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ABSTRACT Senescence of endothelial cells increases
with systemic aging and is thought to contribute to the
development of atherosclerosis. Cell therapy with highly
proliferative endothelial progenitor cells (EPCs) is an
emerging therapeutic option to promote endothelial re-
generation, but little is known about their senescence and
their vulnerability to inflammatory stressors. We therefore
studied the senescence of proliferative human EPCs and
investigated the effects of the proinflammatory cytokine
tumor necrosis factor-� (TNF-�) on their senescence.
Human EPCs had a significantly lower rate of senescence
at baseline, compared with that of mature endothelial
cells. However, EPCs up-regulated the expression of the
senescence-associated cell cycle arrest protein p16INK4a

and markedly increased measured senescence levels when
exposed to chronic TNF-� treatment. Analysis of telo-
mere length showed that the increases in senescence were
not related to changes in telomere length. Inhibition of
the p38 mitogen-activated protein kinase pathway blocked
the induction of p16INK4a and cellular senescence. In
conclusion, highly proliferative EPCs have a low rate of
intrinsic senescence but are vulnerable to premature
senescence induction by chronic proinflammatory stimu-
lation. These findings will lead to a better understand-
ing of physiological endothelial regeneration as well as
to targeted therapies with the aim of promoting endo-
thelial regeneration through endothelial progenitor
cells.—Zhang, Y., Herbert, B.-S., Rajashekhar, G., In-
gram, D. A., Yoder, M. C., Clauss, M., Rehman. J.
Premature senescence of highly proliferative endothe-
lial progenitor cells is induced by tumor necrosis fac-
tor-� via the p38 mitogen-activated protein kinase
pathway. FASEB J. 23, 1358–1365 (2009)
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The senescence of vascular cells is characterized
by the loss of proliferation and regeneration poten-

tial and is associated with increasing systemic age as
well as proatherogenic processes, thus suggesting that
aging or senescence at a cellular level contributes to the
link between systemic aging and the development of
atherosclerosis (1). On the cellular level, two major
types of aging or senescence have been described,
which can act in concert during systemic aging: Repli-
cative senescence via shortening of telomeres when
cells reach a maximal number of cell divisions and
stress-induced premature senescence when stressors
such as inflammation or oxidative stress elicit a senes-
cent cell phenotype (1).

Circulating endothelial progenitor cells (EPCs) may
be able to regenerate senescent and apoptotic mature
endothelial cells within the vessel wall, and the devel-
opment of EPC-based therapies may allow for novel
approaches to maintain endothelial health. Two major
types of circulating EPCs have been identified (2–4).
On the one hand, short-term culture of mononuclear
cells yields a population of endothelial-like cells (“early
EPCs”), which are highly angiogenic (4, 5) but mini-
mally proliferate and are derived from monocytic/
myeloid cells (6). The lack of proliferation is probably
due to their high rate of intrinsic senescence of up to
50% (5, 7, 8), but their senescence can be reduced
using pharmacological or genetic modifications (5, 7).
On the other hand, long-term culture of mononuclear
cells yields highly proliferative nonmyeloid EPCs (“late
EPCs”), which are found in adult peripheral blood, but
in substantially higher numbers in umbilical cord blood
(9). Because of their high proliferative rate, such EPCs
may be well suited for therapies targeting endothelial
regeneration; however, little is known about their se-
nescence. Because a better understanding of the senes-
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cence of proliferative EPCs may be a key step toward
implementing EPC-based endothelial regeneration, we
studied the senescence of proliferative EPCs and their
vulnerability to inflammatory senescence induced by
the proinflammatory cytokine tumor necrosis factor-�
(TNF-�). We also focused on studying the p38 mitogen-
activated protein kinase pathway and cyclin-dependent
kinase inhibitor p16INK4a, which have both recently
been shown to play major roles as mediators of the
aging process in stem cells (10, 11).

MATERIALS AND METHODS

Isolation and culture of human umbilical cord blood EPCs

Highly proliferative EPCs were isolated from human umbili-
cal cord blood as described previously (9, 12) in accordance
with the rules of the Indiana University Institutional Review
Board by isolating mononuclear cells over a Ficoll gradient
and suspending the isolated mononuclear cells in endothelial
basal medium (EBM-2; Lonza, Baltimore, MD, USA) supple-
mented with EGM-2-SingleQuots (Cambrex, Baltimore, MD,
USA) and an additional 10% FBS (HyClone, Logan, UT,
USA). This medium is specifically conducive to the growth of
cord blood EPCs and is referred to as cEGM-2 (9, 12). Then,
5 � 106 mononuclear cells/cm2 were plated on collagen-
coated tissue culture flasks (BD Biosciences, San Jose, CA,
USA). After 1 day of culture, nonadherent cells were dis-
carded, and the media were replaced daily for the next 2–4
wk. Subsequently, endothelial colonies appeared. The colo-
nies were replated onto new plates, and highly proliferative
endothelial cells grew out from these colonies, which then
formed confluent monolayers, and have been kept in culture
by us for at least 10–15 passages. To compare the degree of
senescence between mature endothelial cells and cord blood
EPCs, human aortic endothelial cells (HAECs) were obtained
from Lonza and cultured according to the manufacturer’s
instructions.

Umbilical cord EPCs were treated with control medium or
the proinflammatory cytokine TNF-� (recombinant human
TNF-�) at the respective doses for up to 1 wk. Because
cytokines such as TNF-� may undergo degradation when
given over a prolonged period, cell culture medium and
TNF-� were replaced daily if the treatment period extended
to more than 24 h.

Staining for senescence-associated �-galactosidase

As described previously, senescence-associated �-galactosi-
dase (SA-�-Gal) (13) can serve as a biomarker for cellular
senescence. To assess such senescence in cord blood-derived
EPCs, SA-�-Gal activity was measured using a standard senes-
cence detection kit (Biovision, Mountain View, CA, USA)
according to the manufacturer’s instructions. In brief, culture
media were removed; the cells were then washed once with
PBS and fixed with the fixation solution for 15 min at room
temperature. After two additional washes with PBS, the staining
solution containing 1 mg/ml 5-bromo-4-chloro-3-indolyl-�-d-
galactoside was added to each well. Cells were incubated at 37°C
overnight and then observed under a microscope for develop-
ment of blue color. The percentage of blue cells vs. total cells
was measured by choosing 10 random microscopic fields.

Flow cytometry analysis

Surface marker staining of EPCs was performed with fluores-
cently conjugated antibodies (BD Biosciences) against the

endothelial cell surface markers VE-cadherin and vascular
endothelial growth factor receptor 2, as well as the mono-
cyte/leukocyte markers CD14 and CD45 as described previ-
ously (6). Intracellular flow cytometry staining for p16INK4a

was performed by initially adding cold 70–80% ethanol to the
cell pellet and incubating the cells at �20°C for at least 2 h.
Then cells were washed twice with 3–4 ml of staining buffer
(PBS with 1% FBS) and centrifuged for 10 min at 200 g.
Finally, directly conjugated anti-human antibody against
p16INK4a (clone B56; BD Biosciences) was added to the cells.
After incubation at room temperature in the dark for 20–30
min, cells were washed, resuspended in staining buffer, and
analyzed on a FACSCalibur system (BD Biosciences).

Terminal restriction fragment (TRF) assay

Measurements of telomere lengths were performed as de-
scribed previously (14–16). In brief, samples were lysed, and
the proteins were digested in 10 mM Tris-HCl (pH 8.0), 100
mM NaCl, 100 mM EDTA (pH 8.0), 1% Triton X-100, and 2
mg/ml proteinase K for 8 h at 55°C followed by inactivation
of proteinase K for 30 min at 70°C and dialysis in 10 mM
Tris-HCl (pH 7.5) and 1 mM EDTA (pH 8.0) at 4°C over-
night. Genomic DNA (3 �g) was digested to completion with
a multiple restriction enzyme mix (�1 U/�g each of AluI,
HaeIII, HinfI, MspI, and RsaI; Boehringer Mannheim, Mann-
heim, Germany). The digested DNA was separated on a 0.7%
agarose gel in 0.5� TBE buffer (0.089 M Tris borate-0.002 M
EDTA). The gel was denatured for 20 min in 0.5 M NaOH-1.5
M NaCl, rinsed with dH2O for 10 min, dried on Whatman 3MM
paper under vacuum for 1 h at 55°C, and neutralized for 15 min
in 1.5 M NaCl-0.5 M Tris-HCl (pH 8.0). The gel was probed with
a 32P-labeled (C3TA2)4 telomere probe for 16 h at 42°C in 5�
sodium chloride-sodium citrate (SSC) buffer, 5� Denhardt’s
solution, 10 mM Na2HPO4, and 1 mM Na2H2P2O7 � 10H2O. The
gel was then washed once with 2� SSC for 10 min and twice for
15 min each with 0.1� SSC at room temperature before
exposure to a phosphor screen (PhosphorImager; Molecular
Dynamics, Sunnyvale, CA, USA) overnight. The screen was
visualized on a PhosphorImager using ImageQuant 5.2 analysis
software (Molecular Dynamics). Mean TRF lengths were calcu-
lated as described previously using Telorun (14–16).

Western blot analysis

To study the p38/MAPK phosphorylation levels, EPCs were
serum starved for 4 h and then either treated with 10 ng/ml
TNF-� (Sigma-Aldrich, St. Louis, MO) for up to 60 min or not
treated. For immunoblot analysis, the whole-cell extracts from
EPC populations were probed for the presence of phospho-
p38 MAPK, stripped, and reprobed with total p38 MAPK
antibody (both from Cell Signaling Technology Inc., Danvers,
MA, USA) as per the standard procedure described earlier
(17). Quantification of fold change in activated MAPK was
analyzed by densitometry and normalized to total protein
levels using ImageQuant 5.2. As a control, cell samples at 30
min of TNF-� stimulation were also obtained in the presence
of the p38 MAPK inhibitor (10 �M SB203580) and showed
the expected inhibition of p38/MAPK phosphorylation. To
assess p16INK4a expression, whole-cell extracts from HAECs
and EPCs at multiple passages were obtained and assayed as
described previously by us (18) using a mouse-anti-human
antibody against p16INK4a (G175-1239; BD Biosciences).

RESULTS

We confirmed that the isolated EPCs from human
umbilical cord blood had a highly proliferative, nonmy-
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eloid endothelial phenotype (Supplemental Fig. 1)
(19), and we hypothesized that their high growth
potential was in part due to a low level of intrinsic
replicative senescence. We used the senescence biomar-
ker SA-�-Gal to measure the degree of senescence in
human proliferative EPCs and HAECs at similar pas-
sages (Fig. 1A). At any given passage studied by us,
mature HAECs demonstrated significantly higher levels
of senescence than EPCs. Remarkably, this difference
between HAECs and EPCs became much more appar-
ent over time as cells were kept in culture, because
EPCs maintained their low state of senescence at higher
passages, whereas HAECs showed a significant increase
in SA-�-Gal-positive cells with passaging. At passage 4,
EPCs contained 0.8 � 0.2% SA-�-Gal-positive cells,
whereas HAECs contained 3.9 � 0.6% SA-�-Gal-positive
cells (EPCs vs. HAECs: P�0.003; n�4). However, at
passage 10, the proportion of SA-�-Gal-positive cells
increased 8-fold in HAECs to 32.5 � 0.8%, whereas
EPC senescence remained nearly unchanged at 1.0 �
0.1% (EPCs vs. HAECs: P	0.0001; n�4). To identify a
potential mechanism for the observed difference in

senescence, we investigated the expression of p16INK4a,
which is a cyclin-dependent kinase inhibitor and known
senescence-associated inducer of cell cycle arrest. Com-
parison of proliferative EPCs and HAECs showed that
p16INK4a was expressed in HAECs but not in EPCs (Fig.
1B). To then identify whether the difference in
HAEC and EPC expression of p16INK4a was depen-
dent on the passage number of the cells, we per-
formed Western blot analysis of the cells at various
passages and were able to show that HAECs increased
their p16INK4a expression with increasing passages in
culture, whereas EPCs maintained their low level of
p16INK4a expression even at passage numbers of 8 or
higher (Fig. 1C). Because senescence has been asso-
ciated with increased levels of oxidative stress and
decreases in cellular nitric oxide (NO) (1), we also
assessed NO and the reactive oxygen species (ROS)
superoxide in low- and high-passage EPCs and
HAECs. Interestingly, EPCs and HAECs did not show
any significant change in cellular superoxide as they
reached higher passages but did show decreases in
cellular NO (Supplemental Fig. 2).

Figure 1. Differences in cellular senescence between cord blood-
derived EPCs and HAECs. A) Percentages of cells positive for SA-�-Gal
in human cord blood-derived EPCs and mature HAECs. HAECs and
EPCs are compared at a low passage (passage 4, P�0.003 by t test, n�4)

as well as at a high passage (passage 10, P	0.0001 by t test, n�4). Quantification demonstrates a marked increase in the
percentage of senescent cells among HAECs, and relatively minor increases in senescence among EPCs with passaging.
B) Intracellular flow cytometric staining for the senescence-associated cell cycle inhibitor p16INK4a was performed. Cell
numbers are depicted on the y axis and fluorescence intensity on a logarithmic scale is used as an indicator of expression
on the x axis. At baseline, p16INK4a was expressed in HAECs (orange) and not in EPCs. The level of p16INK4a staining in
EPCs (green) is the same as that of the negative isotype control (gray). C) Representative Western blot staining for the
senescence-associated cell cycle inhibitor p16INK4a in HAEC and EPC samples demonstrates that p16INK4a expression
markedly increases in HAECs as cells reach passages 8–10.
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After observing the apparent resilience of prolifera-
tive EPCs to replicative senescence at baseline condi-
tions, we investigated whether EPCs were vulnerable to
senescence induced by chronic exposure to the proin-
flammatory cytokine TNF-�, because inflammatory
stimulation is known to induce premature senescence
in multiple tissues and cells. EPCs were chronically
treated with TNF-� for 1 wk, and SA-�-gal staining was
measured. Continuous treatment with TNF-� for 1 wk
resulted in a dose-dependent increase in EPC senes-
cence (Fig. 2A, B), which was nearly double the base-
line EPC senescence (baseline rate: 2.9�0.8%) at the
low dose of 1 ng/ml (6.1�1.1%, n�5, P	0.05 vs.
baseline) and nearly triple the baseline rate at the
higher dose of 10 ng/ml (8.1�1.3%, n�5, P	0.01 vs.
baseline). Because the hallmark of cellular senescence
is the inability to further proliferate, we investigated
whether TNF-� treatment also reduced the growth of
the highly proliferative EPCs. As shown in Fig. 2C, there
was a dose-dependent drop in the EPC population
doubling rate with TNF-� treatment that mirrored the
observed increase in cell senescence measured by SA-
�-Gal staining. Interestingly, short-term continuous
treatment with TNF-� for 3 days did not induce EPC
senescence (Fig. 2D). This result highlights the impor-

tance of the duration of proinflammatory stimulation
in the activation of EPC senescence pathways.

Cellular senescence can occur either via shortening
of telomeres or by pathways independent of changes in
telomere length (1). We therefore investigated whether
the increases in EPC senescence with chronic TNF-�
treatment were associated with reductions in telomere
length. Analyses of TRF lengths on EPCs chronically
treated with TNF-� did not show any difference in
telomere lengths between control and TNF-� treat-
ments (Figs. 3A, B), thus suggesting that the observed
induction of senescence in proliferative EPCs was inde-
pendent of changes in telomere lengths. We then
measured the expression of the senescence-associated
cell cycle inhibitor p16INK4a after continuous TNF-�
exposure in EPCs by intracellular flow cytometry, be-
cause this cell cycle inhibitor is known to be activated by
stress-induced, telomere-independent senescence path-
ways in stem cells (10, 11, 20). We observed a marked
up-regulation of p16INK4a expression after the continu-
ous TNF-� treatment, as is shown in a representative
flow cytometry histogram in Fig. 3C. The increase in
p16INK4a expression was primarily found in high-light
forward scatter cells on flow cytometry, which is char-
acteristic of large senescent cells (Supplemental Fig. 3).

Figure 2. Chronic
exposure to TNF-�
increases the cellu-
lar senescence of
cord blood-derived
EPCs independent
of changes in telo-
mere length. EPCs
were treated with
varying doses of
TNF-� for 1 week,
and SA-�-Gal stain-
ing was measured.

A) Representative phase-contrast images of control EPCs and cells treated with 10 ng/ml TNF-�. Scale bars � 50 �m.
B) Degree of cell senescence was quantified as percentage of SA-�-Gal-positive cells. Continuous treatment with TNF-� for
1 wk resulted in a dose-dependent increase in EPC senescence, which was nearly double the baseline senescence rate at the
low dose of 1 ng/ml (n�5, P	0.05) and was nearly triple the baseline EPC senescence rate at the higher dose of 10 ng/ml
(n�5, P	0.01). To investigate whether TNF-� treatment also reduced growth of highly proliferative EPCs, cell numbers
were assessed. C) Cell numbers were converted to cumulative population doublings. Treatment with TNF-� resulted in a
marked, dose-dependent drop in EPC proliferation (P	0.05 at 1 ng/ml and P	0.01 at 10 ng/ml). D) Short-term treatment
with TNF-� for only 3 days did not increase EPC senescence.
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To evaluate whether this induction of senescence by
TNF-� treatment was associated with a shift of the
NO/ROS balance toward an unfavorable state, similar
to the low NO state that we had observed in HAECs
when they reached higher passages and senescence
levels, we assessed NO and superoxide after chronic
TNF-� treatment. Interestingly, TNF-� treatment re-
sulted in marked increases of both cellular NO and
cellular superoxide. However, the increase in NO ap-
peared to be even more prominent than the increase in
superoxide (Supplemental Fig. 4), and, thus, this cell
state was very distinct from the decrease in NO that we
had found in high-passage HAECs.

We then studied which pathway could mediate the
effect of chronic TNF-� treatment on the observed
nontelomere-dependent senescence in proliferative
EPCs. We focused on the p38 MAPK pathway, because
it is not only a key TNF-� signaling pathway but it has
also recently been shown to be a major pathway regu-
lating the self-renewal capacity of stem cells (10). We
first demonstrated that the p38 MAPK pathway was
activated by TNF-� stimulation, as evidenced by phos-
phorylation of p38, and that the p38 MAPK inhibitor
SB203580 is able to block this activation at a concen-
tration of 10 �M (Fig. 4A). Chronic treatment with
TNF-� increased EPC senescence assessed by SA-�-Gal
staining, with positive cells increasing from 2.8 � 0.3 to
9.6 � 0.9% (P	0.001), but addition of 10 �M
SB203580 abrogated the effect of TNF-� and reduced
the EPC senescence levels back to baseline levels of
3.1 � 0.7% (Fig. 4B). Treatment with the p38 MAPK
inhibitor also mitigated the induction of the senes-
cence-associated, cell cycle arrest inducer p16INK4a by
chronic TNF-� (Fig. 4C), although not quite down to
baseline levels.

DISCUSSION

We were able to demonstrate that in contrast to what
has been reported for early or myeloid-monocytic EPCs
(5, 7, 8), proliferative nonmyeloid EPCs have very low
levels (	5%) of baseline senescence compared with
mature endothelial cells of similar passages. We were
also able to show that the senescence-associated cell
cycle arrest inducer p16INK4a is expressed at higher
levels in HAECs than in proliferative EPCs, which may
partly explain the low level of senescence in prolifera-
tive EPCs. Although a previous study suggested that
proliferative EPCs have lower activity of SA-�-Gal (21),
potential cellular mediators of senescence such as the
cell cycle arrest inducer p16INK4a were not investigated.
We chose to investigate the senescence-associated
marker p16INK4a because it has recently been shown to
play a key role in regulating the aging process of
hematopoietic stem cells (11) as well as mature endo-
thelial cells (22), but little is known about its role in
proliferative EPC senescence.

Our data suggest that proliferative EPCs do not
express significant levels of p16INK4a at baseline com-
pared with mature endothelial cells and may thus be of
value as a marker to distinguish mature and progenitor
vascular cells. Nevertheless, further work is still neces-
sary to elucidate the exact mechanisms by which
p16INK4a induces senescence in EPCs. Stem cells are
also known to have low intrinsic replicative senescence
levels, similar to what we observed in proliferative EPCs.
However, stem cells remain vulnerable to stress-induced
premature senescence, and a recent study showed that
stem cell senescence can be activated via the p38 MAPK
pathway, which induces p16INK4a (10). We therefore
studied whether proliferative EPCs would also demon-

Figure 3. Chronic exposure to TNF-� increases the cellular senescence of cord blood-derived
EPCs independent of changes in telomere length. EPCs were chronically treated with TNF-� for

1 wk at the indicated concentrations, and cells were collected for analyses of TRF lengths. Genomic DNA was digested with
restriction enzymes that do not cut telomeric sequences and analyzed via a modified Southern method. Results yield a smear that
corresponds to the distribution of all telomere lengths within the population of cells collected. A) Representative gel.
B) Statistical analysis of TRFs (n�3) showed no significant difference between control and TNF-� treatments. C) To assess
whether TNF-� increased the expression of the senescence-associated cell cycle inhibitor p16INK4a intracellular flow cytometry
was performed; representative histogram with a control-treated cell sample (green) and TNF-�-treated cell sample (red) is shown.
Cell numbers are on the y axis; fluorescence intensity is used as a marker of expression on the x axis.
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strate a vulnerability to stress-induced senescence de-
spite their low baseline senescence. We were able to
show that prolonged inflammatory stimulation with
TNF-�, but not short-term stimulation, was able to
markedly increase the expression of p16INK4a and in-
crease cellular senescence. The effect was indepen-
dent of changes in telomere length, consistent with
what has been previously observed in stress-induced
premature senescence for other cell types (1). Inter-
estingly, inhibition of the p38 MAPK pathway miti-
gated the induction of p16INK4a and senescence in
proliferative nonmyeloid EPCs in our study. Because
the p38 MAPK pathway also regulates the survival of
early or myeloid-monocytic EPCs (23), it may be a
shared survival/proliferation pathway in multiple
EPC subtypes.

We found a decrease in NO levels but not superoxide
levels, as assessed by flow cytometry, when both HAECs
and EPCs reached high passages. Because only HAECs
showed marked senescence at those passages, it did not
appear that changes in NO levels were necessarily
directly linked to senescence. Furthermore, the in-
crease in cellular NO of EPCs by TNF-� also suggests
that TNF-�-induced EPC senescence is not primarily
due to a low NO state. Others have similarly found that
TNF-� can increase NO in endothelial cells via en-
hanced inducible nitric oxide synthase activity (24),
whereas TNF-� can also reduce the NO release by
endothelial nitric oxide synthase activity (25). However,
it is critical to remember that NO and ROS are able to
act as signaling molecules and regulate numerous
pathways (26). Therefore, future studies will be neces-

Figure 4. Chronic TNF-�-induced senescence in EPCs is mediated by activation of the p38 MAPK pathway. A) To investigate
whether the p38/MAPK pathway was involved in mediating TNF-�-induced EPC senescence, an immunoblot analysis with an
anti-phospho-p38 MAPK antibody and a total p38 MAPK antibody was performed in EPCs treated with 10 ng/ml TNF-� at the
indicated times after stimulation in the presence or absence of the specific p38 MAPK inhibitor SB203580 at a concentration
of 10 �M. B) Quantification of fold change in activated MAPK was analyzed by densitometry and normalized to total protein
levels. A representative Western blot and average densitometry with sem are shown (n�5). To assess whether p38 MAPK
inhibition could prevent the induction of cellular senescence, cells were treated with TNF-� in the presence or absence of the
specific inhibitor SB203580 (10 �M) for 1 wk, and senescence was quantified by SA-� Gal staining. Inhibition of the p38 MAPK
pathway reduced the highly significant induction of cellular senescence by TNF-� in EPCs (P	0.001, n�4) down to the low
baseline level. C) EPCs were also stained for the senescence-associated cell cycle inhibitor p16INK4a using intracellular flow
cytometry. Measurement of mean fluorescence intensity showed the expected significant increase p16INK4a expression with
chronic TNF-� treatment (P	0.01, control vs. treatment, n�3), while also showing a significant decrease of p16INK4a expression
with p38 MAPK inhibition (TNF vs. TNF
10 �M SB203580, P	0.05, n�3).
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sary to clearly define a potential modulatory role of
NO/ROS and other signaling pathways in stress-in-
duced senescence of EPCs.

The low baseline senescence of proliferative EPCs
makes them candidate cells for therapies to enhance
endothelial repair and regeneration. Cardiovascular
cell therapies conducted in patients during the past 5 yr
have demonstrated limited clinical success (27). Al-
though there may be a multitude of reasons for this
result, ranging from our lack of understanding of how
regenerative cells function to interindividual differ-
ences among recipients (28), one reason may be that
we have little knowledge of how transplanted cells
interact with their pathophysiological milieu in the
host. Understanding the senescence vulnerability to
stimuli such as chronic TNF-� is necessary because
transplanted EPCs may be exposed to inflammatory
stimuli in the patient’s vascular milieu. In addition,
identifying molecular switching pathways that control
cell senescence in transplanted EPCs may also be
necessary to limit the proliferation of EPCs after the
targeted repair and regeneration process is completed
to avoid uncontrolled growth of “malignant-like” EPCs,
which are resistant to senescence.

In addition to improving EPC therapies with prolif-
erative EPCs, we also believe that our findings point
toward novel ways to understand the aging process
within the vasculature. Colony-forming, highly prolifer-
ative EPCs not only are found as circulating cells in
adult and umbilical cord blood but also exist within the
vessel wall (12). It is therefore likely that endogenous
vessel wall EPCs play an important role in ongoing
repair processes as the vasculature ages and is exposed
to stressors. Based on our findings, chronic inflamma-
tory stimulation could prematurely result in EPC senes-
cence and loss of self-renewal capacity, thus exhausting
the repair potential of the blood vessel and contribut-
ing to the development of disease. One of the key
genetic loci that has been recently identified as a risk
factor for myocardial infarction is located on chromo-
some 9p21 in an area that encodes for p16INK4a (29),
which was up-regulated after chronic TNF-� stimulation
in our study. Future work will be necessary to understand
the intriguing mechanisms underlying the senescence
process in cardiovascular disease as well as whether EPCs
derived from embryonic stem cells (30) show the same
senescence vulnerability to inflammatory stimulation as
seen in blood-derived EPCs. Ultimately, understanding
the vulnerability of regenerative cardiovascular cells will
be likely not only to contribute to our insight into the
pathogenesis of atherosclerosis but also to help design
effective regenerative therapies.
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