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Abstract Ischemic preconditioning (IPC) is a well-known innate phenomenon, in
which brief exposure to sublethal ischemia protects organs from subsequent isch-
emia/reperfusion (I/R) injury. The protective effects after IPC occur in two distinct
phases: an early phase and a late phase. However, the exact protective mechanism of
IPC is not fully understood, especially in the late phase. Based on increasing evidence
that bone marrow stem cells (BMSCs) can repair the injured heart, we investigated
whether they also play a role in protecting the heart against I/R injury in the late
phase of IPC. We observed an increase in cardioprotective factors in the serum in the
early phase, but an increase in BMSCs in the circulating blood in the late phase af-
ter remote IPC. Using a heart I/R injury model, we demonstrated that the mobilized
BMSCs were recruited into the injured heart and contributed to cardioprotection,
especially in the late phase of IPC. Our results indicate that IPC enhances the mobi-
lization and recruitment of BMSCs in the late phase to protect the heart against I/R

injury.
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Introduction

Ischemic preconditioning (IPC), induced
by a brief exposure to sublethal ischemia,
1s an innate protective phenomenon, which
markedly reduces ischemia/reperfusion (I/
R) injury in various organs.' IPC has also
been reported to exert systemic effects that
protect against [/R injury of tissues remote
from those undergoing preconditioning. This
is termed “remote IPC”.” The protective effect
after IPC occurs in two distinct phases’ the
early phase develops rapidly from the time
of the initial ischemic insult and lasts for 2
to 3 hours, and the late phase develops 12 to
24 hours after the initial insult and persists
for 3 to 4 days (Fig. 1)." Until recently, the

delayed protective effect of IPC was gener-
ally thought to be due to the synthesis of
new proteins via the activation of various
transcription factors, but expression of some
cardioprotective factors has not revealed a
second 1ncrease peak during the late phase
of IPC.” Interestingly, recent studies have
shown the mobilization of bone marrow stem
cells (BMSCs) into circulating blood, hours to
days after IPC."® Furthermore, many growth
factors released by BMSCs have been found
to protect cardiomyocytes from apoptosis,’
and BMSCs are now used effectively for
myocardial repair."”" Thus, we hypothesized
that IPC could enhance the mobilization and
recruitment of BMSCs, helping to protect the
heart against I/R injury in the late phase.
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Fig. 1 Two distinct effector phases of IPC for cardioprotection: the early and late phases.
The early phase develops rapidly from the time of the initial ischemic insult and
lasts for 2 to 3 hours, and the late phase develops 12 to 24 hours after the initial

mnsult and persists for 3 to 4 days.

We were the first to find that IPC-induced
mobilization and recruitment of BMSCs
plays a critical role in the delayed cardiopro-
tective effects of IPC."” Here, we summarize
these findings, which were published in de-
tail in the Journal of the American College
of Cardiology.” This paper won the Sojinkai
Young Investigator award in 2010.

IPC increased cardioprotective factors in the
early phase but enhanced mobilization of BM-
SCs in the late phase

Cardioprotective factors, including stromal
cell-derived factor-1 (SDF-1) and vascular en-
dothelial growth factor (VEGF), in plasma
increased 1 and 3 hours (the early phase) af-
ter IPC."” Conversely, the stem cells in periph-
eral blood were higher from 12 to 72 hours
(the late phase) after IPC but not in the early
phase.” The phase-specific kinetics of cardio-
protective factors and the stem cells indicated
that the up-regulation of various cardiopro-
tective factors would contribute to cardio-
protection in the early phase of IPC, but the
delayed cardioprotection in the late phase of
IPC might be related to the mobilization and
recruitment of stem cells.

Increased recruitment of BMSCs to the I/R in-
jured heart in the late phase of IPC

In mouse models, we found that IPC could
protect the heart against I/R injury in both
the early and late phases.” The recruitment
of BMSCs within the I/R injured hearts was
about two-fold higher after the induction of
I/R injury in the late phase than in the early
phase of IPC.” This indicated that the induc-
tion of I/R heart injury at different timings

of IPC would result in different grades of re-
cruitment of BMSCs. Given the enhanced mo-
bilization of BMSCs in the peripheral blood
in the late phase of IPC,” it was reasonable
to increase the recruitment of BMSCs in the
hearts subjected to I/R injury in the late
phase of IPC.

Cardioprotective effect was attenuated by
blocking the recruitment of BMSCs in the late
phase but not in the early phase of IPC

To confirm a relationship between the
enhanced recruitment of BMSCs and cardio-
protection of late phase IPC, we studied the
intervention by blocking the recruitment of
BMSCs into the I/R injured heart after IPC."”
Inhibiting the recruitment of BMSCs by an-
tibody disruption of the SDF-1/CXCR4 axis
eliminated almost completely the cardiopro-
tective effects of IPC in the late phase, but
not significantly in the early phase.” This
strongly suggests that the recruitment of
BMSCs into the injured heart contributed to
cardioprotection in the late phase but not in
the early phase of TPC.

The mechanisms of BMSCs for cardioprotec-
tion in the late phase of IPC

Previous studies have shown that BMSCs
can protect and repair an injured heart by
inducing angiogenesis,'”'"" differentiating
into endothelial cells and myocytes to regen-
erate new vessel and myocardium,"” as well
as other paracrine mechanisms.”” Although
we observed that BMSCs differentiated into
endothelial cells and myocytes,” the differ-
entiation of BMSCs into endothelial cells
1s relatively rare and slow, and the differ-
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Fig. 2 The cardioprotective mechanisms in the late phase of IPC.
IPC induces the mobilization of BMSCs, and these mobilized BMSCs are recruit-
ed to the injured heart; thereby helping to protect the heart against I/R injury

through paracrine mechanisms.

entiation of BMSCs into cardiomyocytes is
still controversial.” Furthermore, BMSCs
protected cardiomyocytes against apoptosis
through paracrine mechanisms in our co-
culture examination.” Taken together, it
is more likely that the mobilization and re-
cruitment of BMSCs induced by IPC protect
the heart against I/R injury by producing
various cardioprotective factors, including
VEGPF, platelet-derived growth factor, and
insulin-like growth factor-1,"" rather than
by direct repair through the differentiation
and maturation of BMSCs.

Conclusions

Our findings indicate that TPC induces the
mobilization of BMSCs in the late phase, and
that these mobilized BMSCs are recruited to
the injured heart; thereby helping to protect
the heart against I/R injury through para-
crine mechanisms (Fig. 2). This study pro-
vides new insight into the cardioprotective
mechanisms in the late phase of IPC.
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