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Peripheral blood mononuclear cell (PBMNC) is one of powerful tools for therapeutic angiogenesis in hind-
limb ischemia. However, traditional approaches with transplanted PBMNCs show poor therapeutic
effects in severe ischemia patients. In this study, we used autograft models to determine whether hypoxic
pretreatment effectively enhances the cellular functions of PBMNCs and improves hindlimb ischemia.
Rabbit PBMNCs were cultured in the hypoxic condition. After pretreatment, cell adhesion, stress
resistance, and expression of angiogenic factor were evaluated in vitro. To examine in vivo effects, we
autografted preconditioned PBMNCs into a rabbit hindlimb ischemia model on postoperative day
(POD) 7. Preconditioned PBMNCs displayed significantly enhanced functional capacities in resistance
to oxidative stress, cell viability, and production of vascular endothelial growth factor. In addition,
autologous transplantation of preconditioned PBMNCs significantly induced new vessels and improved
limb blood flow. Importantly, preconditioned PBMNCs can accelerate vessel formation despite transplan-
tation on POD 7, whereas untreated PBMNCs showed poor vascularization. Our study demonstrated that
hypoxic preconditioning of PBMNCs is a feasible approach for increasing the retention of transplanted
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cells and enhancing therapeutic angiogenesis in ischemic tissue.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Coronary artery disease, cerebrovascular disease and peripheral
arterial disease are associated with substantial mortality, and the
morbidity of these ischemic diseases increases with age and life-
style-related illness such as hypertension, diabetes, and dyslipide-
mia [1]. The prognosis of severe limb ischemia patients with rest
pain, ulcers, and gangrene is poor, and traditional therapeutic
treatments such as angioplasty and surgery are ineffective in many
of these patients [2]. Therapeutic angiogenesis, which can be
induced by cell transplantation and growth factor delivery to
ischemic areas, is among the most beneficial therapeutic
approaches to vascular diseases [3]. In this approach, the therapeu-
tic availability of both bone marrow- and peripheral blood-derived

Abbreviations: RT-PCR, reverse transcription-polymerase chain reaction; CXCR4,
C-X-C chemokine receptor type 4; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; ROS, reactive oxygen species; DCF, 6-carboxyl-2’,7'-dichlorodihydrofluo-
rescein; DAPI, 4’,6-diamidino-2-phenylindole dihydrochloride; PBMNC, peripheral
blood mononuclear cell.
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cells has been examined in animal models and human clinical trials
owing to their easy preparation and maintenance [4-6]. However,
the effects of cell-based therapeutic angiogenesis are prohibited by
ischemic conditions in tissue.

Ischemia causes hypoxia by interrupting red blood cell influx
and causing up-regulation of inflammatory cytokines, resulting in
excessive production of reactive oxygen species (ROS) in ischemic
tissue [7-9]. Accumulation of ROS destroys transplanted cells
through induction of apoptosis and necrosis [10], which were
believed to be factors in the poor retention of these cells in ische-
mic area [11]. To overcome these challenges, researchers have
tested several protocols, such as genetic modification of transplant
cells that have increased of retention [12,13]. However, current
protocols using genetic modification or cell sorting to concentrate
specific cell types limit clinical applications. Cost, ethical concern,
and time-consuming processes must be minimized in applications
for therapeutic angiogenesis. We recently developed a novel and
feasible protocol called “hypoxic preconditioning”, to enhance
the cellular functions of transplant cells and improve retention of
transplanted cells. Hypoxically pretreated mouse bone marrow
cells or peripheral blood mononuclear cells (PBMNCs) survived in
ischemic tissues, and therapeutic angiogenesis was induced at high
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level than that achieved with untreated cells in a mouse model of
hindlimb ischemia [14,15]. The effect of hypoxic preconditioning
are also observed in bone marrow-derived cells including mesen-
chymal stem cells, and hypoxic preconditioning increases cell
adhesion, migration and survival as well as PBMNCs [16,17].
Although precise molecular mechanisms are not fully understood,
up-regulation of CXCR4, c-Met, pAkt and/or HIF-1a expression by
hypoxic treatment is thought to induce reinforcement of these
cellular functions. Our previous study showed that SDF-1, a ligand
for CXCR4, is up-regulated in the muscle of ischemic hindlimb,
suggesting longer retention of pre-conditioned cells in ischemic
area [18]. Therefore, we believe that hypoxic preconditioning is a
powerful tool for improving therapeutic angiogenesis in severe
ischemia patients.

In this study, we performed pre-clinical testing of hypoxic
preconditioning for future human trials using a rabbit model of
ischemia. Autologous rabbit PBMNCs (rPBMNCs) were grafted into
ischemic hindlimbs after hypoxic pretreatment to examine their
contributions to therapeutic angiogenesis in vivo. Angiogenesis in
ischemic hindlimb was enhanced by autotransplantation of hypox-
ically pretreated rPBMNCs, and newly developed microvessels
were functionally recovered. The efficacy of therapeutic angiogen-
esis with pretreated rPBMNCs was better than that with untreated
cells. A series of in vitro and in vivo experiments demonstrated that
hypoxic preconditioning of PBMNCs is a viable protocol for not
only small animals but also larger animals.

2. Materials and methods
2.1. Ethics statement

All experiments using human subjects were approved by the
Medical Ethics Committee of Yamaguchi University School of Med-
icine (MECYUSM; No. H23-44-4). Informed consent to collect blood
samples was written and obtained from enrolled all patients
according to the MECYUSM guidance.

2.2. Animals

Male New Zealand white rabbits (3.0-3.5 kg body weight, KBT
Oriental, Tosu, Saga, Japan) were used for the animal experiments.
All animal experimental procedures were approved by the Institu-
tional Animal Care and Use Committee (IACUC; No. 31-084) of
Yamaguchi University. The study was conducted in accordance
with the Declaration of Helsinki.

2.3. Isolation and hypoxic preconditioning of PBMNCs

PBMNCs (rPBMNCs) were isolated from rabbit peripheral blood
as described previously [8]. IPBMNCs were preconditioned in the
culture at 33°C in 2% O, and 5% CO, for 24 h (hypoxia), as
described previously [7]. rPBMNCs cultured under normoxic
conditions (33 °C in 20% O, and 5% CO, for 24 h) were used as a
control (normoxia).

2.4. Cell adhesion assay

After 24 h of culture under normoxic or hypoxic conditions,
rPBMNCs (2 x 105/ml per well) were plated onto fibronectin-
coated 24-well culture plates and cultivated under normal cell
culture conditions. After 24 h, the wells were immersed in
4’ 6-diamidino-2-phenylindole dihydrochloride (DAPI) solution
for 10 min to visualize cell nuclei. The number of attached cells
was counted in 5 randomly chosen microscopic fields (200x mag-

nification) per well. Data are expressed as the number of cells per
field.

2.5. Semi-quantitative reverse transcription-polymerase chain
reaction (RT-PCR) analysis

To examine the effect of hypoxic preconditioning on CXC
chemokine receptor 4 gene (cxcr4) expression, we performed
semi-quantitative RT-PCR. Specific primers were designed as
follows: cxcr4, forward 5-GGTGGTCTACGTCGGTGTCT-3’ and re-
verse 5-TGGAGTGTGACAGCTTGAG-3’; glyceraldehyde 3-phos-
phate dehydrogenase (gapdh), forward 5-CGCCTGGAGAAAG
CTGCTAA-3' and reverse 5-CGACCTGGTCCTCGGTGTAG-3'. Band
intensity was quantified using Image] software, and the cxcr4
expression level was normalized to that of gapdh.

2.6. Assay for oxidative stress resistance

To examine whether hypoxic preconditioning affects the toler-
ance of PBMNCs for oxidative stress, we exposed hypoxically or
normoxically cultured rPBMNCs to growth medium including
100 uM H,0, for 24 h. Intracellular reactive oxygen species (ROS)
were measured using a 6-carboxyl-2’,7’-dichlorodihydrofluoresce-
in diacetate (DCF) probe (Lambda Fluorescence Technology, Graz,
Austria) as described previously [7]. Data are expressed as the per-
centages of DCF fluorescence of hypoxic-preconditioned PBMNCs
to that of normoxic-cultured PBMNCs.

2.7. Apoptosis and cell viability assay

Apoptosis was analyzed using the Annexin V-FITC Apoptosis
Detection Kit (BD Biosciences, San Jose, CA, USA). Oxidative stress
was induced by the addition of 100 uM H,0, to both precondi-
tioned and normally cultured cells for 24 h. Annexin V-expressing
cells and propidium iodide (PI)-incorporated cells were analyzed
with flow cytometry. Live cells were evaluated as Annexin-nega-
tive and Pl-negative cells.

2.8. Hindlimb ischemic model and cell transplantation

Rabbits were anesthetized, and the left femoral artery, popliteal
artery, and its branches in the left hindlimbs were removed to
induce ischemia. On postoperative day (POD) 6, rPBMNCs were
collected and cultured under hypoxic or normoxic conditions for
24 h. And then, rPBMNCs labeled with a red fluorescent dye
(PKH26; Sigma, St. Louis, MO, USA) were injected intramuscularly
into ischemic regions (6 points with 10 pl PBS or 1 x 107 cells per
point). Rabbits were divided into the following 4 groups: PBS
(injection of PBS, n=6); fresh (injection of isolated rPBMNCs,
n=6; normoxia (injection of normally-cultured rPBMNCs, n = 6;
and hypoxia (injection of hypoxically preconditioned rPBMNCs,
n=06).

2.9. Measurement of blood flow in ischemic hindlimbs

Blood flow in ischemic hindlimb was measured using a laser
Doppler perfusion imaging system (PeriScan System; Perimed AB,
Stockholm, Sweden) at preoperation, POD 0 (just after operation),
and POD 3, 7, 14, 21, and 28. Both intact (right) and ischemic (left)
hindlimbs were scanned, and mean perfusion scores were obtained
from each. The recovery of perfusion in ischemic hindlimbs was
evaluated by determining the percentage of blood flow expressed
as the average perfusion score in the left hindlimb normalized by
that in the right (n=6). All procedures were performed under
slight anesthesia.
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2.10. Evaluation of blood flow recovery in ischemic hindlimbs

On POD 28, eosin Dye-Trak microspheres (6 x 10° beads/200 pl;
Triton Technology, Loughborough, UK) were injected into the
abdominal aorta under anesthesia. Rabbits were sacrificed after
30 s of injection, and skeletal muscles in the ischemic area were col-
lected from the hindlimb. To collect the microspheres, we
completely digested the muscles in 16 N KOH for 48 h at 60 °C. After
extracting the fluorescent dye from the microspheres with dimeth-
ylformamide, we measured the optical density (OD) with a spectro-
photometer (PerkinElmer, Waltham, MA, USA). Recovery of
perfusion in the ischemic hindlimb was evaluated by the score cal-
culated as (ischemic hindlimb OD/intact hindlimb OD) x (intact
hindlimb tissue weight/ischemic hindlimb tissue weight) (n = 4)[8].

2.11. Microvessel density

On POD 28, the quadriceps and adductor muscles were
removed. To visualize microvessels, we stained frozen sections
(7-pm thickness) of the ischemic muscle for alkaline phosphatase
with an indoxyl tetrazolium method [7]. The number of microves-
sels and muscle fibers were counted in 20 randomly chosen fields
(200x magnification). Microvessel density was evaluated by exam-
ining microvessel/muscle fiber (n = 4).

2.12. Statistical analysis

All data are expressed as means * standard error. Differences
between mean values of multiple groups were evaluated with
analysis of variance followed by Scheffe’s procedure. Comparisons
between 2 groups were made with the unpaired Student’s t-test. A
P value of <0.05 was considered significant. All analyses were
performed with the SPSS software (IBM, Chicago, IL, USA).

3. Results
3.1. Functional reinforcement of rPBMNCs via hypoxic preconditioning

To examine the effect of hypoxic preconditioning on the adher-
ent capacity of rPBMNCs, we counted the number of attached cells
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on the cell culture dish 24 h after plating. The number of attached
cells was significantly increased in the hypoxia group (P<0.01:
Fig. 1A). In addition, CXCR4 gene expression was up-regulated in
the preconditioned rPBMNCs (P < 0.05: Fig. 1B).

We next examined functional augmentation of rPBMNCs in
resistance to oxidative stress through hypoxic preconditioning.
rPBMNCs were cultured under hypoxic or normoxic conditions
with H,0,, and intracellular ROS level was measured after 24 h
of incubation. ROS level in preconditioned cells (hypoxia) was
significantly lower than that in normoxically cultured cells
(normoxia) (P < 0.05: Fig. 2A), which increased cell survival under
oxidative stress conditions (P <0.05: Fig. 2C). By contrast, both
ROS accumulation and cell survival after incubation without
H,0, were not significantly different between the hypoxia and
the normoxia conditions (Fig. 2B and D). Interestingly, apoptotic
cell number was not altered in either group (Fig. 2E and F). Also,
hypoxic preconditioning increased VEGF secretion in human
PBMNCs (Supplementary Fig. 1). Taken together, hypoxic precondi-
tioning reinforced cellular functions for cell adhesion, cell mobili-
zation, and resistance to oxidative stress of rPBMNCs consistent
with the results of small animal studies [7,8].

3.2. Improvement of ischemia with autologous transplantation of
preconditioned PBMNCs

To examine whether hypoxically preconditioned rPBMNCs
improve hindlimb ischemia, we grafted autologous rPBMNCs into
ischemic hindlimbs after pretreatment. On postoperative day
(POD) 6, rPBMNCs were isolated and preconditioned in hypoxic
culture condition for 24 h. After labeling with red fluorescent dye
(PKH26), the preconditioned rPBMNCs were grafted into ischemic
areas. At POD 28, a small number of preconditioned rPBMNCs
remained in the skeletal muscle in the ischemic areas (Fig. 3A).
Perfusion of ischemic hindlimbs was evaluated at preoperation,
POD O (just after operation), and PODs 3, 7, 14, 21, and 28 using
a laser Doppler perfusion imaging system. Among all experimental
groups, the hypoxia group showed significantly increased blood
flow in ischemic limbs (Fig. 3B and C). In addition, preconditioned
rPBMNCs led to approximately half recovery of blood flow
(46.6 £ 5.8%) at POD 28, and the recovery rate after surgery was
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Fig. 1. Hypoxic preconditioning enhances cell adhesion and chemokine receptor expression in rabbit PBMNCs. rPBMNCs were cultured under normoxic (Normoxia) and
hypoxic (Hypoxia) conditions for 24 h. Then preconditioned and normally cultured rPBMNCs were plated on a laminin-coated dish. (A) Twenty-four hours after plating, cell
nuclei were visualized using 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI). Attached cell number was counted to check whether hypoxic preconditioning enhanced
the adhesion capacity of IPBMNCs. n =9, *P < 0.01 vs. Normoxia. Scale bar represents 200 pum. (B) To check the expression of cell mobilization factors, we collected rPBMNCs
after hypoxic pretreatment and performed semi-quantitative reverse transcription-polymerase chain reaction. Hypoxic preconditioning significantly up-regulated the CXC

chemokine receptor 4 gene (cxcr4) in rPBMNCs. n =9, *P < 0.05 vs. Normoxia.
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Fig. 2. Hypoxic preconditioning makes rPBMNCs resistant to oxidative stress. To check stress resistance of preconditioned PBMNCs, we exposed pretreated (Hypoxia) or
untreated (Normoxia) cells to medium including 100 uM H,0. Intracellular accumulation of reactive oxygen species (ROS) (A and B), cell survival (C and D) and apoptosis (E
and F) under ischemic stress conditions were evaluated. ROS level was calculated as fluorescent intensity of a 6-carboxyl-2’,7’-dichlorodihydrofluorescein diacetate (DCF)
probe, and live cells (survival rate) were evaluated as Annexin V~/PI™ cells. n=9, *P < 0.05 vs. Normoxia. PI, propidium iodide. NS: no significance.

significantly higher in the hypoxia group than that in the other
groups (P < 0.05: Fig. 3D).

3.3. Preconditioned rPBMNCs accelerate neovascularization in
ischemic hindlimbs

Next, we examined whether PBMNC autografts enhance neo-
vascularization in ischemic hindlimbs. Blood vessels were counted
in muscle cross-sections of POD 28 samples and microvessel
density was calculated. Microvessel density was significantly
increased in the hypoxia group compared with that in other groups
(P <0.05), whereas no significant difference was found among the
normoxia, fresh, and PBS groups (Fig. 4A and B). To clarify whether
newly formed microvessels were functional after transplantation,
we injected fluorescent labeled-microspheres—which we expected
to stack in the middle of newly formed microvessels in the ische-
mic area—into the abdominal aorta. After the microspheres col-
lected in the ischemic area, we calculated blood flow recovery
using fluorescence intensity. Quantitative analysis showed that
blood flow in the hypoxia group was higher than that in other
groups (P < 0.05: Fig. 4C), whereas no significant difference was ob-
served among the normoxia, fresh, and PBS groups. These results
clearly showed that hypoxically preconditioned PBMNCs contrib-
ute to therapeutic angiogenesis by efficiently developing func-
tional vessels in ischemic areas.

4. Discussion

Both PBMNCs and bone marrow-derived cells are effective for
therapeutic angiogenesis in hindlimb ischemia and have promising
clinical advantages, even though conclusions about which cell type
is better remain controversial [19-21]. However, the efficacy of
cell-based therapies varies among ischemic patients, and one of
reasons for poor therapeutic efficiency is the environmental varia-
tion in ischemic tissues. Oxygen level is lower and inflammatory
cytokines are relatively high in ischemic tissue, resulting in poor
outcomes in therapeutic angiogenesis owing to unsuitable condi-
tions for the survival of transplanted cells [11,22]. Furthermore,

both oxygen and cytokine levels in tissues are altered in patients
with complex health histories that include conditions such as
diabetes [23,24]. In this study, we demonstrated that cellular func-
tions can be reinforced in PBMNCs through hypoxic precondition-
ing and that preconditioned PBMNCs improved the outcome of
therapeutic angiogenesis in an autograft model. In particularly,
enhancement of oxidative stress resistance is expected to increase
the survival of transplants in ischemic tissue, suggesting that this
protocol will improve the survival of patient-derived autologous
PBMNCs in ischemic limbs. Therefore, this protocol might increase
the success rate of therapeutic angiogenesis in patients with ische-
mic disease.

The effects of hypoxic preconditioning cover multi-cellular
events. In this study, hypoxic preconditioning enhanced cell reten-
tion and angiogenic potential as well as stress resistance in
rPBMNCs. Although this study did not assess in detail the signifi-
cance of individual reinforced functions on therapeutic angiogene-
sis, these multi-cellular functions are likely to act cooperatively in
recovery from ischemia after transplantation, as suggested by our
previous studies [7,8,14].

Autologous transplantation of preconditioned PBMNCs induced
higher blood flow recovery and angiogenesis than those in other
experimental groups. This result clearly indicates that hypoxic pre-
conditioning is a better protocol for inducing effective therapeutic
angiogenesis than traditional approaches using crude PBMNCs.
Conversely, we also found discrepant results in microvessel
density. Previous studies have demonstrated an increase in both
microvessels and reperfusion after transplantation of crude
PBMNCs [7,18,20,25], whereas in our study, transplantation of
crude PBMNCs unexpectedly resulted in no significant increase in
microvessel density despite recovered perfusion. Although the
reasons for the difference in therapeutic effects between ours
and other methods are unclear at this time, we think that the
timing of cell transplantation after surgery is a possibility. Further-
more, this difference might result in immature capillary networks
after crude PBMNC transplantation. In our protocol, PBMNCs were
transplanted into ischemic hindlimbs on POD 7, whereas cells were
transplanted within a few days after surgery in other protocols
[7,8]. If our speculation is correct, earlier transplantation of
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Fig. 3. Reinforced autologous PBMNCs improve blood flow in ischemic limbs. To test whether preconditioned PBMNCs improve ischemia, we pretreated autologous rPBMNCs
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(A) To check retention of transplanted PBMNCs, we pre-stained cells with red fluorescent dye (PKH26). Few autografted rPBMNCs (PKH26") remained in the ischemic area on
POD 28 (arrow). Pre, preoperation; Post, postoperation. Scale bar represents 50 pm. (B) Postsurgical perfusion was evaluated using a laser Doppler perfusion imaging system.
Graph indicates the change in limb blood flow. Arrow: PBMNC transplantation. *P < 0.05 vs. Normoxia. **P < 0.001 vs. Fresh and PBS groups. (C) Representative laser Doppler
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preconditioned PBMNCs might increase their effects on therapeu-
tic angiogenesis in ischemic hindlimbs, expanding clinical applica-
tions of hypoxic preconditioning. However, we think that our
protocol provides the appropriate timing for the transplantation
of cells exhibiting enhanced capabilities such as VEGF secretion,
because the expression of VEGF receptor in vasculatures peaks at
the middle stage (~day 9) of new postsurgical capillary formation
in mice [26], suggesting that VEGF gives full play to cell effects at
later stages of vascular regeneration but not during early stages.
In addition, cell-based therapy for limb ischemia is generally
expected to be used in chronic cases, and small capillary networks
are thought to be formed already in ischemic areas in these
patients. Although no animal model for hindlimb ischemia
completely reflects the disease condition, we at least need to
consider the timing of cell transplantation in preclinical studies.
Therefore, PBMNCs were grafted when blood flow was naturally
and gradually recovered to mimic “sub-chronic hindlimb ische-
mia” in our experiments.

In this study, we clearly showed that the hypoxic precondition-
ing protocol can be applied to PBMNC autografts and that it
improves hindlimb ischemia. Preconditioned PBMNCs do not con-
tribute to tumor development after transplantation (unpublished
data), indicating that our next step is to apply this protocol to early
phase human trials. Because some patients, such as those with
peripheral arterial disease (PAD) patients on dialysis, show lower
response to PBMNC transplantation [25], we hope that precondi-
tioned PBMNCs will improve severe limb ischemia in these
patients and improve their condition as soon as possible.

Acknowledgments

We are thankful to Masayuki Kubo for helpful comments to this
work. We also thank Yukari Hironaka, Mako Ohshima, and Naomi
Kojima for their technical assistance.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2014.01.054.

References

[1] P.G. Steg, D.L. Bhatt, P.W. Wilson, R. D’'Agostino Sr., E.M. Ohman, ]. Rother, C.S.
Liau, A.T. Hirsch, J.L.. Mas, Y. lkeda, M.]. Pencina, S. Goto, One-year
cardiovascular event rates in outpatients with atherothrombosis, JAMA 297
(2007) 1197-1206.

[2] L. Norgren, W.R. Hiatt, J.A. Dormandy, M.R. Nehler, K.A. Harris, F.G. Fowkes,
Inter-society consensus for the management of peripheral arterial disease
(TASC 1), ]. Vasc. Surg. 45 (Suppl S) (2007) S5-67.

[3] D.W. Losordo, S. Dimmeler, Therapeutic angiogenesis and vasculogenesis for
ischemic disease. Part I: angiogenic cytokines, Circulation 109 (2004) 2487-
2491.

[4] T. Asahara, T. Murohara, A. Sullivan, M. Silver, R. van der Zee, T. Li, B.
Witzenbichler, G. Schatteman, J.M. Isner, Isolation of putative progenitor
endothelial cells for angiogenesis, Science 275 (1997) 964-967.

[5] K. Esato, K. Hamano, T.S. Li, A. Furutani, A. Seyama, H. Takenaka, N. Zempo,
Neovascularization induced by autologous bone marrow cell implantation in
peripheral arterial disease, Cell Transplant. 11 (2002) 747-752.

[6] K. Hamano, M. Nishida, K. Hirata, A. Mikamo, T.S. Li, M. Harada, T. Miura, M.
Matsuzaki, K. Esato, Local implantation of autologous bone marrow cells for
therapeutic angiogenesis in patients with ischemic heart disease: clinical trial
and preliminary results, Jpn. Circ. J. 65 (2001) 845-847.

[7] M. Kubo, T.S. Li, R. Suzuki, B. Shirasawa, N. Morikage, M. Ohshima, S.L. Qin, K.
Hamano, Hypoxic preconditioning increases survival and angiogenic potency
of peripheral blood mononuclear cells via oxidative stress resistance, Am. J.
Physiol. Heart Circ. Physiol. 294 (2008) H590-595.

[8] T.S. Li, K. Hamano, K. Suzuki, H. Ito, N. Zempo, M. Matsuzaki, Improved
angiogenic potency by implantation of ex vivo hypoxia prestimulated bone
marrow cells in rats, Am. J. Physiol. Heart Circ. Physiol. 283 (2002) H468-473.

[9] T.S. Li, H. Ito, M. Hayashi, A. Furutani, M. Matsuzaki, K. Hamano, Cellular
expression of integrin-beta 1 is of critical importance for inducing therapeutic
angiogenesis by cell implantation, Cardiovasc. Res. 65 (2005) 64-72.

[10] S.W. Ryter, H.P. Kim, A. Hoetzel, ].W. Park, K. Nakahira, X. Wang, A.M. Choi,
Mechanisms of cell death in oxidative stress, Antioxid. Redox Signal. 9 (2007)
49-89.

[11] M. Zhang, D. Methot, V. Poppa, Y. Fujio, K. Walsh, C.E. Murry, Cardiomyocyte
grafting for cardiac repair: graft cell death and anti-death strategies, J. Mol.
Cell. Cardiol. 33 (2001) 907-921.

[12] H. Iwaguro, J. Yamaguchi, C. Kalka, S. Murasawa, H. Masuda, S. Hayashi, M.
Silver, T. Li, J.M. Isner, T. Asahara, Endothelial progenitor cell vascular
endothelial growth factor gene transfer for vascular regeneration, Circulation
105 (2002) 732-738.

[13] D. Zhang, G.C. Fan, X. Zhou, T. Zhao, Z. Pasha, M. Xu, Y. Zhu, M. Ashraf, Y. Wang,
Over-expression of CXCR4 on mesenchymal stem cells augments
myoangiogenesis in the infarcted myocardium, J. Mol. Cell. Cardiol. 44
(2008) 281-292.

[14] M. Kubo, T.S. Li, H. Kurazumi, Y. Takemoto, M. Ohshima, T. Murata, S. Katsura,
N. Morikage, A. Furutani, K. Hamano, Hypoxic preconditioning enhances
angiogenic potential of bone marrow cells with aging-related functional
impairment, Circ. J. 76 (2012) 986-994.

[15] M. Kubo, T.S. Li, R. Suzuki, M. Ohshima, S.L. Qin, K. Hamano, Short-term
pretreatment with low-dose hydrogen peroxide enhances the efficacy of bone
marrow cells for therapeutic angiogenesis, Am. J. Physiol. Heart Circ. Physiol.
292 (2007) H2582-H2588.

[16] H. Liu, W. Xue, G. Ge, X. Luo, Y. Li, H. Xiang, X. Ding, P. Tian, X. Tian, Hypoxic
preconditioning advances CXCR4 and CXCR7 expression by activating HIF-
lalpha in MSCs, Biochem. Biophys. Res. Commun. 401 (2010) 509-515.

[17] L. Rosova, M. Dao, B. Capoccia, D. Link, J.A. Nolta, Hypoxic preconditioning
results in increased motility and improved therapeutic potential of human
mesenchymal stem cells, Stem Cells 26 (2008) 2173-2182.

[18] M. Kubo, T.S. Li, T. Kamota, M. Ohshima, S.L. Qin, K. Hamano, Increased
expression of CXCR4 and integrin alphaM in hypoxia-preconditioned cells
contributes to improved cell retention and angiogenic potency, J. Cell. Physiol.
220 (2009) 508-514.

[19] S. Inaba, K. Egashira, K. Komori, Peripheral-blood or bone-marrow
mononuclear cells for therapeutic angiogenesis?, Lancet 360 (2002) 2083;
author reply 2084

[20] T. Minamino, H. Toko, K. Tateno, T. Nagai, I. Komuro, Peripheral-blood or bone-
marrow mononuclear cells for therapeutic angiogenesis, Lancet 360 (2002)
2083-2084. author reply 2084.

[21] E. Tateishi-Yuyama, H. Matsubara, T. Murohara, U. Ikeda, S. Shintani, H.
Masaki, K. Amano, Y. Kishimoto, K. Yoshimoto, H. Akashi, K. Shimada, T.
Iwasaka, T. Imaizumi, Therapeutic angiogenesis for patients with limb
ischaemia by autologous transplantation of bone-marrow cells: a pilot study
and a randomised controlled trial, Lancet 360 (2002) 427-435.

[22] M. Hayashi, T.S. Li, H. Ito, A. Mikamo, K. Hamano, Comparison of
intramyocardial and intravenous routes of delivering bone marrow cells for
the treatment of ischemic heart disease: an experimental study, Cell
Transplant. 13 (2004) 639-647.

[23] K. Lunde, S. Solheim, S. Aakhus, H. Arnesen, M. Abdelnoor, T. Egeland, K.
Endresen, A. Illebekk, A. Mangschau, J.G. Fjeld, H.J. Smith, E. Taraldsrud, H.K.
Grogaard, R. Bjornerheim, M. Brekke, C. Muller, E. Hopp, A. Ragnarsson, J.E.
Brinchmann, K. Forfang, Intracoronary injection of mononuclear bone marrow
cells in acute myocardial infarction, N. Engl. J. Med. 355 (2006) 1199-1209.

[24] V. Schachinger, S. Erbs, A. Elsasser, W. Haberbosch, R. Hambrecht, H.
Holschermann, J. Yu, R. Corti, D.G. Mathey, CW. Hamm, T. Suselbeck, B.
Assmus, T. Tonn, S. Dimmeler, A.M. Zeiher, Intracoronary bone marrow-
derived progenitor cells in acute myocardial infarction, N. Engl. ]. Med. 355
(2006) 1210-1221.

[25] J. Moriya, T. Minamino, K. Tateno, N. Shimizu, Y. Kuwabara, Y. Sato, Y. Saito, I.
Komuro, Long-term outcome of therapeutic neovascularization using
peripheral blood mononuclear cells for limb ischemia, Circ. Cardiovasc.
Interv. 2 (2009) 245-254.

[26] Y. Hamada, K. Gonda, M. Takeda, A. Sato, M. Watanabe, T. Yambe, S. Satomi, N.
Ohuchi, In vivo imaging of the molecular distribution of the VEGF receptor
during angiogenesis in a mouse model of ischemia, Blood 118 (2011) e93-
e100.


http://dx.doi.org/10.1016/j.bbrc.2014.01.054
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0005
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0005
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0005
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0005
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0140
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0140
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0140
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0015
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0015
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0015
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0020
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0020
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0020
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0025
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0025
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0025
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0030
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0030
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0030
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0030
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0040
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0040
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0040
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0045
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0045
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0045
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0050
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0050
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0050
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0055
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0055
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0055
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0060
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0060
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0060
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0060
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0065
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0065
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0065
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0065
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0070
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0070
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0070
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0070
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0075
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0075
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0075
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0075
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0080
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0080
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0080
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0085
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0085
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0085
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0090
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0090
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0090
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0090
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0095
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0095
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0145
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0145
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0145
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0110
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0110
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0110
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0110
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0110
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0115
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0115
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0115
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0115
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0120
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0120
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0120
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0120
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0120
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0125
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0125
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0125
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0125
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0125
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0130
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0130
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0130
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0130
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0135
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0135
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0135
http://refhub.elsevier.com/S0006-291X(14)00078-3/h0135

	Hypoxic preconditioning reinforces cellular functions of autologous peripheral blood-derived cells in rabbit hindlimb ischemia model
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Animals
	2.3 Isolation and hypoxic preconditioning of PBMNCs
	2.4 Cell adhesion assay
	2.5 Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis
	2.6 Assay for oxidative stress resistance
	2.7 Apoptosis and cell viability assay
	2.8 Hindlimb ischemic model and cell transplantation
	2.9 Measurement of blood flow in ischemic hindlimbs
	2.10 Evaluation of blood flow recovery in ischemic hindlimbs
	2.11 Microvessel density
	2.12 Statistical analysis

	3 Results
	3.1 Functional reinforcement of rPBMNCs via hypoxic preconditioning
	3.2 Improvement of ischemia with autologous transplantation of preconditioned PBMNCs
	3.3 Preconditioned rPBMNCs accelerate neovascularization in ischemic hindlimbs

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


