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Abstract: Cell sheet technology is a promising therapeutic strategy for the treatment of ischemic diseases such 
as myocardial infarction. We recently developed a novel protocol, termed “hypoxic preconditioning,” capable of 
augmenting the therapeutic efficacy of cell sheets. Following this protocol, the pro-angiogenic and anti-fibrotic ac-
tivity of cell sheets were enhanced by brief incubation of cell sheets under hypoxic culture conditions. However, 
the precise molecular mechanism underlying the hypoxic preconditioning of cell sheets is unclear. In the present 
study, we examined signal transducers in cell sheets to identify those responsive to hypoxic preconditioning, using 
cardiosphere-derived cell (CDC) sheets. We initially tested whether sheet-like structures were suitable for hypoxic 
preconditioning by comparing them with individual cells. Hypoxic preconditioning was more effective in sheeted 
cells than in individual cells. Expression of hypoxia inducible factor-1α (HIF-1α) and mammalian target of rapamycin 
(mTOR) were induced upon hypoxic preconditioning of cell sheets, as was the phosphoinositide 3-kinase (PI3K)/Akt 
pathway. In addition, hypoxic preconditioning increased phosphorylation of epidermal growth factor receptor (EGFR) 
and heat shock protein 60 (HSP60) in CDC sheets. Our findings provide novel insights into the utility of hypoxic pre-
conditioning in cell sheet-based technologies for the treatment of ischemic diseases.
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Introduction

Cell transplantation is a promising therapeutic 
strategy for the treatment of myocardial infarc-
tions, as an alternative to heart transplanta-
tion, which is limited by critical shortage of 
donor hearts [1]. Various cell types are poten-
tially useful for cell-based treatment of myocar-
dial infarction owing to the high regenerative 
capacity of the cardiac tissue. For example, car-
diac stem/progenitor cells generate new car-
diomyocytes, and endothelial progenitor cells 
induce therapeutic angiogenesis in infarcted 
heart tissue after transplantation, resulting in 
heart regeneration [2]. Among the available cell 
types for cell-based therapy, mesenchymal 
stem/stromal cells (MSCs) and cardiosphere-
derived cells (CDCs) have already been studied 
for safety and therapeutic availability in early-

phase clinical trials [3, 4]. It is thought that 
CDCs are one of the most suitable cell types for 
cell-based heart therapy, as they include cardi-
ac stem/progenitor cells among the heteroge-
neous cell population and possess a high 
regeneration capacity [5]. However, therapeutic 
outcomes of cell-based therapies using either 
MSCs or CDCs in clinical settings have been 
limited, and the efficacy of cell-based therapy is 
still controversial. A possible reason for the lim-
ited therapeutic efficacy of cell-based therapy 
is the poor retention of graft cells in ischemic 
tissues [1]. Conversely, cell-based therapy may 
provide great value for patients with myocardial 
infarction if graft cells could be retained for a 
longer period in the infarcted heart. 

Cell sheet technology has been developed as 
an advanced cell delivery method [6]. This tech-
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nology enables the delivery of graft cells held 
by cell-cell contact and matrix components, 
resulting in longer retention of graft cells, even 
in ischemic heart tissue [7]. Cell sheets com-
posed of pluripotent stem cell-derived cardio-
myocytes or MSCs showed longer survival in 
ischemic heart tissue of animal models and 
improved cardiac function after implantation 
[8, 9]. Although other biological scaffolds such 
as hydrogels are useful for prolonging the sur-
vival of graft cells in ischemic tissue [10], there 
is a risk of bacterial contamination during the 
manufacturing process. Cell sheets can be 
developed without any biological materials, 
indicating that this technology is a safe delivery 
method. However, the therapeutic efficacy of 
cell sheet-based therapy for myocardial infarc-
tion is still insufficient for clinical application, 
and there is still potential for improvement of 
this technology. 

Hypoxic preconditioning, which is the brief incu-
bation of cells under hypoxic conditions before 
transplantation, is a simple method to enhance 
the functions of graft cells without specialized 
equipment [11]. We recently demonstrated that 
hypoxic pre-treatment can be applied to cell 
sheets to enhance therapeutic functions. In 
addition, transplantation of preconditioned cell 
sheets improved left ventricular function in 
infarcted hearts of small and middle-sized ani-
mal models [12, 13]. These results led us to 
apply hypoxic preconditioning to cell sheet-
based therapy for the treatment of myocardial 
infarction.

In previous studies, the molecular mechanisms 
underlying hypoxic preconditioning of cell 
sheets were not fully elucidated, but the involve-
ment of the phosphoinositide 3-kinase (PI3K)/
Akt or Erk-mediated pathways has been report-
ed [12, 13]. In the present study, we aimed to 
clarify how hypoxic preconditioning enhances 
cell sheet functions, using human CDCs. We 
first determined whether sheet-like structures 
were suitable for hypoxic preconditioning by 
comparing them with sparse cells. Notably, 
hypoxic preconditioning was more effective on 
sheeted cells than on sparse cells. Next, we 
investigated whether hypoxia inducible factor-
1α (HIF-1α) and mammalian target of rapamy-
cin (mTOR) contribute to hypoxic precondition-
ing, in addition to the PI3K/Akt pathway. Our 
findings provide novel insights into the hypoxic 

preconditioning of cell sheet-based materials 
for the treatment of myocardial infarction. 

Materials and methods

Ethical approval

The protocol for isolation of human cells was 
approved by the Ethics Review Board for Clini- 
cal Research at Yamaguchi University (no. 
2010025). The study was conducted in accor-
dance with the Declaration of Helsinki, and 
informed written consent for participation in 
the study was obtained from all patients. 

Preparation of cardiosphere-derived cells

Cardiosphere-derived cells were isolated from 
biopsied heart specimens according to our 
established protocol [12, 14]. Briefly, right atrial 
biopsy samples (~100 mg) were dissected from 
patients scheduled for open-heart surgery and 
digested with 0.5% trypsin for 5 min. Enzymati- 
cally-treated samples were placed onto fibro-
nectin-coated cell culture dishes and incubated 
in Iscove’s Modified Dulbecco’s medium (IMDM; 
Life Technologies, Grand Island, NY, USA) with 
10% fetal bovine serum (FBS; Life Technologies), 
2 mM L-glutamine (Sigma-Aldrich, St. Louis, 
MO, USA), 2 nM β-mercaptoethanol (Wako, 
Osaka, Japan), and 1% penicillin/streptomycin 
(Life Technologies) at 37°C. Migrated cells from 
heart tissues were collected and cultured in the 
cardiosphere-formation medium to induce sp- 
herical aggregation [35% IMDM; 65% DMEM/
F12 (Life Technologies); 3.5% FBS; 1 mM l-glu-
tamine; 0.1 mM β-mercaptoethanol; 1 unit/ml 
thrombin (Sigma-Aldrich); 1% B-27 (Life Tech- 
nologies); 80 ng/ml basic fibroblast growth fac-
tor (Sigma-Aldrich); 25 ng/ml epidermal growth 
factor (Sigma-Aldrich); 4 ng/ml cardiotrophin-1 
(Sigma-Aldrich); 5 ng/ml heparin (Sigma-
Aldrich); 1% penicilin/streptomycin] [5]. After 4 
days in free-floating culture, cardiospheres 
were collected and plated onto fibronectin-
coated cell culture dishes to isolate CDCs that 
propagated from spheres. 

Preparation and hypoxic treatment of cell 
sheets

Temperature-responsive cell culture dishes 
(UpCell®; CellSeed, Tokyo, Japan) were used to 
prepare human CDC sheets. CDCs (3 × 105 
cells/well) were plated onto 24-well UpCell® 
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dishes and cultured with 10% FBS/IMDM. To 
prepare hypoxically-preconditioned cell shee- 
ts, CDC sheets were placed in an incubator 
adjusted to a 2% oxygen level and 33°C and 
cultivated for 24 hours. Dimethyloxaloylglycine 
(DMOG; 10 μM, Sigma-Aldrich), a PHD inhibitor, 
was used to stabilize HIF-1α in normoxic culture 
conditions. 

To compare hypoxia sensitivity between indi-
vidual cells and cell sheets, equal numbers of 
CDCs were plated into 6-well and 12-well 
UpCell® dishes and cultured under hypoxic con-
ditions for 24 hours. Cell lysates and superna-
tants from each culture were collected for west-
ern blotting and ELISA. 

Western blotting

Human CDC sheets were dissolved in RIPA buf-
fer containing a protease/phosphatase inhibi-
tor cocktail, and 30 μg of proteins were applied 
to polyacrylamide gels. To detect target pro-
teins, the following antibodies were used: anti-
phospho-histone H3 (rabbit polyclonal; Cell 
Signaling Technology, Danvers, MA, USA), anti-
HIF-1α (mouse monoclonal; Santa Cruz Bio- 
technology, Dallas, TX, USA), HRP-conjugated 
anti-β-actin (rabbit polyclonal; Novus Biolo- 
gicals, Littleton, CO, USA), anti-phospho-Akt 
(rabbit polyclonal; Cell Signaling Technology), 
anti-Akt (rabbit polyclonal; Cell Signaling Tech- 
nology), anti-phospho-ERK (rabbit polyclonal; 
Cell Signaling Technology), anti-ERK (rabbit 
polyclonal; Cell Signaling Technology), anti-
phospho-mTOR (rabbit polyclonal; Cell Signaling 
Technology), anti-mTOR (rabbit polyclonal; Cell 
Signaling Technology), anti-endoglin (rabbit 
polyclonal; Santa Cruz Biotechnology), HRP-
conjugated anti-rat IgG (DAKO-Japan, Tokyo, 
Japan), HRP-conjugated anti-rabbit IgG (DAKO-
Japan, Tokyo, Japan), and HRP-conjugated anti-
mouse IgG (DAKO-Japan). Proteins were visual-
ized using an HRP substrate (ECL Prime Wes- 
tern Blotting Detection System; GE Healthcare, 
Buckinghamshire, UK), and band intensities 
were quantified using ImageJ software.

Enzyme-linked immunosorbent assay (ELISA)

To assess the production of VEGF, hepatocyte 
growth factor (HGF), and insulin-like growth 
factor-I (IGF-I), conditioned media were collect-
ed from hypoxically-treated CDCs and CDC 
sheet cultures, and enzyme-linked immunosor-

bent assay (ELISA) was performed using a 
Quantikine ELISA kit (R&D systems, Minnea- 
polis, MN, USA) according to the manufactur-
er’s protocol. 

Immunocytochemistry

Cell sheets were fixed in 4% paraformaldehyde 
(Wako). After rinsing with phosphate-buffered 
saline (PBS), cell sheets were permeabilized 
with 0.1% Triton-X/Protein blocking solution 
(Dako-Japan), and then incubated with an anti-
HIF-1α antibody (Santa Cruz). After incubation 
with the primary antibody, cell sheets were 
incubated with a secondary antibody conjugat-
ed with Alexa Fluor 488 (Life Technologies). Cell 
nuclei were labeled with DAPI after incubation 
with the secondary antibody. Immunofluoresc- 
ence images were acquired using a BIOREVO 
microscopy system (BZ-X700; Keyence, Osaka).  

Kinase array analysis

To identify kinase proteins responsive to hypox-
ic stimulation, a kinase array analysis was per-
formed using a Human Phospho-Kinase Anti- 
body Array kit (R&D systems). Cell lysates from 
normoxically- or hypoxically-cultured human 
CDC sheets were applied to the array. 

Statistical analysis

All values were expressed as mean ± SD. A two-
tailed Student’s t-test was performed to com-
pare VEGF production, HIF-1α expression, 
phospho-mTOR expression, and phospho-Akt 
expression in CDC sheets. Statistical analysis 
was performed using IBM SPSS Statics 20 
(IBM-Japan, Tokyo, Japan). P-values less than 
0.05 were considered statistically significant.

Results

Sheet-like structures increase the sensitivity of 
cardiosphere-derived cells to hypoxic precon-
ditioning 

Cardiosphere-derived cells, which are a hetero-
geneous cell population that includes cardiac 
stem/progenitor cells, can be easily isolated 
from the postnatal heart and display a high 
regenerative capacity in infarcted hearts [5]. In 
this study, we used CDC sheets to investigate 
the molecular mechanism underlying the hy- 
poxic preconditioning of cell sheets. Monolayer 
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cell sheets were developed in a temperature 
responsive cell culture dish and pre-incubated 
in a condition adjusted to 2% oxygen for 24 
hours following sheet delivery to infarcted heart 
tissue (Figure 1A) [12]. It was previously report-
ed that the functions of CDCs cultured as indi-
vidual cells could be enhanced by hypoxic treat-
ment [15]. These findings raised the question 
of whether culture format influenced cell sensi-
tivity to hypoxic preconditioning. Thus, we com-
pared vascular endothelial growth factor (VEGF) 
production in individual CDCs with that in CDC 
monolayer sheets to compare hypoxia sensitiv-
ity. Equal numbers of CDCs were separately 
plated onto cell culture dishes with different 
surface diameters, and then each culture dish 
was exposed to hypoxic conditions for 24 hours 
(Figure 1B). Cell sheets showed a low amount 
of phosphorylated-histone H3 compared with 
non-layered CDCs, indicating that cells in the 
sheet could have exited the cell cycle (Figure 
1C). Cell sheets produced significantly higher 
amounts of VEGF and hepatocyte growth factor 

(HGF) than non-layered CDCs in response to 
hypoxic treatment (Figure 1D), suggesting that 
a sheet-like structure increased CDC sensitivity 
to hypoxia and demonstrating a greater effect 
of hypoxic preconditioning in cell sheets.

HIF-1α was upregulated in preconditioned CDC 
sheets

HIF-1α, a major oxygen sensor, regulates the 
expression of hypoxia response factors, and a 
wide variety of cell types recognizes extracellu-
lar oxygen status through the HIF pathway [16]. 
In the case of CDCs, hypoxia also stabilizes HIF-
1α, resulting in upregulation of hypoxia res- 
ponse factors such as VEGF and erythropoietin 
(EPO) [15]. However, it is unclear whether the 
HIF pathway similarly enhances cellular func-
tions in CDC monolayer sheets via hypoxic pre-
conditioning. To evaluate HIF-1α expression in 
cell sheets, CDC monolayers were cultured in 
normoxic or hypoxic conditions for 24 hours 
and then subjected to a HIF-1α analysis using 

Figure 1. Sheet-like structures display enhanced sensitivity to hypoxic preconditioning. A: Representative image of 
the hypoxic preconditioning of a human cardiosphere-derived cell (CDC) sheet. Monolayer CDC sheets were incu-
bated in 2% oxygen for 24 hours to reinforce therapeutic efficacy. The white arrowhead indicates a CDC monolayer 
sheet. B: Schema of the experiment performed to compare hypoxia sensitivity between sheet-like structure and 
individual cells. Equal numbers of CDCs (3 × 105 cells/well) were plated onto 12-well and 6-well plates and then 
incubated in 2% oxygen for 24 hours. Cell sheets were well developed in 12-well plates, whereas cells were sparsely 
distributed in 6-wells plates. C: Cell proliferation status in sparse CDCs and CDC monolayer sheets. Phosphorylated 
histone H3 (pHH3) expression was reduced in CDC sheets. D: A sheet-like structure enhanced the angiogenic activ-
ity of CDCs in response to hypoxic preconditioning. Pro-angiogenic factor levels, except for that of IGF-I, were signifi-
cantly higher in preconditioned CDC sheets than preconditioned sparse CDCs. 
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immunofluorescence. Similar to dimethyloxal-
oylglycine (DMOG)-treated cell sheets (HIF-1α+ 
cells: 82%), hypoxic preconditioning stabilized 
HIF-1α proteins in CDC monolayers (HIF-1α+ 
cells: 69%), while HIF-1α proteins were degrad-
ed in normoxically-cultured CDC monolayers 
(HIF-1α+ cells: 27%) (Figure 2A). Similar result 
was obtained by western blot analysis (Figure 
2B).

Hypoxic preconditioning activates Akt and Erk 
in cell sheets 

To identify activated signal transducers in pre-
conditioned CDC monolayer sheets, we per-
formed a phosphorylated kinase array analysis. 
The phosphorylation status of 40 signaling pro-
teins in normally-cultured (normoxia) and pre-
conditioned (hypoxia) CDC monolayer sheets 
was analyzed. Three different proteins, includ-
ing EGFR, Akt, and HSP60, showed a more than 
5-fold increase in phosphorylation under hypox-
ic conditions (Figure 3A). A previous study dem-
onstrated that hypoxic preconditioning of car-
diac progenitor cells activated the Erk signaling 
pathway [17]. However, Erk phosphorylation 
was not dramatically altered in preconditioned 

CDC monolayer sheets in our kinase array. 
However, components of the ERK pathway were 
slightly increased based on western blot results 
(Figure 3A and 3B). Since we recently demon-
strated that PI3K inhibition inhibited the hypox-
ia-associated stimulation of CDC monolayers 
[12], these results indicate that Akt is the major 
signal transducer responsive to hypoxic precon-
ditioning in CDC monolayer sheets rather than 
the Erk pathway. 

Hypoxic preconditioning activates the PI3K/
Akt/mTOR/HIF-1α pathway in CDC monolayer 
sheets 

We previously demonstrated that enhance-
ment of cellular functions in CDC sheets by 
hypoxic preconditioning was mediated by the 
PI3K/Akt pathway [12]. However, the specific 
downstream effectors of the hypoxia-PI3K/Akt 
pathway in CDC sheets have not been identi-
fied. Cell sheets were incubated in low oxygen 
with LY294002, a small molecule inhibitor of 
PI3K, for 24 hours, and collected proteins were 
evaluated using western blotting. Phosphory- 
lation of mTOR and Akt was reduced by 
LY294002 treatment, as was the hypoxia-asso-

Figure 2. Hypoxic preconditioning stabilizes HIF-1α in cell sheets. 
CDC monolayer sheets were incubated under normoxia or hypoxia 
for 24 hours. HIF-1α expression was evaluated using immunocy-
tochemistry (A) and western blotting (B). DMOG, a PHD inhibitor, 
was used as a positive control for HIF-1α expression in immunocy-
tochemistry. Normo: Normoxia; Hypo: Hypoxia. Scale bar = 50 μm. 
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ciated stabilization of HIF-1α (Figure 4A). 
Because phosphorylation of Akt and mTOR and 
stabilization of HIF-1α were inhibited by PI3K 
inhibition, both mTOR and HIF-1α are candidate 
downstream effector molecules of the PI3K/
Akt pathway implicated in the preconditioning 
of CDC sheets. In addition, PI3K inhibition also 
decreased endoglin expression, an antagonist 
of the TGF-β signaling pathway, in precondi-
tioned CDC sheets (Figure 4B). Taken together 
with our previous report showing upregulation 
of endoglin in preconditioned CDC sheets, 
these results suggest that endoglin is a poten-
tial downstream target of the hypoxia-activated 
PI3K/Akt/mTOR/HIF-1α pathway in CDC sheets 
along with VEGF (Figure 4C). 

Discussion

Cell sheet technology is a promising therapeu-
tic strategy for the treatment of heart failure. 
Indeed, the clinical efficacy of cell sheet-based 
therapy has been demonstrated in patients 
with dilated cardiomyopathy who were implant-
ed with autologous myoblast sheets [18]. There 

is a recent trend in cell sheet-based therapy for 
heart failure, involving the implantation of lay-
ered cell sheets into the failing heart [19, 20]. 
However, it will take more time until layered cell 
sheets can be generally used in clinical set-
tings, as protocols to efficiently laminate cell 
sheets have not been established. In addition, 
the technical complexity of developing layered 
cell sheets for clinical use cannot be over-
looked. In contrast, hypoxic preconditioning is 
an effective method to directly enhance cellular 
functions and is beneficial for clinical applica-
tion due to its simplicity. We recently demon-
strated that hypoxic preconditioning could also 
be applied to cell sheets, resulting in the 
enhancement of therapeutic efficacy for the 
treatment of infarcted hearts [12, 13]. In the 
present study, we determined that sheeted 
structures were more sensitive to hypoxic pre-
conditioning than individual cells. Although fur-
ther experiments are needed to elucidate the 
basis for these observed differences in hypoxia 
sensitivity, gap junctions formed in cell sheets 
could increase the effect of hypoxic precondi-
tioning, as cell sheet structure enables the for-

Figure 3. Hypoxic preconditioning induces phosphorylation of 
some kinase proteins in CDC monolayer sheets. A: To identify 
pathways responding to hypoxic preconditioning, a kinase ar-
ray analysis was performed using cell lysates from precondi-
tioned and non-preconditioned CDC monolayer sheets. Within 
40 kinase proteins, three different proteins, EGFR, Akt, and 
HSP60, displayed a more than 5-fold increase in phosphory-
lation. Data represent the average spot intensity of duplicate 
examinations. B: Upregulation of Akt phosphorylation was con-
firmed by western blot analysis, whereas phosphorylated-Erk 
was slightly increased. 
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mation of morphological and electrical connec-
tions between cells [21]. Thus, a combination 
of hypoxic preconditioning and cell sheet-based 
therapy could be a better therapeutic strategy 
for heart failure than ordinary cell transplanta- 
tion.

Extracellular oxygen sensing is mainly mediat-
ed by the HIF pathway. In this pathway, hypoxia 
stabilizes HIFs by inhibiting the activity of prolyl 
hydroxylase domain proteins (PHDs), leading to 
transcriptional regulation of hypoxia adaptation 
target genes such as VEGF and erythropoietin 
[22]. We observed that HIF-1α expression in 
preconditioned cell sheets, indicating that 
hypoxic preconditioning exerts its potentiation 
effects on cell sheet-based systems through 
the HIF pathway. In addition, we also found that 
phosphorylated mTOR and HIF-1α were de- 
creased in preconditioned cell sheets when 
sheets were treated with a PI3K inhibitor. The 
PI3K/Akt/mTOR pathway stabilizes and upregu-
lates HIF-1α [23, 24]. Thus, hypoxic precondi-

tioning could similarly maintain HIF-1α expres-
sion in cell sheets through this molecular path-
way in addition to exerting an inhibitory effect 
on HIF-1α degradation. The outcome is that 
angiogenesis and anti-fibrotic activity are 
increased in ischemic tissues.

In addition to Akt, kinase array analysis revealed 
that two candidate molecules were phosphory-
lated in preconditioned cell sheets. One of 
these molecules, EGFR, has been reported to 
be ligand-independently upregulated by hypox-
ia in cancer cells [25]. Although we have no 
supporting data, there is a possibility that 
hypoxic preconditioning is initially sensed by 
EGFR on the cell membrane of CDC sheets 
upstream of PI3K. However, the molecular 
chaperone HSP60 also displayed increased 
phosphorylation in preconditioned-cell sheets. 
Phosphorylation of HSP60 is mediated by pro-
tein kinase A (PKA), and hypoxia increases PKA 
activity [26, 27]. Thus, hypoxic preconditioning 
could activate PKA and subsequently induce 

Figure 4. Hypoxic preconditioning activates the PI3K/Akt/mTOR/HIF1α pathway in CDC monolayer sheets. CDC 
monolayer sheets were incubated in low oxygen for 24 hours with or without a PI3K inhibitor (LY294002). A: Expres-
sion of HIF-1α, and phosphorylation of mTOR and Akt were significantly decreased in LY294002-treated precon-
ditioned CDC monolayer sheets. *P < 0.05. B: Endoglin expression in preconditioned CDC monolayer sheets was 
suppressed by PI3K inhibition. C: Proposed molecular pathway of hypoxic preconditioning in cell sheets. 
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HSP60 phosphorylation in cell sheets. Both 
HSP60 and PKA are involved in the protection 
of cardiomyocytes from ischemia-reoxygen-
ation [28, 29]. Hypoxic preconditioning could 
potentially enhance the cardioprotective func-
tion of cell sheets through HSP60 phosphoryla-
tion. Further studies are needed to determine 
the significance of HSP60 phosphorylation in 
cell sheets. 

The present study demonstrated that cell 
sheets are more sensitive to hypoxic stimula-
tion than individual cells. This finding indicates 
that hypoxic preconditioning of cell sheets is a 
valuable strategy to enhance the therapeutic 
efficacy of cell-based systems for the treatment 
of ischemic diseases. This study also elucidat-
ed part of the molecular mechanisms of hypox-
ic preconditioning of cell sheets, as the PI3K/
Akt/mTOR/HIF-1α pathway was activated in 
response to hypoxia. These findings provide 
important information on the hypoxic precondi-
tioning of cell sheets and could lead to clinical 
application of this therapeutic strategy.
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