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a b s t r a c t

Introduction: Myocardial recovery is one of the targets for heart failure treatment. A non-negligible
number of heart failure with reduced ejection fraction (EF) patients experience myocardial recovery
through treatment. Although myocardial hypoxia has been reported to contribute to the progression of
heart failure even in non-ischemic cardiomyopathy, the relationship between contractile recovery and
re-oxygenation and its underlying mechanisms remain unclear. The present study investigated the ef-
fects of hypoxia/re-oxygenation on bioengineered cardiac cell sheets-tissue function and the underlying
mechanisms.
Methods: Bioengineered cardiac cell sheets-tissue was fabricated with human induced pluripotent stem
cell derived cardiomyocytes (hiPSC-CM) using temperature-responsive culture dishes. Cardiac tissue
functions in the following conditions were evaluated with a contractile force measurement system:
continuous normoxia (20% O2) for 12 days; hypoxia (1% O2) for 4 days followed by normoxia (20% O2) for
8 days; or continuous hypoxia (1% O2) for 8 days. Cell number, sarcomere structure, ATP levels, mRNA
expressions and Ca2þ transients of hiPSC-CM in those conditions were also assessed.
Results: Hypoxia (4 days) elicited progressive decreases in contractile force, maximum contraction ve-
locity, maximum relaxation velocity, Ca2þ transient amplitude and ATP level, but sarcomere structure
and cell number were not affected. Re-oxygenation (8 days) after hypoxia (4 days) was associated with
progressive increases in contractile force, maximum contraction velocity and relaxation time to the
similar extent levels of continuous normoxia group, while maximum relaxation velocity was still
significantly low even after re-oxygenation. Ca2þ transient magnitude, cell number, sarcomere structure
and ATP level after re-oxygenation were similar to those in the continuous normoxia group. Hypoxia/re-
oxygenation up-regulated mRNA expression of PLN.
Conclusions: Hypoxia and re-oxygenation condition directly affected human bioengineered cardiac tissue
function. Further understanding the molecular mechanisms of functional recovery of cardiac tissue after
re-oxygenation might provide us the new insight on heart failure with recovered ejection fraction and
preserved ejection fraction.
© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

Heart failure affects more than 23 million people globally and is
a major cause of ill health, hospitalization and death [1]. Phar-
macotherapies targeting neurohormonal mechanisms have been
shown to reduce morbidity and mortality in patients who have
heart failure with reduced ejection fraction (EF), and the available
drugs include angiotensin converting enzyme inhibitors, angio-
tensin receptor antagonists, mineralocorticoid receptor antago-
nists and beta-blockers [2,3]. Patients with heart failure can be
categorized into three distinct populations based on their EF:
heart failure with reduced EF (HFrEF), heart failure with midrange
EF (HFmrEF) and heart failure with preserved EF (HFpEF) [4]. The
5-year mortality rate is similar among these categories [5], but
whether pre-treatment EF is a predictor of prognosis remains
unconfirmed. It was reported that one in four patients with HFrEF
showed recovery of systolic function after treatment, and those
with HFrEF and functional recovery had significantly lower mor-
tality and morbidity than patients with HFpEF or those with HFrEF
who did not exhibit recovery [6]. HFmrEF can be further sub-
classified as HFmrEF improved, HFmrEF unchanged and HFmrEF
deteriorated, and patients with HFmrEF improved appear to have
better outcomes than those in the other two categories despite
similar EFs [7]. Therefore, patients who exhibit a recovery of
function after treatment might be quite different to those who
have unchanged or deteriorating cardiac function. However, the
mechanisms underlying functional recovery are incompletely un-
derstood. Moreover, around 40% of patients with dilated cardio-
myopathy relapse following the withdrawal of medical treatment
despite achieving recovery to an asymptomatic state during
therapy [8]. Thus, myocardium that shows functional recovery
likely differs from healthy myocardium, but the differences remain
uncharacterized. Further research in patients with heart failure
and in suitable preclinical model systems are needed to identify
the differences between diseased and healthy myocardium and
facilitate the future development of new treatments to improve
outcomes.

Numerous studies have evaluated human induced pluripotent
stem cell (iPSC)-derived cardiomyocytes (hiPSC-CMs) as model
systems for research into disease mechanisms and as novel thera-
pies for cardiac disorders. For example, cardiac cells obtained from
iPSCs have been used to investigate the proarrhythmogenic po-
tential of drugs [9] and as models of cardiomyopathy [10,11] and
viral myocarditis [12]. Importantly, recent advancements in tissue
engineering technology have enabled the fabrication of two-
dimensional and three-dimensional structures built around scaf-
folds [13,14]. An alternative approach to scaffold-based methods is
to culture cells on temperature-sensitive polymer surfaces to create
scaffold-free cell sheets [15e17], and the cell sheet-based technique
has been used to bioengineered human cardiac tissue constructs
[18,19]. Furthermore, systems have been developed to monitor
contractile force and electric potential in human cardiac cell sheets
[20,21]. Human cardiac tissue constructs derived from iPSCs
potentially represent an excellent model system for research into
heart failure. However, although one previous report described a
model of ischemia-reperfusion comprising iPSC-CMs in a hydrogel
scaffold [22], few studies have used iPSC-derived cardiac cells to
examine how ischemia and reperfusion alter contractility and
explore the mechanisms contributing to the development of heart
failure.

The main aim of this study was to develop and validate a
model system based on iPSC-derived cardiac cell sheets that
could be used to investigate the effects of hypoxia and re-
oxygenation on contractile function and elucidate the underly-
ing mechanisms.
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2. Methods

2.1. Cardiomyocyte differentiation from hiPSCs and purification

iPSC line 201B7 was purchased from RIKEN (Tsukuba, Japan)
[23]. hiPSCs expressing a-MHC and rex-1 promoter-driven drug-
resistance genes were cultured on inactivated mouse embryonic
fibroblasts (ReproCELL, Yokohama, Japan) as described previously
[24]. Cardiac differentiation of hiPSCs in a stirred bioreactor system
(Able, Tokyo, Japan) was achieved using a modified version of the
procedure described previously [25]. Cells were harvested from cell
aggregates on day 17 of differentiation using 0.05% trypsin/EDTA
(Life Technologies, Carlsbad, CA, USA) and cultured in Dulbecco's
Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and penicillinestreptomycin (SigmaeAldrich)
at 37 �C in a humidified atmosphere with 5% CO2. On day 21, the
cells were incubated with 1.5 mg/mL puromycin (SigmaeAldrich)
for 24 h to purify the cardiomyocytes. On day 23, the remaining
cells were harvested with 0.05% trypsin/EDTA and utilized for cell
sheet fabrication.

2.2. Flow cytometric analysis

At the end of the purification process, the remaining cells were
fixed with 4% paraformaldehyde, and the percentage of iPSC-CMs
was determined with a MoFlo XDP cell sorter (Beckman Coulter,
Brea, CA, USA).

2.3. Fibrin gel sheet preparation

Fibrin gel sheets were prepared as the bases of the cardiac cell
sheets for measurement of contractile force. ‘Handles’ made of
ultraviolet-curing resin (MED610; Stratasys, Eden Prairie, MN,
USA) andmolds formed from silicone rubber sheets were prepared
as previously described [20]. Fibrin gel solution (10 mg/mL
fibrinogen (F8630; SigmaeAldrich), 0.5 units/mL thrombin
(T4648; SigmaeAldrich), 20 IU/mL Fibrogammin P I.V. Injection
(CSL Behring K.K., Tokyo, Japan), 2 mmol/L CaCl2, 0.025% Poly-
oxyethylene(20) Sorbitan Monooleate, and 154 mmol/L NaCl) was
prepared by mixing stock solutions, and immediately poured into
the mold inwhich the two handles were put at both sides. Then an
acrylic plate was put on it, and the fibrin gel solution was allowed
to clot for more than 20 min at room temperature. The resultant
fibrin gel sheet was picked out from the mold and preserved in
DMEM supplemented with 10% FBS and 500 KIU/mL aprotinin.

2.4. Cardiac cell sheet preparation for contractile force
measurement

First, silicone rubber frames were sterilized and attached to the
surface of temperature-responsive dishes (UpCell; CellSeed, Tokyo,
Japan). The cell culture area was a 12-mm by 12-mm square, and
the culture surfaces were treated with FBS overnight before the cell
seeding process. iPSC-CMs were seeded at 3 � 105 cells/cm2 (day
23) and cultured in DMEM supplemented with 10% FBS at 37 �C in a
humidified atmosphere containing 5% CO2. The medium was
changed to freshmedium on day 24 and then every other day. iPSC-
derived cardiac cell sheets were ready to be transferred to the
surface of fibrin gel sheets on day 28, as described previously [20].
Cardiac cell sheet contractile force was measured from day 30.

2.5. Contractile force measurement

The configuration of the contractile force measurement sys-
tem has been described in detail in a prior publication [20].
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Briefly, the contractile force measurement device was comprised
of a load cell (LVS-10GA; Kyowa Electronic Instruments, Tokyo,
Japan) and a culture bath made of acrylic plates. A clip was fixed
to hold the handle of a fibrin gel sheet to the bottom of the
culture bath. The height of the load cell could be fine-tuned using
a uniaxial stage (Chuo Precision Industrial, Tokyo, Japan). The
fibrin gel sheet was suspended from the sensor rod of the load
cell using a custom-made hook (Objet Eden350; Stratasys), and
the lower handle of the fibrin gel sheet was held by the clip on
the bottom of the culture bath. Rubber stoppers were used to
close the holes at the front of the culture bath, and 40 mL Me-
dium 199 with Hanks' Balanced Salts (Thermo Fisher Scientific,
Waltham, MA, USA) containing 10% FBS, 500 KIU/mL aprotinin
and penicillinestreptomycin was added to the bath. The medium
was stirred gently by a magnetic bar placed in the bath. The
measurement of contractile force was performed at 37 �C. The
load cell was connected to a strain amplifier (DPM-912B; Kyowa
Electronic Instruments), and the force was recorded by a com-
puter through an A/D converter (Power Lab 8/30; ADInstruments,
Bella Vista, Australia). The culture baths, hooks, magnetic bars
and rubber stoppers were sterilized with ethylene oxide gas
before use. Data were collected from different batches and
pooled for the analysis.
2.6. Immunocytochemistry

To evaluate the number of cells under each condition, cells were
seeded on 24-well plates (Corning, Corning, NY, USA) and incu-
bated for 4e12 days according to the assigned conditions. Cells
were fixed with 4% paraformaldehyde and subjected to immuno-
cytochemistry as described previously [18]. Samples were imaged
by ImageXpress (Molecular Devices, Sunnyvale, CA, USA). MetaX-
press and Acuity software (Molecular Devices) were used for data
analysis. To evaluate sarcomere structure, cells were seeded on
cover-glass in 60-mm culture dishes and incubated according to the
assigned experimental conditions. Nuclei were stained with
Hoechst 33258 (H341, Dojindo Laboratories, Kanagawa, Japan).
Samples were imaged with a BZ-9000 fluorescence microscope
(Keyence Corporation, Osaka, Japan).
Table 1
PCR primer information.

Gene name Applied Biosystems TaqMan assay ID

ACTB Hs99999903_m1
TNNT2 Hs00165960_m1
MYL2 Hs00166405_m1
MYL7 Hs01085598_g1
NPPA Hs00383230_g1
NPPB Hs01057466_g1
ATP2A2 Hs01566028_g1
PLN Hs00160179_m1
RYR2 Hs00181461_m1
CACNA1C Hs00167681_m1
MYH6 Hs01101425_m1
MYH7 Hs01110632_m1
COL1A1 Hs00943809_m1
COL3A1 Hs00164004_m1
2.7. Ca2þ imaging

hiPSC-CMs at day 23 were seeded onto EZ Sphere (AGC
Techno Glass, Shizuoka, Japan) at 5 � 104 cells/cm2 to form a
spheroid. The following day (day 24), spontaneous beating was
confirmed, and the spheroids were moved to a normoxic (20%
O2) or hypoxic (1% O2) incubator for 4 or 12 days to be
cultured in DMEM supplemented with 10% FBS and
penicillinestreptomycin (SigmaeAldrich). The culture medium
was changed every 4 days. To investigate intracellular Ca2þ

transients, spheroids were transferred to 6-well plates and
loaded with 5 mM Fluo-8 (AAT Bioquest, Sunnyvale, CA, USA) in
DMEM supplemented with 10% FBS for 1 h in a humidified
incubator with 5% CO2 at 37 �C. Ten minutes before observation,
each well was immersed in phenol red-free DMEM (Nacalai
Tesque, Kyoto, Japan) containing 10% FBS and pen-
icillinestreptomycin. Changes in fluorescence levels were
monitored at a rate of 100 ms with an ORCA-R2 CCD camera
(Hamamatsu Photonics K.K., Shizuoka, Japan) and processed
with Aquacosmos image processing software (Hamamatsu Pho-
tonics K.K.) for baseline correction and colored visualization. The
Ca2þ transient was recorded during electrical stimulation at 1 Hz
(C-Pace EP, IonOptix, Westwood, MA, USA).
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2.8. RNA extraction and quantitative reverse transcription-
polymerase chain reaction (RT-PCR)

Total RNA was isolated using the RNeasy Micro Kit (Qiagen,
Venlo, Netherlands). cDNA synthesis was carried out using the
High Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, Stockholm, Sweden) with random hexamer primers. RT-
PCR analysis of each sample was conducted with a StepOne or
StepOnePlus RealTime PCR System (Applied Biosystems). TaqMan
assays for RT-PCR are listed in Table 1. The average copy number of
the gene transcripts was normalized to that of b-actin for each
sample.

2.9. Determination of ATP level

hiPSC-CMs on day 23 of differentiation were seeded in 96-well
optical-bottom plates (165306; Thermo Fisher Scientific) and
cultured for 2 days (day 25). Then, the cells were incubated under
normoxic (20% O2) or hypoxic (1% O2) conditions for the assigned
periods. The cardiac tissues were equilibrated at room temperature
for approximately 30 min, and then the ATP level was measured
using the CellTiter-Glo Luminescent Cell Viability Assay G7570
(Promega, Madison, WI, USA). The medium was replaced with
100 mL reagent in 100 mL medium, and measurements were made
using a Glomax Multiþ Detection System (Promega).

2.10. Antibodies

The following antibodies were used for flow cytometric analysis
and immunocytochemistry: rabbit monoclonal anti-cTnT antibody
(ab45932, Abcam, Cambridge, UK), mouse monoclonal anti a-acti-
nin (sarcomeric) antibody (A7811, SigmaeAldrich, St. Louis, MO,
USA), phycoerythrin (PE)-conjugated mouse monoclonal anti-
myosin heavy chain antibody (MF20, 564408, BD Pharmingen,
Franklin Lakes, NJ, USA), and allophycocyanin (APC)-conjugated
anti-cTnT antibody (130-106, Miltenyi Biotec, Bergisch Gladbach,
Germany). Secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA, USA).

2.11. Statistical analysis

Data are presented as mean ± standard deviation. Statistical
comparisons between two groups were performed using the paired
or unpaired Student's t-test. Multiple-group comparisons were
made by repeated-measures one-way analysis of variance followed
by Tukey or Dunnett post-hoc tests. A P-value<0.05was considered
statistically significant.
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3. Results

3.1. Purity of the cardiomyocytes in the cardiac cell sheet

In this study, cell sheets representing healthy cardiac tissue
were bioengineered from the 201B7 human iPSC line, which con-
tained a puromycin-resistance gene under the control of an a-
myosin heavy chain (a-MHC) promoter. This enabled the iPSC-CMs
to be purified by exposure to puromycin. Fig. 1A shows a repre-
sentative flow cytometry histogram illustrating that most of the
cells obtained after treatment with puromycin were cardiac
troponin T (cTnT)-positive cardiomyocytes (72.5 ± 12.8%, n ¼ 8).
Based on our previous report that the non-cardiomyocyte cells
present after puromycin treatment were vimentin-positive fibro-
blasts [19], the hiPSC-derived cardiac cell sheets used in this study
were composed mainly of cardiomyocytes and fibroblasts.
3.2. Effects of hypoxia on bioengineered cardiac cell sheet function

A contractile force measurement system was used to evaluate
the effects of hypoxic and re-oxygenized conditions on cardiac cell
sheet function (Fig. 1B) [20]. First, we cultured hiPSC-derived car-
diac cell sheets under normoxic (20% O2) or hypoxic (1% O2) con-
ditions for 4 days and compared their cardiac tissue function
(Fig. 1C). At the start of the experiment (D0), the monolayered
cardiac cell sheet generated around 1 mN of contractile force, and
the force generated did not change after 4 days of culture under
normoxic conditions (Fig. 2A and B). By contrast, contractile force
under hypoxic conditions was significantly decreased at day 4
(Fig. 2A and B). Furthermore, several parameters, including beating
rate, contraction time, relaxation time, maximum contraction ve-
locity and maximum relaxation velocity, were also markedly
decreased after culture under hypoxic conditions (Fig. 2B). Con-
tractile force, beating rate, maximum contraction velocity and
maximum relaxation velocity at day 4 were lower in the hypoxic
group than in the normoxic group (Fig. 2C), suggesting that hiPSC-
derived cardiac tissue function deteriorates under hypoxic
conditions.

Next, we examined the mechanisms underlying functional
deterioration under hypoxic conditions. The number of cTnT-
positive cells did not differ between hiPSC-CMs cultured under
normoxic conditions for 4 days and those cultured under hypoxic
conditions for 4 days (Fig. 3A and B). Interestingly, exposure to
hypoxia for 4 days did not result in obvious changes in sarcomere
Fig. 1. Assessment of the purity of iPSC-CMs after exposure to puromycin and schematic o
presence of cTnT-positive and myosin heavy chain-positive cardiomyocytes after puromycin
system. Lower panel: schematic illustration of the contractile measurement system. (C) Ca
normoxia (20% O2) for 12 days; hypoxia (1% O2) for 4 days followed by normoxia (20% O2) fo
on day 0; functional, molecular biological and morphological investigations were carried o
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structure (Fig. 3C). In line with the immunocytochemical analysis,
the mRNA expression levels of cardiac genes were also not different
between groups, except for natriuretic peptide precursor A (NPPA)
(Fig. 3D). The above findings suggest that cell death or changes in
the expression of cardiac contractile elements may not be respon-
sible for the impairment of cardiac tissue function under hypoxic
conditions. hiPSC-CMs subjected to hypoxia for 4 days had a
significantly lower adenosine triphosphate (ATP) level than those
maintained for 4 days under normoxic conditions (Fig. 3E). More-
over, the magnitude of the Ca2þ transient was significantly smaller
in cardiomyocytes subjected to hypoxia for 4 days than in car-
diomyocytes kept under normoxic conditions (P < 0.001; Fig. 3F
and G). These findings suggest that impaired ATP production and
suppression of the Ca2þ transient might contribute to the reduction
in contractile force observed after hypoxia.
3.3. Effects of re-oxygenation on cardiac cell sheet function

Since 4-day exposure to hypoxia induced an impairment of
cardiac cell sheet function accompanied by insufficient ATP pro-
duction and reduced intracellular Ca2þ concentration, additional
experiments were carried out to determine whether re-
oxygenation affected bioengineered cardiac tissue function.
hiPSC-derived cardiac tissues were divided into three groups and
subjected to the following conditions: hypoxia for 4 days (D0eD4)
followed by re-oxygenation for 8 days (D4eD12); continuous
hypoxia for 12 days (D0eD12); or continuous normoxia for 12 days
(D0eD12). In the continuous normoxia (control) group, contractile
force and maximum contraction velocity increased progressively
and contraction time decreased progressively from day 4 to day 12
(Fig. 4A and B), while relaxation time, maximum relaxation velocity
and beating rate did not change during this experimental period
(Fig. 4A and B). By contrast, cardiac sheets exposed to continuous
hypoxia showed reductions in contractile force, maximum
contraction velocity, maximum relaxation velocity and beating rate
between days 4 and 8 (Fig. 4A and B), and no spontaneous con-
tractions were detectable after 12 days of hypoxia (data not shown).
In cell sheets exposed to hypoxia for 4 days followed by re-
oxygenation for 8 days, re-oxygenation was associated with a
progressive recovery in contractile force andmaximum contraction
velocity (Fig. 4A and B), although beating rate appeared to remain
suppressed at day 12 (Fig. 4B). Importantly, re-oxygenation also
resulted in a substantial prolongation of relaxation time from
0.26 ± 0.06 s at day 4 to 0.47 ± 0.05 s at day 12 (Fig. 4B), and
f the experimental design. (A) Representative flow cytometry plots demonstrating the
treatment. (B) Upper panel: photographs showing the contractile force measurement
rdiomyocytes were subjected to three different experimental conditions: continuous
r 8 days; or continuous hypoxia (1% O2) for 12 days. Functional assessments were made
ut on day 4 and day 12; functional assessments were made on day 8.
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Fig. 2. Effects of hypoxia on the contractile function of iPSC-derived bioengineered cardiac tissue. (A) Representative contractile force traces recorded from a cardiac cell sheet. (B)
Cardiac tissues were incubated in normoxic (20% O2) or hypoxic (1% O2) conditions for 4 days. Data for contractile force, beating rate, contraction time, relaxation time, maximum
contraction velocity and maximum relaxation velocity are shown for day 0 (D0) and day 4 (D4). (C) Comparison of contractile force, beating rate, contraction time, relaxation time,
maximum contraction velocity and maximum relaxation velocity on day 4 between the normoxic group (N4) and hypoxic group (H4). Data in (B) and (C) are presented as the
mean ± SD of a minimum of 7 preparations. *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 3. Morphological and molecular biological changes induced by hypoxia. (AeE) hiPSC-CMs were incubated in normoxic (20% O2; N4) or hypoxic (1% O2; H4) conditions for 4
days. (A) Representative images of cTnT-positive cardiomyocytes. Nuclei were labeled with Hoechst. Bars, 200 mm. (B) The number of cTnT-positive cells in 49 fields (7 � 7) was
calculated for each time point. The number of cTnT-positive cells in each group was normalized to the mean value of the N4 group (10 biological repeats). (C) Representative images
showing sarcomere structure. Cells were stained with a-actinin, and nuclei were labeled with Hoechst. Bars, 40 mm. (D) The mRNA expressions of various genes in cardiomyocytes.
Data are shown as the mean ± SD of 3 biological repeats and are normalized to the mean value of the N4 group. (E) Cellular ATP levels in cardiomyocytes. Data are shown as the
mean ± SD of 14 biological repeats. RLU: relative light units. (F, G) Cardiac spheroids were cultured for the assigned periods. (F) Representative Ca2þ transients recorded from cardiac
spheroids. (G) The amplitudes of Ca2þ transients measured in cells loaded with fluo-8. Data for F/F0 (peak fluorescence divided by baseline fluorescence) are presented as the
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 4. Effects of continuous normoxia, hypoxia/re-oxygenation and continuous hypoxia on the contractile function of iPSC-derived bioengineered cardiac tissue. Cardiac tissues
were maintained under three conditions: continuous normoxia (20% O2) for 12 days; hypoxia (1% O2) for 4 days followed by normoxia (20% O2) for 8 days; or continuous hypoxia
(1% O2) for 12 days. (A) Representative contractile force traces for day 4 (D4), day 8 (D8) and day 12 (D12). (B) Comparison of contraction time, relaxation time, contractile force,
beating rate, maximum contraction velocity and maximum relaxation velocity between day 4 (D4), day 8 (D8) and day 12 (D12) for each experimental condition. Data are presented
as the mean ± SD of 6 preparations. (C) Comparison of contractile force, beating rate, contraction time, relaxation time, maximum contraction velocity and maximum relaxation
velocity on day 12 between the normoxia group (NN12) and hypoxia/normoxia group (HN12). Data are presented as the mean ± SD of 6 preparations. *P < 0.05, **P < 0.01,
***P < 0.001.
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maximum relaxation velocity remained significantly suppressed
after re-oxygenation compared with the continuous normoxia
group (Fig. 4C). These findings imply that hypoxia/re-oxygenation
might lead to an impairment of relaxation (i.e. diastolic
dysfunction).

Next, we examined the mechanisms of contractile force recov-
ery after re-oxygenation of bioengineered cardiac tissue. The
number of cTnT-positive cells did not differ between hiPSC-CMs
cultured for 12 days under hypoxic/re-oxygenized conditions and
those cultured under continuous normoxia (Fig. 5A and B), indi-
cating little effect of hypoxia/re-oxygenation on cell death.
Furthermore, sarcomeric structure was maintained after re-
oxygenation (Fig. 5C). Comparisons of the mRNA expressions of
13 genes on day 12 (Fig. 5E) revealed that hypoxia/re-oxygenation
induced a significant up-regulation of the gene for phospholamban
(PLN) as compared with the continuous normoxia group (P < 0.05).
Thus, hypoxia/re-oxygenation led to an increase in the expression
level of a protein that plays an important role in the regulation of
cardiomyocyte Ca2þ homeostasis, contraction and relaxation.
Although there also appeared to be a trend toward increased mRNA
expressions of several other genes, including those encoding cTnT
(TNNT2), myosin light chain-2 (MYL2), myosin light chain-7 (MYL7),
myosin heavy chain-6 (MYH6), myosin heavy chain-7 (MYH7),
natriuretic peptide precursor A (NPPA) and subunit a1C of the
voltage-gated L-type Ca2þ channel (CACNA1C), statistical signifi-
cance was not attained (Fig. 5D). The cellular ATP level on day 8 was
not significantly different between the hypoxia/re-oxygenation
group and continuous normoxia group (Fig. 5E). Since hypoxia for
4 days induced a fall in ATP level (Fig. 3E), this indicates that
restoration of normal oxygen levels after hypoxia resulted in
normalization of ATP levels within 4 days. The magnitude of the
intracellular Ca2þ transient was well maintained in the continuous
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normoxia group between days 4 and 12 (Fig. 5G). In hiPSC-CMs
subjected to hypoxia for 4 days, re-oxygenation resulted in a re-
covery in the magnitude of the Ca2þ transient at days 8 and 12
(P < 0.01 vs. day 4; Fig. 5H) such that the magnitude of the Ca2þ

transient at day 12 did not differ significantly between the hypoxia/
re-oxygenation group and continuous normoxia group (Fig. 5I).

4. Discussion

The objective of this research was to develop a model system
using bioengineered hiPSC-derived cardiac tissue that could be
used to investigate the effects of hypoxia and re-oxygenation on
contractile function and explore the underlying mechanisms. The
main findings were as follows: 1) hypoxia for 4 days resulted in
significant decreases in contractile force, maximum contraction
velocity, maximum relaxation velocity and Ca2þ transient ampli-
tude; 2) hypoxia had little or no effect on the number of cells; 3)
hypoxia was associated with a reduction in cellular ATP level; 4)
hypoxia resulted in down-regulated expression of the gene
encoding natriuretic peptide precursor A (NPPA); 5) hypoxia for 4
days followed by re-oxygenation for 8 days was associated with
progressive increases in contractile force, maximum contraction
velocity and relaxation time, whereasmaximum relaxation velocity
did not recover; 6) Ca2þ transient magnitude, cell number, sarco-
mere structure and ATP level after re-oxygenation were similar to
those observed in the continuous normoxia group; and 7) hypoxia/
re-oxygenation resulted in up-regulated expression of the gene
encoding PLN. Taken together, these findings indicate that we have
successfully generated a model system that may be suitable for the
study of hypoxia/re-oxygenation in human cardiac tissue. Notably,
hypoxia for 4 days followed by re-oxygenation for 8 days resulted in
a recovery of contractile force but not maximum relaxation



Fig. 5. Morphological and molecular biological changes induced by hypoxia/re-oxygenation. (AeE) hiPSC-CMs were incubated under normoxic conditions (20% O2) for 12 days
(NN12) or hypoxic conditions (1% O2) for 4 days followed by normoxic conditions (20% O2) for 8 days (HN12). (A) Representative images of cTnT-positive cardiomyocytes. Nuclei
were labeled with Hoechst. Bars, 200 mm. (B) The number of cTnT-positive cells in 49 fields (7 � 7) was calculated for each time point. The number of cardiomyocytes in each group
was normalized to the mean value of the NN12 group. (C) Representative images showing sarcomere structure. Cells were stained with a-actinin, and nuclei were labeled with
Hoechst. Bars, 40 mm. (D) The mRNA expressions of various genes in cardiomyocytes. Data are shown as the mean ± SD and are normalized to the mean value of the NN12 group. (E)
Cellular ATP levels in cardiomyocytes. Data are shown as the mean ± SD. RLU: relative light units. (FeI) Cardiac spheroids were cultured for the assigned periods. (F) Representative
Ca2þ transients recorded from cardiac spheroids on day 12. (G) The amplitudes of Ca2þ transients measured from cells loaded with fluo-8 and exposed to continuous normoxia for
12 days. (H) The amplitudes of Ca2þ transients measured from cells loaded with fluo-8 and exposed to hypoxia for 4 days followed by normoxia for 8 days. (I) Comparison of Ca2þ

transient amplitudes between the NN group and NH group at day 12. Data for F/F0 (peak fluorescence divided by baseline fluorescence) are presented as the mean ± SD (n ¼ 16 for
NN and n ¼ 26 for NH). *P < 0.05, **P < 0.01, ***P < 0.001.
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velocity, suggesting that this protocol may be suitable for use as a
preclinical model of heart failure with recovered EF and diastolic
dysfunction.

Studying the responses of iPSC-derived cardiac tissue to hypoxia
and re-oxygenation may give crucial insights into the mechanisms
underlying cardiac damage and heart failure induced by hypoxia
and allow research into novel treatment strategies to minimize or
even reverse this damage. We found that continuous hypoxia (i.e. a
decrease from 20% O2 to 1% O2) resulted in progressive reductions
in contractile force, maximum contraction velocity, maximum
relaxation velocity, relaxation time and beating rate, and no con-
tractions were evident after 12 days. This is consistent with pub-
lished studies in animal models reporting decreases in the rate and
force of contraction in heart tissue exposed to hypoxia [26e28].
Hypoxia for 4 days also caused a suppression in the magnitude of
the Ca2þ transient, implying dysfunction of intracellular Ca2þ ho-
meostasis; this is also in agreement with previous research [29].
Chronic hypoxia for 4 days did not lead to a change in the number of
cells (i.e. cell death). However, chronic hypoxia was associated with
a fall in ATP levels, suggesting that the iPSC-CMs were not able to
fully adapt to the hypoxic challenge and maintain their ATP levels
through decreases in contractile force and oxygen consumption. A
previous study of spontaneously contracting embryonic car-
diomyocytes reported a significant reduction in contractile activity
and a slowing of relaxation (in agreement with our findings) that
was not associated with a depletion of ATP or phosphocreatine
stores [30]. Hypoxia in chick embryonic cardiomyocytes and rat
adult cardiomyocytes results in enhanced glucose utilization and
increased lactate production [27,30], implying a switch to an
anaerobic pattern of metabolism that would help to maintain
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cellular levels of ATP during hypoxia. It is possible that iPSC-CMs
are less able to compensate for hypoxia by switching to anaerobic
metabolism, which may contribute to their sensitivity to hypoxia
and nutrient deprivation [31]. It has been reported that extracel-
lular ATP enhances the intracellular Ca2þ transient and increase the
amplitude of contraction in single rat cardiomyocytes [32].
Conversely, the increase of cytoplasmic Ca2þ has also been reported
to induce ATP production through the increase of mitochondrial
Ca2þ concentration and FAD-glycerol phosphate dehydrogenase
[33]. Therefore, impaired ATP production and decreased intracel-
lular Ca2þ transient might synergistically affect the systolic and
relaxation function in the hypoxic condition. On the other hand,
when systolic function is recovered after re-oxygenation, ATP
production levels and Ca2þ transient were recovered to those in the
continuous normoxic condition, which are consistent with the
evidences that ATP production and Ca2þ transient influence each
other [32,33].

It is well established that myocardial reperfusion after hypoxia
can itself cause cardiomyocyte death [34]. For example, 48 h of
hypoxia was found not to cause apoptosis of rat cardiomyocytes,
whereas 24 h of hypoxia followed by 24 h of re-oxygenation
induced substantial apoptosis of cells [35]. In the present study,
re-oxygenation after 4 days of hypoxia was not associated with cell
death but instead led to a progressive recovery in contractile
function, Ca2þ transient amplitude and ATP level. This suggests that
the iPSC-CMs utilized in this research were able to tolerate the
hypoxic challenge and recover much of their function after re-
oxygenation. The present findings contrast with those of other in-
vestigations demonstrating substantial cardiomyocyte apoptosis
during prolonged hypoxia [36] or after hypoxia/re-oxygenation
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[35]. One possible explanation for this apparent discrepancy is that
the iPSC-CMs in this study were exposed only to hypoxia and not to
acidosis or a build-up of other metabolites, which would occur
during ischemia-reperfusion injury in vivo. For example, it has been
shown that apoptosis of rat neonatal cardiomyocytes only occurred
when chronic hypoxia was accompanied by acidosis [35]. Further-
more, a previous investigation reported that iPSC-CMs were resis-
tant to hypoxia alone (apoptosis occurred in ~5% of cells) but
sensitive to hypoxia in combination with acidosis (apoptosis
occurred in ~60% of cells) [37]. A second possible explanation is that
cell maturity may affect the sensitivity to hypoxia/re-oxygenation.
Indeed, it has been demonstrated that maturation of iPSC-CMs
increases their susceptibility to hypoxia/re-oxygenation [37].
These possibilities have important implications with regard to the
use of iPSC-derived cardiac cell sheets as a model of chronic cardiac
hypoxia/ischemia. Thus, the present series of experiments will
need to be extended to examine the sensitivity of iPSC-derived
cardiac cell sheets to hypoxia in the presence of acidosis and
other metabolites known to accumulate during myocardial
ischemia and to explore the effects of cell maturation on the
response to hypoxia/re-oxygenation.

Although further refinement of our model of hypoxia/re-
oxygenation may improve its validity, certain observations made
in the present study indicate that iPSC-derived cardiac cell sheets
may have potential as a preclinical model of human heart failure
with recovered EF and diastolic dysfunction. As shown in Fig. 4C,
cardiac tissue contractile force recovered after re-oxygenation to
reach a level comparable to that observed under continuous nor-
moxic conditions, whereas maximum relaxation velocity remained
suppressed following hypoxia/re-oxygenation when compared
with the continuous normoxia group. EF is a powerful predictor of
clinical outcome in patients with heart failure [38,39], but a recent
study indicated that the response of the EF to treatment further
predicts outcomes in patients [40]. However, since it has been re-
ported that left ventricular volume is larger in patients with heart
failure and recovered EF than in patients with HFpEF [41] and that
withdrawal of pharmacotherapy leads to relapse in patients with
heart failure and dilated cardiomyopathy [8], some maladaptive
changes may persist even after functional recovery. In this study,
we observed thatmaximum relaxation velocity was decreased after
4 days of hypoxia and did not improve after 8 days of re-
oxygenation, suggesting that contractile function recovers
promptly after re-oxygenation but that recovery of relaxation
function might be delayed. Human cardiac tissue model might be
possible to distinguish between HFrEF and HFpEF. Cell death due to
several conditions including ischemia, inflammation and prolong
period overload, and subsequent fibrosis are main causes of HFrEF,
while cardiomyocyte is survived, in principle, but relaxation
dysfunction of cardiomyocyte and fibrosis-mediated diastolic
dysfunction are main causes of HFpEF. In the present study, we did
not observe cardiomyocyte loss at 4 days in hypoxia and at 8 days
after re-oxygenation, while relaxation dysfunction, but not systolic
dysfunction, was observed at 8 days after re-oxygenation. There-
fore, the cardiac tissue model shown in the present study might be
compatible for HFpEF rather than HFrEF. It has been reported that
diastolic dysfunction remains impaired even after the ischemia is
released in patients with acute myocardial infarction [42] and
diastolic dysfunction is prolonged in patients with heart failure
with improved ejection fraction [43], suggesting that diastolic
functional recovery might be delayed in the pathological condi-
tions. Although the prolong period pressure overload is well known
to induce systolic dysfunction through cardiomyocyte apoptosis
and fibrosis in accompanied with the insufficient angiogenesis [44],
intermittent pressure overload has been reported to induce dia-
stolic dysfunction in accompanied with the insufficient
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angiogenesis (vascular rarefaction) without fibrosis [45], suggest-
ing that intermittent insufficient blood flowmight be one of causes
of diastolic dysfunction. Since daily variation of blood pressure is
well known phenomena, intermittent pressure overload might be
more compatible to account for the pathological conditions in the
early phase of hypertensive heart disease. Furthermore, left ven-
tricular diastolic dysfunction without left ventricular hypertrophy
has been advocated as an initial phase in the transition from hy-
pertension to heart failure [46]. Herein, human iPSC-derived car-
diac tissue after hypoxia/re-oxygenation might recapitulate some
pathological conditions of HFpEF.

Previous investigations have described alterations in cardiac
gene expression patterns in response to hypoxia and re-
oxygenation [47e49]. Data are very limited regarding hypoxia-
induced gene expression changes in hiPSC-CMs. However, it was
recently reported that 937 proteins were up-regulated or down-
regulated in iPSC-CMs exposed to hypoxia or hypoxia/re-
oxygenation, including proteins associated with the mitochon-
drial proton-transporting ATP synthase complex and cardiac mus-
cle contraction [50]. In the present study, hypoxia resulted in a
significant down-regulation in the expression of the NPPA gene.
Atrial natriuretic peptide (ANP), the active product of the NPPA
gene, plays an important physiological role in the regulation of
blood volume and pressure [51]. ANP is upregulated in ischemic
and dilated cardiomyopathy [52], and it is thought that ANP plays a
role in countering the development of heart failure [53]. Contrary to
the present findings, previous investigations have reported that
ANP levels are increased in response to ischemia [54,55]. The
discrepancy may in part be due to the fact that the elevation in ANP
in response to cardiac hypoxia in vivo is mediated by endothelin
[56], which would not be produced in iPSC-derived cardiac cell
sheets due to a lack of vascular endothelial cells. Since ANP is
widely considered to be cardioprotective in the setting of cardiac
hypertrophy and heart failure, the reducedmRNA expression of the
NPPA gene in this study would likely have detrimental effects in
bioengineered cardiac cell sheets during prolonged hypoxia.

In this study, hypoxia/re-oxygenation resulted in up-regulation
of the gene encoding PLN, which influences the force of contrac-
tion and rate of relaxation by regulating Ca2þ uptake into the
sarcoplasmic reticulum by sarco/endoplasmic reticulum Ca2þ

ATPase (SERCA)-2 [57,58]. Interestingly, this contrasts with animal
studies reported in the literature, which have described a decrease
in the expression of PLN in response to ischemia-reperfusion
[59e61]. Since ablation of PLN has been shown to exacerbate
ischemia-reperfusion injury [62,63], it may be that the enhanced
expression of PLN in hiPSC-CMs has a beneficial effect. Increased
expression of PLN would be expected to inhibit Ca2þ uptake into
the sarcoplasmic reticulum and thereby slow the rate of relaxa-
tion, and this may underlie the prolongation of relaxation
observed following hypoxia/re-oxygenation. Nonetheless, the
function of PLN is regulated by phosphorylation: dephosphory-
lated PLN inhibits Ca2þ uptake into the sarcoplasmic reticulum by
SERCA, but phosphorylation of PLN removes its inhibitory effect
on SERCA and thereby enhances Ca2þ uptake. Thus, changes in
PLN phosphorylation during hypoxia also need to be taken into
account. At present, data regarding the phosphorylation status of
PLN after ischemia-reperfusion are equivocal [64e66], so this will
need to be further examined in future studies. Interestingly,
reduced levels of PLN have been measured in animal models of
heart failure and dilated cardiomyopathy [67,68], potentially
implicating PLN down-regulation in the pathogenesis of these
conditions.

One of the merit of the usage of cardiac tissue model and the
contractile force measurement is the functional evaluation of
whole tissue. The contractile function of cardiac tissue is mediated
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by several factors including each cardiomyocyte contraction, ac-
tion potential propagation velocity and tissue stiffness. And the
electrophysiological function affects cardiomyocyte contraction
and action potential propagation velocity. In that respect, the
contractile phenotypes in hypoxia/re-oxygenation are the addi-
tive results of each factor influenced by hypoxia/re-oxygenation
and it might be the sensitive assessment indicator to examine
the effect of the hypoxia/re-oxygenation. Currently there are few
reports on the electrophysiological effects of hypoxia and re-
oxygenation in human pluripotent stem cell-derived car-
diomyocyte/cardiac tissue, but it has been reported that hypoxia
decreases the spontaneous beating rate and delays conduction
velocity in mouse embryonic stem cell-derived cardiomyocyte
embryoid body [69]. As human iPSC-derived cardiomyocytes have
also been widely applied for drug proarrhythmic potential
assessment [70], the contribution of each factor including elec-
trophysiological aspect to the contractile phenotype in the hyp-
oxia and re-oxygenation will be clear.

An important aim of future experiments will be to further
characterize the hypoxia/re-oxygenation model described in this
study and establish the molecular mechanisms that underlie the
functional changes that develop during hypoxia and the recovery
that occurs during re-oxygenation. In particular, it will be necessary
to validate the system as a potential model of heart failure with
recovered EF and diastolic dysfunction. Possible approaches to
refining and improving the model will also be explored, such as
enhancing the maturation of iPSC-CMs, improving their alignment
and undertaking co-culture with other supporting cells. Another
future objective will be to utilize this methodology to create pre-
clinical models of inherited cardiomyopathy and drug-induced
cardiomyopathy. This can be achieved by harvesting iPSCs from
patients with inherited diseases such as hypertrophic cardiomy-
opathy and dilated cardiomyopathy, and also cultivating iPSCs-
derived cardiac tissues with anti-cancer drugs such as doxoru-
bicin and trastuzumab.
5. Conclusions

The findings of this study indicate that we have successfully
generated a model system that may be suitable for the study of
hypoxia/re-oxygenation. Further understanding of the molecular
mechanisms underlying the functional recovery of cardiac tissue
after re-oxygenation might provide us with new insights into heart
failure with recovered EF and preserved EF.
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