantly
lower in KO MSCs compared with wild type. These results suggest that STAT3 is required to
mediate MSC release of VEGF under normal culture conditions.

The question now becomes whether hypoxia-induced or TNF-stimulated release of VEGF is
mediated by STAT3 signaling in MSCs. It has been reported that hypoxia-activated STAT3
plays an essential role in VEGF expression, and that hypoxia-stimulated VEGF production
was inhibited by blockade of STAT3 in renal carcinoma cells [10]. Our results that hypoxia
induced more activation of STAT3 correlated with higher VEGF production in hypoxic MSCs
and that STAT3 deficiency neutralized hypoxia-induced MSC release of VEGF were in line
with the previous study. On the other hand, TNF has been shown to mediate cytokine
production via various types of signaling pathways, including the STAT3 and MAPK pathways
[34]. Here, our data indicated that TNF-activated STAT3 was involved in regulating MSC
production of VEGF, and that ablation of the STAT3 gene partly blocked TNF-stimulated
release of VEGF. These results suggest that MSC production of VEGF may be mediated by
different mechanisms with hypoxia and TNF stimulation. In response to hypoxia, STAT3
exerts essential effects on MSC release of VEGF, and the p38 MAPK may play a
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complementary role in STAT3-mediated VEGF production as the consequence of active
STAT3. However, when exposed to TNF, both STAT3 and p38 MAPK are activated to regulate
MSC production of VEGF in a parallel fashion. A subsequent observation is that p38 MAPK
inhibitor alone had no effect on WT MSC release of VEGF, whereas VEGF production was
decreased by inhibition of p38 MAPK in STAT3KO MSCs under normoxia. It can be
postulated that p38 MAPK activity may exist in STAT3KO MSCs and may be responsible for
VEGF production under normoxia. It may also potentially be an adaptation of MSCs to STAT3
ablation.

In summary, our study provides new evidence for interactions between STAT3 and p38 MAPK
during hypoxia-induced or TNF-stimulated MSC production of VEGF (figure 7). Our global
hypothesis is that ischemia/reperfusion or hypoxia induces cardiac myocytes to release
proinflammatory cytokines, such as TNF. TNF then stimulates stem cell production of VEGF
via STAT3 and p38 MAPK pathways. Locally produced VEGF by stem cells then protects
cardiac myocytes against ischemia/hypoxia. Additionally, ischemia/reperfusion or hypoxia
itself induces stem cells delivered into ischemic myocardium to release VEGF through STAT3
signaling. In the present study, our data suggests that hypoxia-induced or TNF-stimulated MSC
release of VEGF is mediated by STAT3 and p38 MAPK signaling. However, the detailed
mechanisms of interactions between STAT3 and p38 MAPK in MSC production of VEGF
warrant further investigation.
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Figure 1.
Hypoxia (A) or TNF stimulation (B) significantly increased bone marrow stromal cell (MSC)
secretion of VEGF. Results are mean ± SEM, n=3/group (the experiment was repeated on three
separate occasions) *p<0.05 vs. control.
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Figure 2.
Activation of p38 MAPK in bone marrow stromal cells (MSCs) under hypoxia or TNF
exposure. Both 24-hour hypoxia and TNF stimulation markedly elevated p38 MAPK activation
in MSCs. Top shows densitometry data of p-p38 MAPK vs. total p38 MAPK (%) and bottom
is representative immunoblots. Results are mean ± SEM, n=3–6/group, *p<0.05 vs. control.
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Figure 3.
Production of VEGF in wild type MSCs in response to hypoxia (A) or TNF (B) with or without
p38 MAPK inhibitor (10 μM of SB 203580) (p38MKI). p38 MAPK inhibitor significantly
decreased hypoxia-induced or TNF-stimulated VEGF production in MSCs. Results are mean
± SEM, n=3/group (the experiment was repeated on three separate occasions) *p<0.05 vs.
control and p38 MKI alone, #p<0.05 vs. hypoxia or TNF.
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Figure 4.
Effect of STAT3 on MSC production of VEGF under normoxia. A. MSCs with STAT3 ablation
produced less VEGF under normal culture condition. B. Representative immunoblots (2 lanes/
group) show that no activation of STAT3 and less total STAT3 were observed in STAT3KO
MSCs compared with wild type under 24 hour normal culture condition. GAPDH is
representative of loading control. Results are mean ± SEM, n=3/group (the experiment was
repeated on three separate occasions) *p<0.05 vs. WT.
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Figure 5.
Effect of STAT3 on MSC release of VEGF under hypoxia or TNF. A. Both hypoxia and TNF
stimulation significantly increased STAT3 activation in wild type MSCs. Top shows
densitometry data of p-STAT3 (active) vs. total STAT3 (%) and bottom is representative
immunoblots. B. STAT3 deficiency in MSCs neutralized hypoxia-induced VEGF production.
C. Ablation of the STAT3 gene in MSCs partly blocked TNF-stimulated VEGF secretion.
Results are mean ± SEM, n=3/group (the experiment was repeated on three separate occasions)
*p<0.05 vs. control.
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Figure 6.
Effect of p38 MAPK on release of VEGF in STAT3KO MSC response to hypoxia or TNF. A.
p38 MAPK activation was observed in STAT3KO MSC exposed to hypoxia or TNF. Top
shows densitometry data of p-p38 (active) vs. total p38 (%) and bottom is representative
immunoblots. B. It shows STAT3KO MSC secretion of VEGF under hypoxia with or without
p38 MAPK inhibitor. C. TNF-stimulated VEGF production was analyzed in STAT3KO MSCs
with or without p38 MAPK inhibitor. Results are mean ± SEM, n=3/group (the experiment
was repeated on three separate occasions) *p<0.05 vs. control, #p<0.05 vs. hypoxia or TNF.
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Figure 7.
Hypothetical model of ischemic/hypoxic effects on cardiac myocytes and stem cells.
Simplified pathways illustrating the relationship between the STAT3 signaling and p38 MAPK
pathway under hypoxia or TNF stimulation in MSC production of VEGF.
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