TISSUE ENGINEERING: Part A
Volume 25, Numbers 9 and 10, 2019
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ten.tea.2018.0212

ENGINEERED TISSUES DERIVED FROM INDUCED-PLURIPOTENT STEM CELLS (IPSCs) FOR DISEASE
MODELING, DRUG DISCOVERY, AND REPLACEMENT THERAPIES*

Human Tissue-Engineered Model of Myocardial
Ischemia–Reperfusion Injury

Downloaded by COLUMBIA UNIV from www.liebertpub.com at 06/02/21. For personal use only.

Timothy Chen, PhD1 and Gordana Vunjak-Novakovic, PhD1,2

Ischemia–reperfusion injury (IRI) is a major, but potentially preventable contributor to the final tissue damage
after an acute myocardial infarction. Many therapies have demonstrated successful reduction of IRI in preclinical
settings, but none has shown improved outcomes in clinical studies. Part of the failure to translate new therapies
to clinical settings can be attributed to the reliance on small animal models in preclinical studies. While animal
models encapsulate the complexity of the systemic in vivo environment, they do not necessarily recapitulate
human physiology. In this study, we utilized cardiac tissue engineering methods and cardiomyocytes derived
from human induced pluripotent stem cells to establish a human tissue-engineered model of IRI. The resulting
cardiac constructs were subjected to conditions that simulated ischemia–reperfusion. We demonstrated the
presence of reperfusion injury and the ability to distinguish ischemic and reperfusion injury. We also demonstrated reductions in IRI following ischemic preconditioning, modification of reperfusion conditions, and
addition of cardioprotective therapeutics. This study establishes the utility of a human tissue model for studying
key aspects of IRI and the potential for improving translation of therapeutic strategies into the clinical setting.
Keywords: myocardium, disease modeling, bioreactor, human cardiac tissue, cardioprotection
Impact Statement

Reducing ischemia–reperfusion injury would significantly improve patient survival. Current preclinical models are inadequate because they rely on animals, which do not emulate human physiology and the clinical setting. We developed a
human tissue platform that allowed us to assess the human cardiac response, and demonstrated the platform’s utility by
measuring injury during ischemia–reperfusion and the effects of cardioprotective strategies. The model provides a foundation for future studies on how patient-specific backgrounds may affect response to therapeutic strategies. These steps will
be necessary to help translate therapies into the clinical setting.
Introduction

T

he most effective approach to improve clinical outcomes after myocardial infarction (MI) is reperfusion of
the occluded artery.1 However, reperfusion itself leads to additional injury, termed ischemia–reperfusion injury (IRI).2 IRI
involves the death of cells that were otherwise still viable at the
end of the ischemic insult, and it is a significant contributor to
the final infarct size. IRI is potentially preventable and limiting
it will be a major step in managing cardiovascular disease.
Despite the importance of reducing IRI, there is currently
no effective clinical therapy. Ischemic preconditioning—
subjecting the heart to short periods of ischemia and reperfusion that cause no damage before the actual ischemic
insult—has reduced the final infarct size in animals.3 How-

ever, ischemic preconditioning is not a clinically relevant
therapy because it must occur before the MI. Instead, efforts to
reduce IRI have focused on the modification of reperfusion
conditions or addition of therapeutics during reperfusion.
Currently, the therapeutic development for IRI relies on
animal studies. However, physiological differences between
animals and humans can hinder the clinical predictability of
these studies.4–6 Significantly, none of the therapeutics that
have demonstrated decreased IRI in preclinical studies have
improved outcomes in large clinical trials.7–10 This lack of
success indicates that current preclinical models are inadequate,11 and that new approaches predictive of human
pathophysiology of ischemia and reperfusion are needed. In
particular, human tissue models are potentially powerful
tools to facilitate translation into the clinical setting.12
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In this study, we created a human tissue model of myocardial IRI. The model utilized human induced pluripotent
stem cell-derived cardiomyocytes (hiPS-CMs) to study the
effects of IRI on a human platform. However, hiPS-CMs are
notoriously fetal in nature,13 so we promoted their maturation through culture in a tissue engineering bioreactor.14–19
The resulting cardiac constructs were subjected to simulated
ischemia–reperfusion and tested for therapeutic strategies to
reduce IRI. We saw increases in cell injury upon reperfusion
compared to simulated ischemia only, and the reduction of
IRI through ischemic preconditioning and modification of
reperfusion conditions.
Materials and Methods
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Detailed methods are provided in the Supplementary
Data (Supplementary Data are available online at www
.liebertpub.com/tea).
Cell culture

The hiPS cell line WTC11 was kindly provided by
Dr. Bruce Conklin (through a Material Transfer Agreement
with the Gladstone Institute of Cardiovascular Disease,
UCSF). The hiPS cells were maintained in mTeSR 1 medium (STEMCELL Technologies) and differentiated into
cardiomyocytes by following published methods routinely
used in our laboratory.20 Briefly, differentiation was
achieved through modification of the Wnt pathway using
CHIR 99021 and Wnt-C59 (Tocris).
Bioreactor design

The bioreactors were formed from polydimethylsiloxane
(PDMS) in a custom-designed mold. The bioreactor itself
contained a small well (6 mm · 8 mm · 2 mm) for construct
formation inside a larger well (41 mm · 12 mm · 6.5 mm),
serving as a culture medium reservoir. The construct formed
around two pairs of flexible PDMS pillars that were spaced
4.5 mm apart. Each bioreactor supported the formation of
four independent constructs (Fig. 1A).
Bioreactor cultivation of cardiac constructs

hiPS-CMs were generated in monolayers by staged differentiation over a period of 12–17 days. The resulting
cells were early-stage cardiomyocytes that were used to form
tissue constructs and matured during subsequent bioreactor culture similar to our previous studies.17 Approximately
25 · 106 hiPS-CMs/mL were encapsulated in a hydrogel
containing 1.5 mg/mL of rat collagen type I (Corning) and
4 mg/mL bovine fibrinogen (Sigma). One hundred twenty
microliter of cell–hydrogel solution was placed into each
well of the bioreactor to form a cardiac construct around the
pillars. The constructs were cultured in RPMI 1640 medium
supplemented with 2% B27 (Thermofisher), 213 mg/mL
ascorbic acid, 100 U/mL penicillin, and 100 mg/mL streptomycin. Aprotinin (33 mg/mL; Sigma) was added to the
media for the first 7 days of culture. Constructs were analyzed and used for modeling of IRI either after 2 weeks of
culture (relatively mature constructs) or 3 days of culture
(immature constructs).
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Histology and immunostaining

Constructs were fixed in 4% paraformaldehyde, frozen,
and cut into 10-mm thick sections that were stained with
cardiac troponin T antibody (1:100, MS-295-P1; Thermofisher), and visualized with goat anti-mouse Alexa Fluor 488
(Thermofisher; A-11001). Nuclei were counterstained with
4¢,6-diamidino-2-phenylindole.
Isoproterenol dose–response

To evaluate construct function, isoproterenol (Sigma;
I6504) was used to measure chronotropic and ionotropic
responses. Twenty-second long videos were taken at each
concentration of isoproterenol and analyzed in MATLAB
using a custom-written code, similar to our previous studies,17 to measure the beating frequency and the fractional
area change (FAC). FAC was determined by masking the
construct area and measuring the change in area between the
relaxed and contracted state. Response was determined by
comparing each construct to its baseline. Dose–response
curves were analyzed in GraphPad Prism 6 software using
built-in nonlinear regression tools.
Modeling of ischemia and ischemia–reperfusion

To model ischemia, the constructs were washed, and incubated in 120 mL of ischemic solution (119 mM NaCl,
12 mM KCl, 1.2 mM NaH2PO4, 1.3 MgSO4, 0.5 MgCl2, 0.9
CaCl2, 20 mM sodium lactate, and 5 mM HEPES, pH = 6.4)
added to each bioreactor construct formation well. The
small volume promoted metabolic waste accumulation and
allowed constructs to modify their extracellular environment. These conditions were used to mimic the nutrient
deprivation, hyperkalemia, high lactate concentration, and
low extracellular pH seen during ischemia in the heart.
Bioreactors were placed into a hypoxic chamber, perfused
by anoxic gas (95% N2, 5% CO2), and cultured at 37C for
6 h (Supplementary Fig. S1A).
To model reperfusion, constructs were returned to a
mixture of air and 5% CO2 to restore oxygenation, and 2 mL
media were added to the bioreactors to fully washout the
accumulated waste, replenish nutrients, and reestablish extracellular pH and ionic balance (Supplementary Fig. S1B).
The media consisted of RPMI 1640 supplemented with
1.4 mM calcium chloride (to establish physiological calcium
concentration of 1.8 mM21) and 2% B27 without antioxidants (Thermofisher 10889038), at pH = 7.4. Bioreactors
were placed into the incubator at 37C for 3 h before endpoint analysis was performed.
Normoxic (control) constructs were cultured under the
conditions used for reperfusion for the entire duration of the
experiment (9 h) (Supplementary Fig. S1C).
Treatments to reduce IRI

For ischemic preconditioning, constructs were subjected
to simulated ischemia for 30 min, followed by simulated
reperfusion for 15 min. The constructs were then subjected
to normal simulated ischemia–reperfusion; the exact conditions for both stages are detailed above
The reperfusion medium was modified to test cardioprotective strategies. To test reperfusion with acidic media,
the reperfusion medium was titrated down to pH = 6.4
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FIG. 1. Bioreactor for the formation and maturation of human cardiac constructs. (A, B) Overview of the bioreactor.
Constructs formed by seeding hiPS-CMs in a collagen–fibrinogen hydrogel around flexible pillars. Flexible pillars provided
mechanical conditioning through passive tension and allowing for auxotonic contractions. (C–E) Immunofluorescence
images demonstrating the presence of aligned and cross-striated hiPS-CMs along the edge of the construct. 4¢,6-Diamidino2-phenylindole (blue), cardiac troponin T (green/white). (F, G) Response of cardiac constructs to b-adrenergic stimulation using
isoproterenol. (F) BPM for chronotropic response and (G) FAC as an indicator of force generation for ionotropic response.
Data are presented as mean – SD (n = 6). hiPS-CM, human induced pluripotent stem cell-derived cardiomyocyte; BPM, beats
per minute; FAC, fractional area change; SD, standard deviation. Color images are available online.
using 1 N HCl. To test the effects of drugs, either cyclosporine A (CsA, 1 mM; Sigma C1832) or N-acetyl-lcysteine (NAC, 5 mM; Sigma A9165) was added to the
reperfusion medium.
All treatment groups were compared to normoxic control
and constructs subjected to normal simulated ischemia–
reperfusion. All media used for simulated reperfusion were
checked for pH and titrated to a pH = 7.4 using 1 N NaOH or
1 N HCl, except for acidic reperfusion (pH = 6.4) (Supplementary Fig. S1C).

Construct characterization after simulated
ischemia–reperfusion

Cell death was assessed by measuring cell membrane
permeability through lactate dehydrogenase (LDH, 88954;
Thermofisher) and adenylate kinase (AK) release (LT07;
Toxilight, Lonza) into the media. Cell viability was determined using RealTime-Glo (Promega; G9712). Mitochondrial membrane permeability (MMP) was assessed using
JC-1 dye by measuring excitation at 485 nm and comparing
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emission at 528 and 590 nm. Reactive oxygen species (ROS)
levels were measured using ROS-Glo (Promega; G8820).
Construct intracellular pH was measured using pHrodo
Green dye (ThermoFisher; P35373). All assays were used
according to manufacturer’s instructions.
Western blot
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For Western blot analysis, 3–4 constructs per group were
pooled together, flash-frozen, and homogenized. Protein
concentrations were determined using bicinchoninic acid
assay, and 30 mg of total protein was added to each lane.
Membranes were probed using antibodies, as follows, and
developed under chemiluminescence: all antibodies obtained from Cell Signaling Technology: cleaved caspase-3
(9664), total caspase-3 (9668), phospho-Akt (4060), Akt
(pan) (2920), and b-tubulin (86298). Quantification was
done in Licor Image Studio software.
Statistical analysis

Two-way unpaired t-test was used to compare two
groups, while analysis of variance with post-hoc Tukey’s
HSD was used to compare three groups. p < 0.05 was used as
a statistically significant difference. Statistical tests were
performed using GraphPad Prism 6 software.
Results
Cardiac construct formation

Cardiac tissue constructs were formed by encapsulating
hiPS-CMs in a collagen–fibrinogen hydrogel in the bioreactor. The construct formation well contained two pairs of
flexible pillars for the cardiac constructs to form around and
attach to, inside a larger well for medium addition (Fig. 1A,
B). The flexible pillars provided passive tension to the
construct to help align the cardiomyocytes, and they allowed
for auxotonic contractions promoting mechanical conditioning and cardiomyocyte maturation.
After 2 weeks of bioreactor culture, the constructs were
examined for their morphology. Histology revealed that
the tissues were more compact at the periphery than at the
construct center (Fig. 1C), likely due to the construct size
limiting oxygen and nutrient availability to the center. The
cardiomyocytes in the peripheral layers of the construct
appeared more mature with aligned and cross-striated
morphology (Fig. 1D, E).
Responses to b-adrenergic stimulation were measured
using serial dilutions of isoproterenol. A positive chronotropic response was demonstrated, with an increase from
29.9 – 11 beats per minute (BPM) at baseline to 54.0 – 7.5
BPM at 10 mM isoproterenol, and an EC50 of 1.3 nM
(Fig. 1F). The constructs were further analyzed for the
FAC, a proxy for force generation. Increases in FAC
from baseline to 100 nM were observed. Nonlinear regression of the dose–response data determined that the
changes in FAC were significant and are indicative of a
positive ionotropic response to isoproterenol (Fig. 1G and
Supplementary Fig. S2). Taken together, the constructs
demonstrated comprehensive responses to b-adrenergic
stimulation.
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Distinguishing ischemic and reperfusion injury

Because in vitro models examine IRI in non-physiological
settings, they must first be validated to demonstrate that IRI
can be observed. We specifically aimed to distinguish ischemic injury from reperfusion injury by comparing the
construct responses to ischemia only (‘‘Isch’’) and ischemia
followed by reperfusion (‘‘Rep’’). The Isch and Rep groups
were further compared to control constructs cultured under
normoxic culture conditions (‘‘Norm’’) (Fig. 2A).
Isch constructs demonstrated significant increases in cell
death over Norm constructs, as evidenced by measurements
of LDH and AK release. Reperfusion led to further cell injury
with a significant increase in cell death in Rep over Isch
constructs (Fig. 2B, C). Furthermore, the Isch group demonstrated a significant decrease in cell viability compared to
Norm controls, and reperfusion led to a further decrease in the
Rep group (Fig. 2D). These results demonstrated that simulated ischemia caused cell injury in the cardiac constructs,
and that reperfusion further exacerbated injury compared to
ischemia alone.
JC-1 staining was used to further characterize IRI by
assessing MMP. Mitochondrial permeability transition pore
(MPTP) opening with subsequent mitochondria depolarization is known to be a critical step leading to cell death
due to reperfusion injury.22 We observed a significant increase in MMP in the Isch constructs over the Norm group
(Fig. 2E). Reperfusion led to an even larger increase in
MMP, with a significant increase in Rep over Isch constructs, indicating opening of the MPTP during reperfusion.
Reperfusion and restoration of physiologic oxygen levels
in the infarct region lead to rapid generation of ROS and
oxidative stress that contributes to reperfusion injury.23 Rep
constructs demonstrated higher levels of ROS compared to
Isch and Norm constructs (Fig. 2F), indicating that oxidative
stress after reperfusion could be contributing to IRI in the
human tissue model.
Constructs were also evaluated for ultrastructural changes
after ischemia and reperfusion. Normoxic constructs demonstrated aligned and striated staining for cardiac troponin
T. This organization was disrupted to some extent in Isch
constructs and even more so in Rep constructs compared to
Norm constructs (Fig. 2G).
While ischemia leads to initial activation of apoptotic
pathways to cause cell death, reperfusion leads to a further
increase in apoptosis that contributes to injury.24–27 We
assessed apoptosis in the constructs by examining the
cleavage of caspase 3 into its active form through Western
blot analysis. Isch constructs demonstrated a small increase
in the ratio of cleaved and total caspase 3, while Rep
constructs demonstrated a significantly higher increase in
caspase 3 cleavage (Fig. 2H). Overall, these results demonstrated that reperfusion led to increased injury over ischemia alone in the constructs.

Effects of construct maturity

As a part of model validation, we established the importance of the bioreactor in providing a platform for maturation of hiPS-CMs by examining the responses of
relatively immature cardiac constructs to simulated ischemia–reperfusion. Immature cardiac constructs were tested

HUMAN TISSUE-ENGINEERED MODEL OF ISCHEMIA–REPERFUSION INJURY
Ischemic preconditioning

We next sought to demonstrate the utility of the system
for examining various strategies to reduce IRI in the
cardiac constructs. Ischemic preconditioning is the only
treatment known to robustly decrease IRI in animal
models,3 but this treatment has not been rigorously demonstrated to decrease IRI in humans. Importantly, preconditioning cannot be studied in acute MI patients as it
must occur before the ischemic insult. A human tissue
model would thus be useful to study ischemic preconditioning in a controllable setting.
We simulated ischemic preconditioning by subjecting the
constructs to 30 min of ischemia and 15 min of reperfusion
before the simulated ischemia–reperfusion regimen (‘‘PreC’’)
(Fig. 3A). Preconditioned constructs demonstrated a decrease
in cell death, as measured by LDH and AK release (Fig. 3B,
C), and an increase in cell viability compared to the Rep
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after 3 days of bioreactor culture, compared to the 2 weeks
of culture for other studies. Three days was after they first
started to demonstrate spontaneous contractions, but before
they had time to structurally and functionally mature.
Immature constructs were subjected to ischemia–
reperfusion and compared to immature normoxic (control)
cardiac constructs. Reperfused constructs demonstrated no
difference in LDH release compared to normoxic controls,
but they did have significantly higher AK release (Supplementary Fig. S3A, B). The differences in cell death were
much smaller than those seen in matured constructs. Cell
viability and MMP measurements demonstrated no difference between the groups (Supplementary Fig. S3C, D). The
immature cardiac constructs did not demonstrate the comprehensive response observed in their more mature counterparts (Fig. 2). We concluded that construct maturation in
the bioreactor is a critical component for modeling IRI using
the human tissue model.
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FIG. 2. Validating presence of ischemia–reperfusion injury in cardiac constructs. (A) Response of constructs to simulated
ischemia (‘‘Isch’’) and simulated ischemia followed by reperfusion (‘‘Rep’’) compared to constructs cultured under normoxia
(‘‘Norm’’). Constructs were analyzed for (B, C) cell death as measured by LDH and AK release, (D) cell viability as measured
using RealTime-Glo assay, (E) mitochondrial membrane permeability as measured by JC-1 dye, where increased ratio of
emission at 528 and 590 nm is correlated with higher permeability, and (F) ROS. Data in (B–E) (five independent experiments)
and (F) (four independent experiments) and are shown as individual data points with mean – SD. (G) Representative images of
cardiac construct ultrastructure. Cardiac troponin T (white), scale bar = 20 mm. (H) Apoptosis determined by Western blot
analysis of cleaved and total caspase 3. Data from three independent experiments are shown as mean – SD. Statistical analysis
done using ANOVA with post-hoc Tukey’s HSD, #Indicates statistical significance compared to all other groups, *Indicates
significant difference between groups, p < 0.05. LDH, lactate dehydrogenase; AK, adenylate kinase; ROS, reactive oxygen
species, ANOVA, analysis of variance. Color images are available online.
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(Fig. 3G). This difference was not statistically significant,
but it does suggest that the activation of kinases in animals
can be seen in vitro in human tissue models. Overall, these
results support the use of engineered cardiac constructs as a
human model of ischemic preconditioning.
Targeting rapid normalization of intracellular pH

We next aimed to test therapeutic strategies that can be
applied during reperfusion. Our first therapeutic target was
the rapid normalization of intracellular pH seen during
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group (Fig. 3D). Furthermore, JC-1 staining demonstrated
that preconditioning helped to partially prevent the increase
in MMP seen in reperfused constructs (Fig. 3E). Western blot
analysis also indicated that preconditioning resulted in a trend
of decreased apoptosis and caspase 3 cleavage, although the
differences were not statistically significant (Fig. 3F).
Ischemic preconditioning is cardioprotective, at least in
part, through the activation of prosurvival kinases.28,29
Western blot analysis of the cardiac constructs determined
that there was increased phosphorylation and activation of
the cell survival factor Akt in the preconditioned constructs

CHEN AND VUNJAK-NOVAKOVIC

FIG. 3. Ischemic preconditioning of cardiac constructs (‘‘PreC’’) to decrease ischemia–reperfusion injury. (A) Schematic
of the experimental protocol with the comparison groups. Constructs were analyzed for (B, C) cell death as measured by
LDH and AK release, (D) cell viability as measured using RealTime-Glo assay, and (E) mitochondrial membrane permeability as measured by JC-1 dye, where increased ratio of emission at 528 and 590 nm is correlated with higher
permeability. Data are from four independent experiments and are shown as individual data points with mean – SD.
Statistical analysis done using ANOVA with post-hoc Tukey’s HSD, #Indicates statistical significance compared to all other
groups, *Indicates significant difference between groups, p < 0.05. Western blot analysis of (F) apoptosis by cleaved to total
caspase 3 ratio and (G) prosurvival kinase activation by phosphorylated to total Akt ratio. Data are from three independent
experiments, and are shown as mean – SD. Data were not statistically significant by unpaired t-test and ANOVA, p < 0.05.
Color images are available online.
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though the levels of MMP were still significantly higher
than in normoxic constructs (Fig. 4F). Western blot also
confirmed that reperfusion with acidic media led to a significant decrease in the caspase 3 cleavage compared to Rep
constructs (Fig. 4G). Reperfusion with acidic media demonstrated that in our constructs, IRI could be reduced by
modifying reperfusion conditions.
Targeting opening of the MPTP

We next sought to reduce IRI in the constructs by preventing reperfusion-induced opening of the MPTP with
subsequent mitochondria depolarization and cell death.22,32
Cyclophilin D (CypD) is a regulator of the MPTP, and it has
been found that knockout of CypD in animals is cardioprotective.33 CsA can regulate CypD and decrease IRI by
inhibiting opening of the MPTP.34
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reperfusion. Ischemia leads to intracellular acidosis, while
reperfusion causes a rapid restoration of intracellular pH,
intracellular calcium overload, and eventually, cell death.30,31
We attempted to minimize the proton gradient during reperfusion to reduce IRI by reperfusion with a medium pH of
6.4 (‘‘Rep [pH 6.4]’’) and compared it to normal simulated
reperfusion with a culture medium pH of 7.4 (‘‘Rep [pH
7.4]’’) (Fig. 4A).
pHrodo staining confirmed a lower intracellular pH in the
cardiac constructs after simulated ischemia (Fig. 4B). Reperfusion with acidic media demonstrated a decrease in cell
death, as assessed by LDH and AK release (Fig. 4C, D).
However, the rep (pH 6.4) group did not demonstrate improvements in cell viability as measured by cell activity
(Fig. 4E), presumably due to acidic media inhibiting normal
cell activity. The rep (pH 6.4) group did have a significant
decrease in MMP compared to the rep (pH 7.4) group, al-

717

FIG. 4. Reperfusion with acidic media (‘‘Rep [pH 6.4]’’) to prevent rapid intracellular pH normalization and reduce
ischemia–reperfusion injury. (A) Schematic of the experimental protocol for the comparison groups. (B) Measurement of
intracellular pH using pHrodo dye. Higher fluorescence signal indicates a lower intracellular pH. Data are from two
independent experiments. Constructs were analyzed for (C, D) cell death as measured by LDH and AK release, (E) cell
viability as measured using RealTime-Glo assay, and (F) mitochondrial membrane permeability as measured by JC-1 dye,
where increased ratio of emission at 528 and 590 nm is correlated with higher permeability. Data are from four independent
experiments and are shown as individual data points with mean – SD. Statistical analysis was done using ANOVA with posthoc Tukey’s HSD, #Indicates statistical significance compared to all other groups, *Indicates significant difference between
groups, p < 0.05. (G) Western blot analysis of apoptosis by cleaved to total caspase 3 ratio. Data are from three independent
experiments, mean – SD. *Indicates significant difference between groups as determined by unpaired t-test, p < 0.05. ns, not
significant. Color images are available online.
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We assessed the efficacy of CsA to reduce IRI in the
engineered cardiac constructs. The addition of CsA (1 mM)
during reperfusion (‘‘CsA’’) (Fig. 5A) reduced cell death as
shown by LDH and AK release, and led to increased cell
viability (Fig. 5B–D). CsA-treated constructs also displayed
decreased MMP compared to reperfused constructs
(Fig. 5E). CsA treatment led to a nonsignificant decrease in
caspase 3 cleavage (Fig. 5F). These results indicate that CsA
can decrease IRI in the human tissue model through inhibition of MPTP opening.
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Targeting oxidative stress

Reperfusion leads to rapid increases in ROS generation due
to reactivation of the electron transport chain.35 The large
amount of ROS overwhelms endogenous antioxidants, damages cellular membranes and proteins, and induces opening of
the MPTP to contribute to IRI.23,36 We explored the use of
antioxidants to target oxidative stress and help reduce IRI.
The antioxidant, NAC (5 mM), was added during reperfusion to test if it could reduce IRI (‘‘NAC’’) (Fig. 6A).
In the tissue-engineered cardiac constructs, the administration of NAC on reperfusion significantly decreased ROS
levels compared to normoxic and reperfused constructs,
which confirmed its antioxidant properties (Fig. 6B). However, NAC-treated constructs demonstrated no difference in
cell death (Fig. 6C, D), cell viability (Fig. 6E), or MMP
levels (Fig. 6F) compared to reperfused constructs. These
results indicated that NAC could reduce ROS levels in the
constructs, but it remained ineffective as a treatment for IRI
in this in vitro model.

CHEN AND VUNJAK-NOVAKOVIC
Discussion

We proposed the first human tissue-engineered model of
myocardial IRI as an improved platform for preclinical
studies of IRI. Currently, studies of IRI and cardioprotective
therapies rely on the use of animals and animal-derived cardiomyocytes.37 However, animal use, particularly rodents,
can be problematic because animal hearts have physiological
differences that can influence their response to IRI.4–6
Instead, we sought to build a human tissue model by
utilizing hiPS-CMs to form engineered cardiac muscle.
hiPS cells are a robust and patient-specific source of cardiomyocytes for in vitro models of this kind. Notably,
isolated and immature cardiomyocytes are more resistant
to ischemic injury38; therefore, hiPS-CMs have a limited
utility for modeling IRI because of their fetal-like phenotype. Cardiac tissue engineering can promote hiPS-CM
maturation14–19 and help develop a more predictive human
tissue model of IRI.
We sought to mature hiPS-CMs by encapsulating them in a
collagen–fibrinogen hydrogel around flexible pillars for threedimensional culture. The hydrogel would shrink around the
pillars to condense the construct, and the pillars would provide passive tension to help align the cardiomyocytes and
allow for auxotonic contractions for mechanical conditioning.
The constructs were allowed to culture in the platform for 2
weeks to promote mechanical conditioning and maturation of
the cardiomyocytes. While studies have shown enhanced
maturation with longer bioreactor culture times,15,17 we decided to utilize 2 weeks to allow for increased experimental
throughput.

FIG. 5. CsA addition to prevent opening the mitochondrial permeability transition pore during reperfusion. (A) 1 mM CsA
was added to the reperfusion media (‘‘CsA’’). Constructs were analyzed for (B, C) cell death as measured by LDH and AK
release, (D) cell viability as measured using RealTime-Glo assay, and (E) mitochondrial membrane permeability as
measured by JC-1 dye, where increased ratio of emission at 528 and 590 nm is correlated with higher permeability. Data are
from four independent experiments and are shown as individual data points with mean – SD. Statistical analysis was done
using ANOVA with post-hoc Tukey’s HSD, #Indicates statistical significance compared to all other groups, *Indicates
significant difference between groups, p < 0.05. (F) Western blot analysis of apoptosis by cleaved to total caspase 3 ratio.
Data are from three independent experiments, mean – SD. Not significant by unpaired t-test, p < 0.05. CsA, cyclosporine A.
Color images are available online.
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FIG. 6. Addition of NAC to reduce reperfusion-induced oxidative stress. (A) 5 mM NAC was added to the reperfusion
media (‘‘NAC’’). Constructs were analyzed for (B) levels of ROS, (C, D) cell death as measured by LDH and AK release,
(E) cell viability as measured using RealTime-Glo assay, and (F) mitochondrial membrane permeability as measured by JC1 dye, where increased ratio of emission at 528 and 590 nm is correlated with higher permeability. Data aggregated from (B)
three and (C–F) four independent experiments. Individual data points with mean – SD. Statistical analysis was done using
ANOVA with post-hoc Tukey’s HSD, #Indicates statistical significance compared to all other groups, *Indicates significant
difference between groups, p < 0.05. NAC, N-acetyl-l-cysteine. Color images are available online.
The resulting cardiac constructs demonstrated aligned and
striated cardiomyocytes along the periphery, but not at the
construct center. This indicates that further improvements to
the bioreactor design are needed to achieve a spatially homogenous, dense, and fully mature tissue. Our constructs are
still relatively immature compared to adult heart tissue.
Construct function was tested and showed an increase in
beat frequency and FAC to b-adrenergic stimulation. Studies have demonstrated that contractile force can be directly
measured by optically determining changes in construct
length if the elastic modulus of the PDMS pillar is
known.39,40 We were unable to reliably manufacture PDMS
with the same modulus to directly determine construct
contractile force, but by measuring changes in construct area
(FAC), we could still indirectly assess changes in contractile
force and ionotropic response to isoproterenol. Our constructs demonstrated functional maturation with both a
positive chronotropic and ionotropic response to badrenergic stimulation, where positive ionotropic responses
are not seen in immature cardiomyocyte monolayers.41 It is
the presence of aligned and cross-striated cardiomyocytes at
the construct periphery and the complete response to badrenergic stimulation that allowed us to utilize the platform
to study IRI.
Ischemia is both a hypoxic and substrate-depleted environment due to occlusion of the upstream blood vessel that
causes changes to the intracellular and extracellular environment. We simulated these aspects in vitro by placing our
constructs in a hypoxic environment and in a solution that
was devoid of metabolic substrates and recapitulated the
expected extracellular ischemic changes, such as acidic pH,
hyperkalemia, and lactate accumulation that inhibits glycolysis.

An ischemic time of 0.5–1 h is typically utilized in animal
studies to assess injury.3 However, our model is still relatively immature compared to adult heart tissue, and a longer
ischemic time was needed to see changes in cell injury. We
utilized 6 h of simulated ischemia, similar to another study
that assessed ischemic changes in an engineered heart
construct utilizing rat cardiomyocytes.42 The clinical trials,
CIRCUS and CYCLE, to assess CsA efficacy in reducing
IRI included patients up to 6–12 h after MI symptom onset,
which indicates that clinicians are interested in this ischemic
time frame.8,9
Our bioreactor was specifically designed for study of IRI.
It featured two spaces for medium addition that allowed for
rapid changes between ischemia and reperfusion conditions.
A small amount of ischemic solution was added to the
construct well during simulated ischemia, which allowed for
the accumulation of metabolic wastes around the cardiac
constructs and for them to further modify their extracellular
environment. To reperfuse, media were added to the large
space surrounding the construct well, to rapidly restore
nutrients and extracellular ion and pH balance with minimal
manipulation.
To validate the model, we demonstrated critical aspects of
IRI in constructs exposed to ischemia only and ischemia
followed by reperfusion. Cell injury was assessed by at least
two methodologically different assays as recommended by
Nomenclature Committee on Cell Death guidelines.43 We
determined changes in cell injury by measuring cell membrane permeability using LDH and AK release, cell activity
and viability using RealTime-Glo assay, and MMP using
JC-1 dye. We saw that our ischemia-only constructs demonstrated significant differences in all of our cell injury
assays compared to normoxic control constructs, which
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established that simulated ischemia led to ischemic injury in
our constructs. Furthermore, we saw that the increases in
cell injury, as measured by our assays, were significantly
magnified by reperfusion, which demonstrated that reperfusion led to increased injury over ischemia alone. Critically, we observed significant increases in MMP after
reperfusion, which correlates with opening of the MPTP to
cause cell death.22 Many efforts to treat IRI have focused on
the opening of the MPTP as a critical therapeutic target.8,9
In addition to our primary assays to assess cell injury, we
wanted to further characterize changes due to IRI. Apoptosis
in IRI is thought to be driven by reperfusion,24–27 and as
expected, we saw little caspase 3 activation in our ischemic
constructs, but significantly increased apoptotic activity in
our reperfused constructs. Caspase inhibition during reperfusion has helped decrease IRI,44 but it may ultimately
have limited efficacy due to the significant amount of necrotic injury that is seen during reperfusion.45 We also saw
disorganized cardiac ultrastructure after simulated ischemia–
reperfusion, which may be the result of reperfusion-induced
intracellular calcium overload leading to activation of
intracellular proteases.46,47 Overall, these results support
the utility of the proposed model in recapitulating IRI.
We also examined the responses of relatively immature
constructs to ischemia–reperfusion in our model. The fetal
heart is relatively resistant to hypoxia,48 and we observed
that the immature cardiac constructs (after 3 days of culture,
when macroscopic contractions are first observed) were also
resistant to ischemic injury. These immature constructs did
not demonstrate significant differences between ischemia–
reperfusion and normoxia, and the lack of response helped
to establish the importance of mechanical conditioning and
maturation in developing a model of IRI.
While ischemic preconditioning has demonstrated robust
and strong cardioprotection in animal models,3 study of it in
humans has been limited due to lack of a robust platform.49
Evidence for cardioprotection by ischemic preconditioning
in humans has been found through better outcomes in
patients with preinfarction angina, patients undergoing
coronary artery bypass surgeries, as well as in models of
quiescent primary human ventricular cardiomyocytes and
isolated atrial trabeculae.50–54 An engineered human tissue
model offers a more physiological and robust platform to
study ischemic preconditioning and evaluate its potential
benefits. In this study, we demonstrated that ischemic preconditioning helped decrease IRI in a human tissue model.
Similar to what has been shown in animals, the preconditioned constructs displayed increased activation of
prosurvival kinases. Further identification of the specific
proteins that drive cardioprotection will be important because they may differ between humans and animals. For
example, STAT3 activation and STAT5 attenuation were
cardioprotective in mouse models,55 but the opposite was
found in humans.56 Furthermore, cardioprotection through
other more clinically relevant ischemic conditioning regimens, such as postconditioning and remote ischemic conditioning, has been found to function through similar
activation of prosurvival pathways.57,58 Thus, the use of the
human tissue model to study ischemic conditioning would
help glean insights into modalities to reduce IRI.
We decided to only utilize one cycle of ischemic preconditioning in our studies to limit manipulation of the
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constructs. Studies have suggested that there is a minimum
preconditioning stimulus that must be achieved through either number of ischemia–reperfusion cycles or duration of
ischemia to provide cardioprotection.59–62 We utilized a
longer 30-min ischemic time in our preconditioning regimen
to provide a stronger single stimulus compared to the multiple cycles of 4–5 min used in animal studies.3 In our future
studies, we wish to assess the molecular changes that are
characteristic of crossing the preconditioning threshold to
better understand its cardioprotective effects.
We also sought to reduce IRI after the ischemic insult by
modifying reperfusion conditions. Ischemia leads to a
switch from aerobic respiration to anaerobic glycolysis, a
decrease in ATP turnover, and a decrease in intracellular
pH.63 Reperfusion causes rapid normalization of intracellular pH by creating a large proton gradient between the
intracellular and extracellular space, which drives intracellular calcium overload and cell death.30 However, pharmacological inhibition of the sodium-hydrogen exchanger to
prevent rapid pH normalization has had mixed success.64–67
We instead leveraged the increased control offered in an
in vitro model and sought to prevent rapid pH normalization
by reperfusion with acidic media to decrease the pH gradient. We saw a decrease in cell death, MPTP opening, and
apoptosis. Reperfusion with acidic media has previously
demonstrated a reduction in IRI in rat cardiomyocytes and
isolated hearts,68,69 and we have shown that it is also cardioprotective in a human tissue model. We decreased IRI by
modifying the cellular environment during reperfusion, and
the results also indicate that inhibition of intracellular pH
normalization remains a viable therapeutic target.
The proposed model of IRI was also used for pharmacological screening of therapeutics that could be added
during reperfusion to decrease IRI. Many drugs have demonstrated the ability to decrease the infarct size in animals,
but none has shown benefits in large clinical trials.8–10 We
sought to decrease IRI by targeting some of the putative
mechanisms of damage—the use of CsA to prevent MPTP
opening and the use of NAC to reduce oxidative stress.
CsA addition during reperfusion demonstrated a decrease
in IRI, and critically, it also decreased MMP. This finding
indicates that CsA was able to reduce reperfusion injury by
preventing opening of the MPTP. Although CsA usage in
the CYCLE and CIRCUS clinical trials did not demonstrate
improved clinical outcomes,8,9 the trials have also been
criticized for utilizing a different CsA formulation compared
to an earlier trial,34 and for the increased use of cardioprotective platelet inhibitors in patients, which might mask any
benefit of CsA administration.70 The encouraging results of
CsA in the human tissue model indicate that the design of
the clinical studies may have confounded potential cardioprotective effects.
On the other hand, the antioxidant NAC failed to reduce
IRI in the cardiac constructs, despite the known importance
of oxidative stress in causing reperfusion injury.23,36 NAC
decreased the overall ROS levels in the construct, but despite this reduction, NAC did not seem to inhibit cell death,
improve cell viability, or affect MMP. Antioxidants have
shown mixed results in preclinical studies and small clinical
trials,71–73 and more recently, the specific targeting of mitochondrial ROS generation has become of interest.74 Early
results have indicated that these therapies can reduce IRI
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and need to be further explored.75 We are continuing to use
the human tissue model as a platform for pharmacologic
testing of therapeutics against IRI.
In our studies, we chose to focus on the cardiomyocyte
responses to IRI and only incorporated hiPS-CMs into the
model. Cardiomyocytes only account for one-third of the
cell population in the heart,76 and the other cardiac cell
types have important roles in IRI. Cardiac endothelial cells
and fibroblasts can help mitigate cardiomyocyte injury
through paracrine signaling77–79; however, they can also
propagate IRI through microvascular obstruction and inflammation.80,81 The inclusion of endothelial cells and fibroblasts in future models will be important for developing a
more physiological platform. There are many studies that
have incorporated endothelial cells and a microvasculature
into their cardiac constructs,82–84 and we can now utilize
these methods to enhance our model of IRI.
It is also recognized that our model does not represent the
entire heart. In our studies, the entire cardiac construct is
subjected to the same conditions and ischemic time, but in
an MI, different areas of the heart are subjected to different
degrees of injury. Our constructs did not readily regain
contractile function after IRI and are more representative of
the core infarct area. To assess the infarct border zone and
compare its response to the core area, it will be necessary for
us to alter simulated ischemia–reperfusion conditions. Furthermore, we would like to assess how different regions of
the infarct affect each other and the remote noninfarcted
heart. This will allow us to better understand how treatments
can salvage the entire area at risk and the heart response as a
whole.
Despite encouraging results, it is difficult to determine the
clinical predictivity of the cardiac constructs for pharmacological screening. CsA helped decrease IRI in the cardiac
construct and in other preclinical studies, but it has not been
effective in patients.8,9 This difficulty is further compounded
by the fact that no therapeutic has robustly demonstrated
improved clinical outcomes in patients.
Part of these differences in the results between preclinical
and clinical studies has been attributed to the differences
between patients themselves. Patients have many different
comorbidities and take multiple medications that can affect
their susceptibility to IRI and response to ischemic conditioning.85–87 The patient background needs to be accounted
for in preclinical studies. Thus, the human tissue-engineered
model has significant advantages over animal models for
clinical translation. Recent studies have illustrated that
hiPS-CMs can capture patient-specific disease backgrounds
and cardiac tissue engineering can help recapitulate pathological phenotypes, such as hypertrophy.88–91 The use of
hiPS-CMs offers the opportunity to study IRI on different
genetic backgrounds.
Conclusion

The human tissue-engineered model developed in this
study demonstrated key aspects of IRI, enabled assessment
of the differential responses to ischemia and reperfusion,
and saw the reduction of IRI through various therapeutic
strategies. We anticipate that the use of patient-specific
hiPSCs will allow for recapitulation of patient comorbidities, and further development of the cardiac tissue engi-

721

neering system will lead to more accurate simulation of the
in vivo setting. Additional study on the human tissue model
will help in developing therapies to reduce IRI and facilitate
their translation into the clinical setting.
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Poncelas-Nozal, M., and Garcia-Dorado, D. Calpain

HUMAN TISSUE-ENGINEERED MODEL OF ISCHEMIA–REPERFUSION INJURY

48.

49.
50.
51.

Downloaded by COLUMBIA UNIV from www.liebertpub.com at 06/02/21. For personal use only.

52.

53.

54.
55.

56.

57.

58.
59.

60.

61.

62.

63.

translocation and activation as pharmacological targets during
myocardial ischemia/reperfusion. J Mol Cell Cardiol 49, 271,
2010.
Sedmera, D., Kucera, P., and Raddatz, E. Developmental
changes in cardiac recovery from anoxia-reoxygenation.
Am J Physiol Regul Integr Comp Physiol 283, R379,
2002.
Ludman, A.J., Yellon, D.M., and Hausenloy, D.J. Cardiac
preconditioning for ischaemia: lost in translation. Dis
Model Mech 3, 35, 2010.
Yellon, D.M., Alkhulaifi, A.M., and Pugsley, W.B. Preconditioning the human myocardium. Lancet 342, 276,
1993.
Walsh, S.R., Tang, T.Y., Kullar, P., Jenkins, D.P., Dutka,
D.P., and Gaunt, M.E. Ischaemic preconditioning during
cardiac surgery: systematic review and meta-analysis of
perioperative outcomes in randomised clinical trials. Eur J
Cardiothorac Surg 34, 985, 2008.
Masci, P.G., Andreini, D., Francone, M., et al. Prodromal
angina is associated with myocardial salvage in acute STsegment elevation myocardial infarction. Eur Heart J Cardiovasc Imaging 14, 1041, 2013.
Ikonomidis, J.S., Tumiati, L.C., Weisel, R.D., Mickle,
D.A., and Li, R.K. Preconditioning human ventricular
cardiomyocytes with brief periods of simulated ischaemia.
Cardiovasc Res 28, 1285, 1994.
Walker, D.M., Walker, J.M., Pugsley, W.B., Pattison,
C.W., and Yellon, D.M. Preconditioning in isolated superfused human muscle. J Mol Cell Cardiol 27, 1349, 1995.
Aleshin, A., Ananthakrishnan, R., Li, Q., et al. RAGE
modulates myocardial injury consequent to LAD infarction
via impact on JNK and STAT signaling in a murine model.
Am J Physiol Heart Circ Physiol 294, H1823, 2008.
Heusch, G., Musiolik, J., Kottenberg, E., Peters, J., Jakob,
H., and Thielmann, M. STAT5 activation and cardioprotection by remote ischemic preconditioning in humans:
short communication. Circ Res 110, 111, 2012.
Tsang, A., Hausenloy, D.J., Mocanu, M.M., and Yellon,
D.M. Postconditioning: a form of ‘modified reperfusion’
protects the myocardium by activating the phosphatidylinositol 3-kinase-Akt pathway. Circ Res 95, 230, 2004.
Schmidt, M.R., Redington, A., and Bøtker, H.E. Remote
conditioning the heart overview: translatability and mechanism. Br J Pharmacol 172, 1947, 2015.
Iliodromitis, E.K., Kremastinos, D.T., Katritsis, D.G., Papadopoulos, C.C., and Hearse, D.J. Multiple cycles of
preconditioning cause loss of protection in open-chest
rabbits. J Mol Cell Cardiol 29, 915, 1997.
Schulz, R., Post, H., Vahlhaus, C., and Heusch, G. Ischemic preconditioning in pigs: a graded phenomenon: its
relation to adenosine and bradykinin. Circulation 98,
1022, 1998.
Yamasaki, K., Fujiwara, H., Tanaka, M., et al. Preconditioning with 15-minute ischemia extends myocardial
infarct size after subsequent 30-minute ischemia in rabbits.
Jpn Circ J 61, 344, 1997.
Johnsen, J., Pryds, K., Salman, R., Løfgren, B., Kristiansen,
S.B., and Bøtker, H.E. The remote ischemic preconditioning algorithm: effect of number of cycles, cycle duration
and effector organ mass on efficacy of protection. Basic
Res Cardiol 111, 10, 2016.
Robergs, R.A., Ghiasvand, F., and Parker, D. Biochemistry
of exercise-induced metabolic acidosis. Am J Physiol
Regul Integr Comp Physiol 287, R502, 2004.

723

64. Gumina, R.J., Mizumura, T., Beier, N., Schelling, P.,
Schultz, J.J., and Gross, G.J. A new sodium/hydrogen exchange inhibitor, EMD 85131, limits infarct size in dogs
when administered before or after coronary artery occlusion. J Pharmacol Exp Ther 286, 175, 1998.
65. Javadov, S., Choi, A., Rajapurohitam, V., Zeidan, A.,
Basnakian, A.G., and Karmazyn, M. NHE-1 inhibitioninduced cardioprotection against ischaemia/reperfusion is
associated with attenuation of the mitochondrial permeability transition. Cardiovasc Res 77, 416, 2008.
66. Théroux, P., Chaitman, B.R.R., Danchin, N., et al. Inhibition of the sodium–hydrogen exchanger with cariporide to
prevent myocardial infarction in high-risk ischemic situations. Main results of the GUARDIAN trial. Guard during
ischemia against necrosis (GUARDIAN) investigators.
Circulation 102, 3032, 2000.
67. Zeymer, U., Suryapranata, H., Monassier, J.P., et al. The
Na(+)/H(+) exchange inhibitor eniporide as an adjunct to
early reperfusion therapy for acute myocardial infarction.
Results of the evaluation of the safety and cardioprotective
effects of eniporide in acute myocardial infarction
(ESCAMI) trial. J Am Coll Cardiol 38, 1644, 2001.
68. Bond, J.M., Herman, B., and Lemasters, J.J. Protection by
acidotic pH against anoxia/reoxygenation injury to rat
neonatal cardiac myocytes. Biochem Biophys Res Commun 179, 798, 1991.
69. Inserte, J., Barba, I., Hernando, V., et al. Effect of acidic
reperfusion on prolongation of intracellular acidosis and
myocardial salvage. Cardiovasc Res 77, 782, 2008.
70. Heusch, G. CIRCUS: a kiss of death for cardioprotection?
Cardiovasc Res 108, 215, 2015.
71. Effect of 48-h intravenous trimetazidine on short- and longterm outcomes of patients with acute myocardial infarction, with and without thrombolytic therapy; A doubleblind, placebo-controlled, randomized trial. The EMIP-FR
Group. European Myocardial Infarction Project–Free Radicals. Eur Heart J 21, 1537, 2000.
72. Flaherty, J.T., Pitt, B., Gruber, J.W., et al. Recombinant
human superoxide dismutase (h-SOD) fails to improve
recovery of ventricular function in patients undergoing
coronary angioplasty for acute myocardial infarction.
Circulation 89, 1982, 1994.
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