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Abstract: Transplantation of peripheral blood mononuclear cells (PBMNCs) is a promising therapeutic approach for 
the treatment of hindlimb ischemia. However, insufficient angiogenesis in ischemic hindlimb after cell transplanta-
tion reduces the importance and practicality of this approach. Previously, we demonstrated using mouse models 
that hypoxic preconditioning augmented the cellular functions of rodent PBMNCs, such as increased cell adhesion 
capacity and accelerated neovascularization in ischemic hindlimb. To test the clinical application of this therapeu-
tic strategy in this study, we investigated whether the protocol of hypoxic preconditioning, which was established 
in a condition of 2% O2 for 24 h, can be made available for human PBMNCs (hPBMNCs). In addition, we grafted 
preconditioned hPBMNCs in a hindlimb ischemia mouse model. Hypoxic preconditioning enhanced cell adhesion 
capacity and oxidative stress resistance in hPBMNCs. We also observed an up-regulation of platelet endothelial cell 
adhesion molecule-1 (PECAM-1) in hPBMNCs by hypoxic preconditioning. Furthermore, preconditioned hPBMNCs 
significantly recovered limb blood flow in ischemic mice after transplantation. These results indicate that our estab-
lished preconditioning protocol is available for hPBMNCs to effectively reinforce multiple cellular functions. Taken 
together with our series of study, we believe that this simple but powerful therapeutic strategy will be helpful in cur-
ing patients with severe hindlimb ischemia. 
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Introduction

Therapeutic angiogenesis, which can be indu- 
ced by cell transplantation and/or growth fac-
tor delivery, is one of the most promising thera-
peutic approaches to treat severe vascular dis-
eases, such as coronary and peripheral artery 
diseases [1]. In this therapeutic approach, the 
choice of transplanted cells/growth factors and 
the delivery method of these molecules are 
important to achieve a better outcome. For ex- 
ample, in growth factor delivery, vascular endo-
thelial growth factor (VEGF) administered to 
patients with peripheral artery disease (PAD) 
enhanced angiogenesis in ischemic areas, 
resulting in a dramatic recovery of blood flow 
[2]. However, extremely high doses of VEGF 

were required to induce therapeutic effects in 
clinical trials, which may possibly lead to abnor-
mal angiogenesis in patients with tumors [3]. In 
the meantime, cell-based therapy can provide 
angiogenesis-associating cells or transplanted 
cell-derived angiogenic factors to ischemic tis-
sues. For instance, bone marrow-derived cells 
can induce therapeutic angiogenesis and imp- 
rove blood flow in ischemic tissues after trans-
plantation [4]. However, low levels of cellular 
retention in ischemic tissues and incomplete 
therapeutic angiogenesis of transplanted cells 
still remain as common unsolved problems in 
cell-based therapy. Thus, an absolute protocol 
for therapeutic angiogenesis needs to be estab-
lished in both therapeutic approaches. 

http://www.ajtr.org
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Peripheral blood mononuclear cells (PBMNCs) 
are recognized as one of the most effective 
cells to induce therapeutic angiogenesis in 
ischemic tissues. Indeed, human PBMNCs 
(hPBMNCs) secrete VEGF in addition to other 
growth factors, and CD34+ endothelial progeni-
tor cells in hPBMNCs can directly contribute to 
angiogenesis after transplantation [5-8]. Alth- 
ough bone marrow-derived cells are also known 
as a promising cellular tool for therapeutic 
angiogenesis in severe artery diseases, PBM- 
NCs present an important advantage for pa- 
tients because anesthesia is not required for 
cell isolation [7]. Furthermore, many research-
ers have demonstrated that hypoxic pretreat-
ment increases the angiogenic potentials of 
PBMNCs through reinforcement of cellular 
functions [9, 10]. This simple method, which 
contentiously exposes cells to low oxygen, is 
useful in enhancing specific properties of 
PBMNCs for therapeutic angiogenesis. How- 
ever, effective and clinically suitable hypoxic 
conditions have not yet been established to 
enhance cellular functions of PBMNCs. In previ-
ous studies, we demonstrated that a culture 
condition of “2% O2”, corresponding to relative-
ly mild hypoxia, augmented multiple cellular 
functions, such as cell adhesion capacity, resis-
tance to oxidative stress, and VEGF secretion 
[10-12], whereas stricter oxygen levels (< 2%) 
have been used as a condition of hypoxia [13, 
14]. Also, we recently reported that autologous 
transplantation of preconditioned PBMNCs re- 
sulted in new vessel formation and blood flow 
recovery in pre-clinical studies using a middle 
animal model of hindlimb ischemia [15]. 

In the present study, we investigated whether 
our hypoxic preconditioning protocol is appro-
priate for hPBMNCs and whether the procedure 
effectively reinforces the cellular functions of 
hPBMNCs. We also examined, using a xeno-
graft model, whether preconditioned hPBMNCs 
could improve blood flow after transplantation 
into ischemic hindlimb. 

Materials and methods

Ethics statement

All experiments performed using human sub-
jects were approved by the Medical Ethics 
Committee of Yamaguchi University School of 
Medicine (MECCYUSM; No. H23-44-4). Infor- 
med consent to collect blood samples was writ-

ten and obtained from patients according to 
the MECCYUSM guidance. The study was con-
ducted in accordance with the Declaration of 
Helsinki.

Animals 

Male SCID mice (CB17/Icr-Prkedcscid/CrlCrlj; 2-3 
months old; Charles River Laboratories Japan, 
Yokohama, Kanagawa, Japan) were used for 
cell transplantation experiments. All animal 
experiments were approved by the Institutional 
Animal Care and Use Committee (IACUC; No. 
31-078) of Yamaguchi University. 

Isolation and hypoxic preconditioning of hu-
man PBMNCs

Human blood collected from the basilic vein 
was separated into serum and cell compo-
nents. Human PBMNCs (hPBMNCs) were iso-
lated (Ficoll-Paque PREMIUM; GE Healthcare, 
Little Chalfont, UK) and suspended in GT-T503 
medium (Takara Bio, Otsu, Shiga, Japan) with 
10% fetal bovine serum (FBS) at a density of 5 
× 106 cells/mL. Then, hPBMNCs were cultured 
in hypoxic (33°C in 2% O2 and 5% CO2 for 24 h; 
hypoxia) or normoxic conditions (37°C in 20% 
O2 and 5% CO2 for 24 h; normoxia). 

Cell adhesion assay

Following 24 h of culture in normoxic or hypoxic 
conditions, hPBMNCs were plated onto fibro-
nectin-coated cell culture dishes and cultivated 
under normal cell culture conditions (37°C in 
20% O2 and 5% CO2). After 24 h, cells were 
immersed in 4’,6-diamidino-2-phenylindole dihy- 
drochloride (DAPI) solution for 10 min to visual-
ize cell nuclei [10].

Cell survival assay

Cell viability was determined by trypan blue dye 
exclusion, and the cell survival rate was calcu-
lated as the percentage of surviving cells in the 
culture at 24 h after plating [10]. 

Assay for oxidative stress resistance

To examined whether hypoxic preconditioning 
affects the resistance of hPBMNCs to oxidative 
stress, hPBMNCs cultured hypoxically or nor-
moxically were exposed to growth medium con-
taining H2O2 (100 μM) for 24 h. Preconditioned 
or non-preconditioned hPBMNCs (2 × 105 cells) 
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were cultivated in 20% O2 at 37°C for 24 h. The 
total number of cells was counted using an 
auto-cell counter and live/dead cells were eval-
uated by an incorporation of trypan blue [10]. 

Assay for VEGF production in human PBMNCs

Human PBMNCs (5 × 106 cells/mL) were culti-
vated in the following culture conditions: (1) 
20% O2, 12 h; (2) 20% O2, 24 h; (3) 5% O2, 12 h; 
(4) 5% O2, 24 h; (5) 2% O2, 12 h; and (6) 2% O2, 
24 h. After 12 h or 24 h of culture under each 
condition, the concentration of human VEGF in 
the conditioned media of hPBMNCs was mea-
sured with enzyme-linked immunosorbent as- 
say (ELISA; Human VEGF Quantikine immuno-

assay kit; R&D systems, Minneapolis, MN, 
USA). 

Immunocytochemistry

After 24 h of culture in normoxic or hypoxic con-
ditions, hPBMNCs were plated onto fibronectin-
coated dishes and cultivated in normal cell cul-
ture conditions. Cells were gently washed with 
PBS to remove unattached cells from the dish 
24 h after plating and then fixed with 4% para-
formaldehyde for 20 min. To evaluate the adhe-
sion capacity of PECAM-1+ cells in hPBMNCs, 
we stained hPBMNCs with goat anti-human 
CD31 antibody (1:50; eBioscience, San Diego, 
CA, USA). Alexa Flour 488-conjugated goat anti-

Figure 1. Hypoxic preconditioning augments the cell adhesion capacity of human PBMNCs and up-regulates the 
expression of cell adhesion molecule. A. The cell adhesion capacity of human PBMNCs can be reinforced by hypoxic 
preconditioning. The number of attached hPBMNCs, which were pre-cultured in normoxic or hypoxic conditions for 
24 h, on cell culture dishes was counted one day after plating. n = 3. B. Immunocytochemistry for PECAM-1 was 
performed on attached hPBMNCs. Arrowhead represents PECAM-1+ cells. Scale bar: 50 μm. C. PECAM-1+ cells in 
attached hPBMNCs were significantly increased in the hypoxia group. The percentage of PECAM-1+ cells in attached 
hPBMNCs was calculated by the occupation of PECAM-1+ cells in total nuclei. n = 6. **p < 0.05 vs. normoxia. Nor: 
Normoxia. Hyp: Hypoxia. 
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mouse IgG (1:500; Invitrogen, San Diego, CA, 
USA) was used as a secondary antibody. Five 
microscopic fields (200× magnification) per 
well were randomly chosen, and the number of 
PECAM-1+ cells was counted. 

Hindlimb ischemic model and cell transplanta-
tion

Mice were anesthetized, and the left femoral 
artery, popliteal artery, and branches in the left 
hindlimb were removed to induce ischemia. 
Human PBMNCs were collected from four dif-
ferent healthy volunteers (Cases 1-4) and cul-
tured under hypoxic or normoxic conditions for 
24 h. Then, hPBMNCs were injected intramus-
cularly into the ischemic regions (1 × 106 cells 
× 4 points) at post-operative day 0 [16]. As a 
control, 10 μL of PBS was injected into the isch-
emic regions. Mice were divided into the follow-
ing four groups: PBS (injection of PBS); fresh 
(injection of isolated hPBMNCs); normoxia 

(injection of normoxically cultured hPBMNCs); 
and hypoxia (injection of hypoxically precondi-
tioned hPBMNCs). 

Measurement of blood flow in ischemic 
hindlimb

Blood flow in ischemic hindlimb was measured 
using a Laser Doppler perfusion imaging sys-
tem (PeriScan System; Perimed AB, Stockholm, 
Sweden) at day 21 after cell transplantation 
[16]. Both intact (right) and ischemic (left) hin- 
dlimb were scanned, and the average perfusion 
score in the left hindlimb was normalized by 
that in the right hindlimb (n = 4-5). All proce-
dures were performed under anesthesia. 

Statistical analysis

All data are expressed as means ± standard 
error. Differences between mean values of mul-
tiple groups were evaluated with one-way 

Figure 2. Hypoxic preconditioning renders human 
PBMNCs resistant to oxidative stress. To test the oxi-
dative stress resistance of human cells, hPBMNCs 
were cultured in hypoxic or normoxic conditions and 
then exposed to oxidative stress for 24 h. A. Hypoxic 
preconditioning increases cell survival of hPBMNCs 
in normal cell culture conditions. Live/dead cells 
were evaluated by trypan blue incorporation to the 
nucleus at 24 h in hypoxic or normoxic cultures. B. 
The resistance capacity of human PBMNCs to oxida-
tive stress was reinforced by hypoxic pretreatment. 
Preconditioned hPBMNCs were exposed to H2O2 for 
24 h, and cell survival was evaluated. n = 4. **p < 
0.05 vs. normoxia. Nor: Normoxia. Hyp: Hypoxia.



Hypoxically preconditioned hPBMNCs and hindlimb ischemia

574 Am J Transl Res 2014;6(5):570-579

Figure 3. Combination of hypoxia and 24 h cultivation is suitable to augment cellular functions of hPBMNCs. To opti-
mize cell culture conditions for clinical application of hPBMNCs, cells were cultured in different conditions. Then cell 
survival (A) and VEGF secretion (B) were evaluated in each experimental set, and optimal culture conditions were 
determined. For both parameters, a combination of hypoxic conditions and culture for 24 h resulted in significantly 
higher values than other cell culture conditions, whereas all other combinations showed no significant differences. 
n = 4. **p < 0.05 vs. 20%, 12 h or 20%, 24 h. n.s.: no significant difference. 
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ANOVA analysis with Fisher’s PLSD post-hoc 
test. Comparisons between two groups were 
made with the Student’s t-test. P values of < 
0.05 or < 0.01 were considered significant. All 
analyses were performed with the SPSS soft-
ware (IBM, Chicago, IL, USA). 

Results

Hypoxic preconditioning reinforced the adhe-
sion capacity of human PBMNCs

We investigated whether hypoxic precondition-
ing would reinforce cellular functions of hPB- 
MNCs as well as PBMNCs from small/middle 
sized animals [10, 15]. Initially, we tested that 
the cell adhesion capacity of hPBMNCs could 
be affected by hypoxic preconditioning. Human 
PBMNCs, which were cultivated in hypoxic 
(Hypoxia; 2% O2, 33°C) or normoxic (Normoxia; 
20% O2, 33°C) conditions for 24 h, were plated 
onto cell culture dishes and further incubated 
in normoxic conditions for 24 h. After removal 
of floating (unattached) cells, the number of 
attached cells on the dishes was counted and 
compared between the normoxia and hypoxia 
groups. Attached hPBMNCs in hypoxia were 
twice as much in number as normoxia (p < 
0.05; Figure 1A), indicating that hypoxic pre-
conditioning reinforced the cell adhesion ca- 
pacity of hPBMNCs. 

Previous studies reported that hypoxic culture 
for seven days increased the number of cells 
expressing platelet endothelial cell adhesion 
molecule-1 (PECAM-1; also known as CD31) in 
hPBMNCs [9]. In addition, hypoxia up regulated 
the phosphorylation of PECAM-1 in human um- 
bilical vascular endothelial cells (HUVECs) [17]. 
Hence, we hypothesized that hypoxic pretreat-
ment would enhance the expression of PECAM-
1 in hPBMNCs, resulting in higher adhesion of 
hPBMNCs. To test this hypothesis, immunocy-
tochemistry was performed for PECAM-1 in 
attached hPBMNCs. The percentage of PECAM-
1+ cells in attached cells was higher in the 
hypoxia group compared with the normoxia 
group (p < 0.05; Figure 1B, 1C), indicating that 
hypoxic preconditioning increased the expres-
sion of PECAM-1 in hPBMNCs, possibly enhanc-
ing cell adhesion as well. 

Hypoxic preconditioning augmented the resis-
tance capacity of hPBMNCs to oxidative stress

We next investigated whether hypoxic precondi-
tioning would also influence the resistant 

capacity of hPBMNCs to oxidative stress. Hu- 
man PBMNCs were cultivated in hypoxic or nor-
moxic conditions for 24 h, and cell survival was 
compared between each group. The cell sur-
vival rate was significantly higher in the hypoxia 
group compared with the normoxia group (p < 
0.01; Figure 2A). Then, we performed an oxida-
tive stress tolerance test to examine whether 
hPBMNCs could achieve stress resistance with 
hypoxic pretreatment. Human PBMNCs were 
cultivated in each oxygen condition, and the 
same number of cells was exposed to H2O2 in 
normal cell culture conditions (37°C, 20% O2). 
After 24 h, oxidative stress caused the death of 
hPBMNCs in normoxia (survival rate was 
changed from 67.8 ± 7.1% to 41.6 ± 4.4%). In 
contrast, preconditioned hPBMNCs exhibited 
higher cell survival than normoxically cultured 
hPBMNCs in response to oxidative stress (46.6 
± 4.4% vs. 62.1 ± 8.2%; p < 0.05), although 
there is no significant difference in survival rate 
among each group without H2O2 stimulation 
(67.8 ± 7.1% vs. 69.7 ± 10.1%; p = 0.805) 
(Figure 2B). These observations indicated that 
hypoxic preconditioning resulted in oxidative 
stress resistance of hPBMNCs as well as an 
increase in cell adhesion capacity. 

The combination of hypoxia (2% O2) and 24 
hours in culture is optimal to augment stress 
resistance and VEGF production in human 
PBMNCs 

To optimize the protocol of hPBMNC precondi-
tioning, cells were cultivated in different oxygen 
levels after various incubation periods. Oxygen 
levels were set at 2% (hypoxia), 5% (low OX), 
10% (low OX), and 20% (normoxia), and incuba-
tion times were 12 or 24 h for each oxygen 
level. Initially, we investigated the various cul-
ture conditions to determine the ones at which 
hPBMNCs would yield high resistance to oxida-
tive stress. Human PBMNCs were cultivated in 
six combinations (see Materials and Methods) 
and then exposed to H2O2 for 24 h. Low OX (5% 
and 10% O2) cultures did not influence the sur-
vival of hPBMNCs regardless of culture period. 
In the case of hypoxia, interestingly, the surviv-
al of hPBMNCs cultured for 12 h did not change, 
but in contrast, the survival of hPBMNCs cul-
tured for 24 h in hypoxia did improve (Figure 
3A, 3B). Similarly, we also found that up-regula-
tion of VEGF production was induced only in 
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hypoxia for 24 h but not in low OX or normoxia 
(Figure 3C, 3D). These results suggest that cul-
tivation in “2% O2 for 24 h” is the optimized 
combined protocol to sufficiently augment cel-
lular functions in hPBMNCs. 

Preconditioned hPBMNCs recover blood flow in 
ischemic hindlimb

To test the therapeutic availability of the hypox-
ic preconditioning protocol, preconditioned 

Figure 4. Hypoxically preconditioned hPBMNCs improve blood flow in hindlimb ischemia xenograft model. Human 
PBMNCs were hypoxically preconditioned for 24 h and then grafted into the ischemic right leg of the SCID mouse. 
In other experimental sets, freshly isolated hPBMNCs, normoxically cultured hPBMNCs, and PBS were injected 
into ischemic hindlimb. Blood flow was measured by the Laser Doppler Imaging System at day 21 after cell trans-
plantation. (A) Human PBMNCs were prepared from four different healthy volunteers, and each hPBMNC line was 
transplanted into the ischemic leg (cases 1-4). Left panels indicate representative Laser Doppler images at day 21 
after transplantation (case 4). Blood flow was significantly increased in hPBMNC-transplanted legs. Particularly, 
preconditioned hPBMNCs resulted in higher blood flow compared with any other group (A). Average change in blood 
flow in cases 1-4 is also shown to be higher in preconditioned hPBMNCs compared with any other group (B). Fr: 
Freshly isolated hPBMNCs. Nor: Normoxically cultured hPBMNCs. Hyp: Hypoxically preconditioned hPBMNCs. **p < 
0.01 vs. PBS; ###p < 0.01 vs. Fr and Nor.
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hPBMNCs were transplanted in a hindlimb isch-
emia mouse model, and blood flow in ischemic 
hindlimb was evaluated using the Laser Doppler 
Imaging System. Human PBMNCs were isolat-
ed from four different healthy volunteers, and 
preconditioned (hypoxia group), normoxically 
cultured (normoxia group), or non-pre-incubat-
ed (fresh group) hPBMNCs (4 × 106 cells/mou- 
se) were intramuscularly transplanted into the 
ischemic hindlimb. In all independent cases, 
transplantation of hPBMNCs showed an im- 
provement of limb blood flow at day 21 even in 
the fresh and normoxia groups. Importantly, 
transplantation of preconditioned hPBMNCs 
resulted in higher blood flow than any other 
group in all experimental cases (Figure 4A). In 
addition, blood flow recovery was 1.3-fold high-
er in hypoxic conditions compared with the non-
treated control (Figure 4B). Taken together, 
hypoxic preconditioning of hPBMNCs is thera-
peutically useful to induce blood flow recovery 
in ischemic hindlimb. 

Discussion

In a series of our studies, we demonstrated 
that hypoxic preconditioning in “2% O2 for 24 h” 
could augment cellular functions of PBMNCs. 
Transplantation of preconditioned rodent PBM- 
NCs resulted in neovascularization and recov-
ery of blood flow in ischemic hindlimb of animal 
models [10, 12, 15]. These observations all- 
owed us to progress in testing whether the 
same preconditioning protocol could be used in 
hPBMNCs to reinforce cellular functions in a 
manner similar to that demonstrated in rodent 
cells. We previously found that hypoxic precon-
ditioning enhanced cell adhesion capacity 
through up-regulation of Integrin-αM in mouse 
PBMNCs, resulting in longer retention of PBM- 
NCs in ischemic hindlimb [11]. In the present 
study, we found that hypoxic preconditioning 
increased the expression of PECAM-1 in hPB- 
MNCs. Hypoxia up-regulates the expression of 
cell adhesion molecules, such as intracellular 
adhesion molecule (ICAM-1) in monocytes and 
endothelial cells [18, 19], and accelerates the 
phosphorylation of PECAM-1 in HUVECs [17]. 
Taken together, it is possible that ex vivo hypox-
ic pretreatment simultaneously stimulates the 
expression of multiple cell adhesion molecules, 
such as integrins and PECAMs, to remain in 
ischemic tissues after transplantation. Mean- 
while, another possibility is that hypoxia may 
increase the population of endothelial progeni-

tor cells (EPCs) in hPBMNCs during pre-incuba-
tion, because one week of exposure in hypoxic 
conditions allows the differentiation of hPBM- 
NCs into EPC-like cells [9]. Because PECAM-1+ 
(CD31+) cells in hPBMNCs possess angiogenic 
differentiation potentials to form new vessels 
in ischemic hindlimb [20, 21], an increase in 
PECAM-1+ cells in hPBMNCs by hypoxic precon-
ditioning possibly accelerates therapeutic an- 
giogenesis after transplantation. However, we 
have no evidences to support the idea that 
short-term exposure to hypoxic conditions in- 
duces differentiation of hPBMNCs into EPCs. In 
any case, an increase in PECAM-1 expression in 
hPBMNCs by hypoxic preconditioning surely 
contributes to therapeutic angiogenesis in 
direct or indirect manners. 

In this study, we also optimized the condition of 
hypoxic pretreatment for clinical application of 
this cell augmentation strategy. Low oxygen 
groups (5% and 10% O2) did not affect either 
cell survival or VEGF secretion. Moreover, culti-
vation after 24 h in 2% O2 was the only condi-
tion that induced significant changes in both 
parameters, while cultivation of hPBMNCs after 
12 h showed no difference at any oxygen level. 
These observations suggest that 12 h was 
insufficient to induce augmentation of cellular 
functions in hypoxic conditions. In addition, we 
previously found that longer culture in hypoxic 
conditions decreased VEGF gene expression in 
rodent bone marrow-derived cells [12]. Taken 
together, 24 h is an optimum culture period for 
hypoxic preconditioning. With this assumption, 
the question remains whether the oxygen level 
established in our protocol is also practical for 
clinical applications. To clarify this question, we 
exposed hPBMNCs to 20% oxygen or low oxy-
gen conditions (5 and 10%) and compared fun- 
ctional changes in these cells to those exposed 
to 2% oxygen. Among these four conditions, 2% 
oxygen was the only condition that was effec-
tive in enhancing the function of hPBMNCs. 
However, in the present study, we have not 
examined stricter oxygen levels of lower than 
2%. For example, in bone marrow-derived cells, 
oxygen levels lower than 2% were also used in 
hypoxic preconditioning, and these hypoxic 
conditions also enhanced cellular functions 
such as proliferation, migration, and differenti-
ation capacity [14, 22, 23]. Therefore, we need 
to test whether oxygen levels lower than 2% O2 
are more effective in reinforcing cellular func-
tions of hPBMNCs in future investigations. 
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In this study, we demonstrated that hypoxic 
preconditioning in 2% O2 for 24 h could be 
applied to hPBMNCs to improve blood flow in 
hindlimb ischemia mouse models (Figure 4C). 
Evidently, highly effective and minimally inva-
sive therapeutic strategies are convenient for 
patients with peripheral artery diseases in 
practical medicine. PBMNCs can easily be iso-
lated from peripheral blood of patients, and the 
therapeutic effects of PBMNC transplantation 
are more pronounced than those of bone mar-
row-derived cells [7, 24]. Based on previous 
and present studies, we believe that therapeu-
tic strategies involving PBMNCs are more favor-
able for patients with hindlimb ischemia and 
can provide relief from mental and physical 
exhaustion caused by treatment. Thus, this 
simple but powerful therapeutic strategy will be 
helpful to cure patients with severe hindlimb 
ischemia. 
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