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Abstract

The development of new cardioprotective approaches using in vivo models of ischemic heart disease remains challenging as differences in cardiac
physiology, phenotype, and disease progression between humans and animals influence model validity and prognostic value. Furthermore, economical
and ethical considerations have to be taken into account, especially when using large animal models with relevance for conducting preclinical studies.
The development of human-induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) has opened new opportunities for in vitro studies on
cardioprotective compounds. However, the immature cellular phenotype of iPSC-CMs remains a roadblock for disease modeling. Here, we show
that metabolic maturation renders the susceptibility of iPSC-CMs to hypoxia further toward a clinically representative phenotype. iPSC-CMs cultured
in a conventional medium did not show significant cell death after exposure to hypoxia. In contrast, metabolically matured (MM) iPSC-CMs showed
inhibited mitochondrial respiration after exposure to hypoxia and increased cell death upon increased durations of hypoxia. Furthermore, we con-
firmed the applicability of MM iPSC-CMs for in vitro studies of hypoxic damage by validating the known cardioprotective effect of necroptosis inhibitor
necrostatin-1. Our results provide important steps to improving and developing valid and predictive human in vitro models of ischemic heart disease.
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Significance Statement

The immaturity of human iPSC-derived cardiomyocytes (iPSC-CMs) remains a roadblock for disease modeling. This study shows that only
after metabolic maturation in low glucose, high oxidative substrate media, iPSC-CMs become susceptible to hypoxia-induced cellular
damage. Inhibition of necroptosis prevented the hypoxia-induced decrease in mitochondrial respiration and cell death in metabolically
matured iPSC-CMs. Together, these findings suggest that metabolically matured iPSC-CMs are susceptible to hypoxia damage,
representing a key step for establishing valid in vitro models of cardiac ischemia.

Introduction

Ischemic heart disease is a major cause of death worldwide.!
The decrease in oxygen and nutrient availability in the myo-
cardium leads to cardiomyocyte (CM) death and therefore loss
of cardiac contractile force.> Current clinical therapies focus
on early reperfusion of the ischemic tissue, thereby decreasing
the tissue damage which occurs after myocardial infarctions.
To develop improved therapeutic approaches to protect the
heart from ischemic damage, both animal models and in
vitro disease modeling platforms have been used frequently.
However, although cardioprotective factors have shown
promising therapeutic effects in in vitro cell models and in an-
imal experiments, they often failed in showing clear beneficial
effects in clinical trials.’ The roles of comorbidities, aging, and
the use of medication, often neglected in preclinical models,
have been considered as reasons for translational failure.*
Moreover, existing models do not robustly reflect the human
CM-specific pathophysiology due to marked differences be-
tween CMs from humans compared to other species,’ for ex-
ample, with respect to calcium handling,® electrophysiology,®
myofilament composition,”® maturation expression profile,’
and metabolism.'” The development of human-induced plu-
ripotent stem cell (iPSC) technology!' and their differentia-
tion to CMs'? opened doors for more suitable human-based
cardiac disease modeling by the generation of patient-specific
CMs® and preclinical screening of therapeutics.'*!> Despite
the mentioned advantages linked to their human origin, iPSC-
CMs, typically derived from a 20-day differentiation pro-
tocol, display a fetal rather than adult CM phenotype.'®!”
Adult human CMs generate 90% of their energy from mito-
chondrial oxidative phosphorylation while neonatal rat CMs
and iPSC-CMs use glycolysis as their main energy source,'®
as reflected in a lower expression of TCA cycle and fatty acid
[B-oxidation markers."”** Thus, human iPSC-CMs can have
limited clinical validity and predictive value as models of path-
ophysiological processes, especially when linked to oxidative
metabolic processes.'”?! Several studies focused on increasing
the maturation of iPSC-CMs by stimulating the postnatal shift
from anaerobic glycolysis-dependent metabolism to aerobic
[-oxidation.'$?>?* Recently, a study showed increased cell
death of metabolically matured (MM) iPSC-CMs for 8 days
in glucose-deprived, fatty acid-rich media, upon submission
to in vitro ischemia-reperfusion injury by applying 2 hours of
complete oxygen deprivation (0% O,) followed by 4 hours of
reperfusion (20% O,).* In a similar attempt, we have shown
that 3 weeks of culture in a medium with physiological levels
of glucose and Ca?* supplemented with a fine-tuned composi-
tion of additives, induced metabolic, structural, electrophysi-
ological, and mechanical iPSC-CM maturation characterized
by lower resting membrane potential, rapid depolarization,
increased sarcoplasmic reticulum calcium cycling, increased
contractile force and enhanced fatty acid oxidation, in line
with CM maturation during cardiac development.'$

In this study, we sought to investigate the utilization of
MM iPSC-CMs to model cardiac ischemic damage and exem-
plarily evaluate the cardioprotective effect of the RIP1 kinase
inhibitor necrostatin-1.

Materials and Methods

Cell Culture

The female iPSC line SCVI-273 (Sendai virus reprogrammed)
was kindly provided by Joseph Wu, Stanford University.2°
The female iPSC line NP0141-31B was generated in the
Sari¢ group from peripheral blood mononuclear cells, also
using the Sendai virus reprogramming method.?”?® This line
is deposited as cell line UKKi032-C at the European Bank
for induced Pluripotent Stem Cells (EBiSC, www.ebisc.org)
and is listed at the international online registry hPSCreg
(www.hpscreg.eu). iPSCs were cultured in Essential 8 me-
dium (Gibco, A1517001) in 0.1 mg/mL matrigel-coated
6-well plates (Corning, CLS356252). When reaching 80%-
90% confluence, directed differentiation to CMs was
initiated by changing medium to RPMI 1640 (Thermo Fisher
Scientific, 11875085) supplemented with 2% B27 minus in-
sulin (Thermo Fisher Scientific, A1895601) (B27-medium)
and 7 pM CHIR99021 (Selleck Chemicals, S2924). After
3 days, B27-medium was changed and supplemented with
2 pM Wnt-C59 (R&D Systems, 5148) to inhibit canonical
Wnt signaling. On day 7, the medium was changed to RPMI
1640 and 2% B27 plus insulin supplement (Thermo Fisher
Scientific, 17504001) (B27+ medium) and on day 9 to RPMI
1640 without glucose (Thermo Fisher Scientific, 118979020)
and 2% B27 plus insulin for purification (depletion of
non-CM cells). On day 11, cells were re-plated in RPMI/
B27 plus insulin supplemented with 10% KnockOut Serum
Replacement (KOSR, Thermo Fisher Scientific, 108280028)
and 10 pM selective Rock-1 inhibitor Y-27632 (Selleck
Chemicals, S1049). After the second purification on day 14
for 2 days in RPMI 1640 without glucose, the medium was
changed to RPMI/B27 plus insulin. On day 20, the purifica-
tion medium was changed to maturation medium,'® or cells
were kept in RPMI/B27 plus insulin. Cells were matured in
maturation medium for 3 weeks before re-plating with me-
dium changes every 4 days.

Damage Induction

Four days before applying hypoxic conditions at day 20, the
medium was changed to medium containing variable nu-
trient compositions (Supplementary Table 1). Ischemia was
induced by incubation at 5% O, in a hypoxia incubator
(In-VitroCell NU-5800, NuAire) providing continuous ox-
ygen monitoring or ~1% O, using the GasPak EZ Pouch
system (BD, 260683) with indicator strips to confirm O,
concentrations below 1%.
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Preconditioning Protective Treatment

Before hypoxia, the medium was changed to media of var-
iant nutrient composition (Supplementary Table 1). iPSC-
CMs were preconditioned with 60 pM necroptosis inhibitor
necrostatin-1 (Nec-1, Abcam ab141053) for 24 hours.

Lactate Dehydrogenase, Glucose, and Lactate
Measurements

Media glucose and lactate levels were determined using the
Accutrend plus device (Roche, 05050472023) and verified
using the glucose (Sigma, MAK083-1KT) and lactate color-
imetric kits (Sigma, MAK064-1KT). Lactate dehydrogenase
levels were determined using the LDH assay colorimetric
kit (Abcam, ab102526) according to the manufacturer’s
instructions.

Immunofluorescent Staining

Live dead assay was performed using EthD1/calcein
AM staining with the LIVE/DEAD Kit, for mammalian
cells (Thermo Fisher Scientific, L3224) according to the
manufacturer’s instructions, and imaging was performed
using the EVOS Floid microscope (Thermo Fisher Scientific,
AMF5000). The ratio of EthD1 to calcein AM was deter-
mined by dividing the number of EthD1-positive cells by the
number of calcein AM-positive cells per image. The averages
of 5 images were used per condition. For immunofluores-
cence stainings, after fixation in 4% paraformaldehyde for
30 minutes, cells were permeabilized in 0.1% Triton X-100
(Sigma, 11332481001) before blocking in 10% normal goat
serum/1% BSA (Sigma, A9418). Primary antibodies used
were: ACTN1 (Sigma-Aldrich, A7811, 1:200), cardiac tro-
ponin T (Abcam, ab45932, 1:100), Ki-67 (Abcam, ab8330,
1:200), pH3 (Cell Signaling Technology, #9701, 1:200),
TOMM20 (Abcam, ab56783, 1:200) and Aurora B kinase
(Abcam, ab2254, 1:100). Detection was mediated by incu-
bation with Alexa Fluor antibody conjugates (Thermo Fisher
Scientific) and nuclei were visualized using DAPI (Thermo
Fisher Scientific, 62248). Mounting was performed using
Fluoromount-G mounting medium (Thermo Fisher Scientific,
00-4958-02). For apoptotic cell death analysis, TUNEL
assays (Roche, 11684795910) were performed according to
the manufacturer’s instructions. Imaging was performed on a
confocal microscope (Leica Sp8x, LAS X imaging software)
and image analysis using Image] (1.51a, Java 1.8.0.231).

Flow Cytometry

Cells were gently dissociated (multi-tissue dissociation Kkit,
Miltenyi Biotec, 130-110-204) and incubated with LIVE/
DEAD fixable green dead cell stain kit (Thermo Fisher
Scientific, L23101). This kit contains a fixable fluorescent dye
that binds to amines. In viable cells, this amine-reactive dye
binds amines on the outer cell surface, as opposed to dead
cells in which the dye can additionally bind internal amines
due to membrane disruption. After staining, cells were fixed
(inside fix solution, Miltenyi Biotec, 130-090-477) and stained
with primary antibodies (diluted in inside perm solution,
Miltenyi Biotec, 130-090-477). ACTN1-VioBlue (Miltenyi
Biotec, 130-127-354, 1:10) and cardiac troponin T VioBlue
(Miltenyi Biotec, 130-120-402, 1:10) were used as conjugated
antibodies. As a control, universal isotype control antibodies
(REA, Miltenyi Biotec, 130-096-932) were used. Media and
washes were collected to obtain a complete representation,
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including detached cells. The samples were analyzed using a
FACS Canto system (BD Biosciences, FACSDiva software 6.0)
and Flow]o software (BD Biosciences, v10).

Beating Rate Analysis

iPSC-CM beating rate was microscopically determined
(Olympus CKXS53) and recorded (Hero 8 GoPro camera).
Beats per minute were quantified by counting the number of
contractions of individual cells from 10-second videos.

Seahorse Analysis

Mitochondrial respiration was measured using a XF24
Extracellular Flux Analyzer (Seahorse Bioscience, Agilent) to
assess the effect of hypoxia on the electron transport chain
complexes. XF24 plates (Agilent, 103518-100) were used and
coated with 0.1 mg/mL Matrigel (Corning, CLS356252) be-
fore cells were seeded at a density of 1.0 x 10° cells per well.
24 hours or 4 hours before Seahorse analysis, plates were
placed in a GasPak EZ Pouch system to induce hypoxia ac-
cording to the manufacturer’s instructions. One hour before
measurement, cells were washed three times with Seahorse XF
DMEM Basal Medium (Agilent, 103680-100), supplemented
with 2% B27, 4 mM glutamine (Gibco, 25030081), 10 mM
glucose (Thermo Fisher Scientific, 15023021), and 1% chem-
ically defined lipid concentrate (Thermo Fisher Scientific,
11905031). Oxygen consumption rate (OCR) was deter-
mined using XF Cell Mito Stress Assay (Agilent, 103015-100)
with subsequent additions of: (1) ATP synthase inhibitor:
2.5 mM oligomycin, (2) uncoupler: 2.5 mM carbonyl cya-
nide 4-(trifluoromethoxy) phenylhydrazone (FCCP) and (3)
complex I/Il inhibitors: 2.5 mM rotenone/antimycin A. At the
end of the measurement, the OCR values were normalized to
cell numbers per well as assessed by Hoechst 33342 (Thermo
Fisher Scientific) staining at x20 magnification imaging using
the Evos microscope and Image].?’ Baseline respiration was
calculated by subtracting the OCR, after the addition of ro-
tenone and antimycin A, from the respiration as measured
at the first time point. ATP production was calculated as the
OCR at the first time point minus the OCR after oligomycin
infusion. The proton leak was determined by subtracting the
OCR after FCCP infusion from the value after oligomycin
infusion. Maximal OCR was calculated as the difference
between the OCR after FCCP infusion and after rotenone
and antimycin A infusion. Respiratory capacity was calcu-
lated by subtracting the difference between the OCR before
the addition of inhibitors and after rotenone and antimycin
A infusion from the OCR after FCCP infusion. Lastly, non-
mitochondrial respiration was defined as the OCR after rote-
none and antimycin A infusion. The experiment was done in
1-2 biological replicates, with each replicate consisting of 5
technical repeats per condition.

Statistical Analysis

iPSC lines from two donors were used and the number (N)
depicted in individual figures represents the number of in-
dependent experiments performed. Each experiment was
performed with both cell lines. Statistical analysis was
performed using Prism 8 (GraphPad) software. Normality
was assessed using a Shapiro-Wilk test. To compare two nor-
mally distributed groups, a Student’s #-test was performed.
For three or more groups and the assessment of one param-
eter, one-way ANOVA statistical test was used. With multiple
parameters and three or more groups, a two-way ANOVA was
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used. For one-way ANOVA and two-way ANOVA, Dunnett’s
multiple comparison test was used as post hoc analysis to de-
termine significance at P < .05. Results are shown as mean =
SEM.

Results

Immature iPSC-CMs Are Not Sensitive to Hypoxia

Human iPSCs were subjected to directed differentiation to
cardiomyocytes (iPSC-CMs) using the Wnt pathway inhibi-
tion differentiation protocol,?”?® resulting in a homogeneous,
autonomously contractile cell population robustly expressing
CM-defining markers troponin T and ACTNT1 (Fig. 1A-1C)
and only low ratios of cells expressing proliferation marker
Ki-67 (5.9% = 0.8%; Fig. 1D), similar to values reported for
neonatal mice and young infant hearts.3%3!

To test the sensitivity of these, presumably immature, iPSC-
CMs to oxygen and nutrient deprivation, we cultured the
cells in four different media of variable nutrient compositions
(Supplementary Table 1) before exposure to hypoxia: (1)
DMEM-GIuw/L (25 mM glucose, 10% KOSR), (2) RPMIL-Glu/
B27 (11.1 mM glucose, 2% B27), (3) RPMI/B27 (0mM glu-
cose, 2% B27), and (4) RPMI-Lac/L (0 mM glucose, lactate,
10% KOSR). DMEM-GIu/L is highest in glucose and lipids,
followed by RPMI-Glu/B27 with high glucose and low lipids,
where both types are commonly used to maintain iPSC-CMs
after differentiation. RPMI/B27 and RPMI-Lac/L are both
used during the purification steps of iPSC differentiation
into CMs and contain no glucose where RPMI/B27 is low
in lipids. RPMI-Lac/L contains additional lactate and higher
lipid concentration to inhibit glycolysis and stimulate the use
of the respiratory chain.®

Incubation in 1% O, for 24 hours did not lead to increased
cell death of iPSC-CMs in high-glucose media (DMEM-
Gluw/L, RPMI-Glu/B27) and no-glucose and low-lipid media
(RPMI/B27) compared to incubation in 21% O, (Fig. 1E,
1F). Only exposure to 1% O, for 24 hours in no-glucose,
high-lipid and high-lactate medium (RPMI-Lac/L) induced
minimal, yet significantly increased cell death (ethidium
homodimer-1 [EthD1]/calcein AM ratio: 0.02 = 0.005 [21%
O,] vs 0.11 = 0.004 [1% O,]; P = .04). To validate the as-
sessment of cell death, we included a Triton X-100 treatment
as a positive control that resulted in 100% cell death for
all media conditions (Fig. 1E). To more accurately quantify
results, we repeated the respective experiments using RPMI-
Lac/L medium and analyzed via flow cytometry using an
amine-reactive dye to detect membrane disruption. Although
in 12 of 30 experiments a small reduction in cell viability was
observed, differences were statistically non-significant in flow
cytometric analyses (viable cells: 85% = 1.9% [21% O,] vs
78.3 £3.0 [1% O,]; P = .1; Fig. 1G, 1H). These findings show
immature iPSC-CMs are insensitive to hypoxic damage irre-
spective of media glucose content. The presence of lipids and
lactate in combination with low glucose media led to min-
imal, yet detectable hypoxic damage in immature iPSC-CMs.

Metabolically Matured iPSC-CMs Are Sensitive to
Hypoxia

To investigate whether maturation of iPSC-CMs would
increase susceptibility to hypoxia, we applied the recently
published protocol for metabolic maturation (MM)'® (Fig.

2A), resulting in increased ratio of ACTN-expressing cells
(83.3% = 1.3% [RPMI/Lac/L (non-MM)] vs 94.4% = 2.6%
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[MM]; P <.01; Fig. 2B,2C) and decreased ratio of proliferating
Ki-67-expressing cells (5.9% = 0.77% [non-MM] vs 1.4% =
0.32% [MM]; P < .01; Fig. 2D). MM iPSC-CMs displayed
a significant increase in cell death after 16 and 24 hours of
hypoxia (fold increase EthD1/calcein AM ratio compared to
normoxic: 1.78 = 0.14 [1% O,, 16 hours]; 1.83 + 0.15 [1%
0,, 24 hours]; Fig. 2E, 2F). Hypoxia-induced damage of MM
iPSC-CMs was confirmed by an increase in media lactate de-
hydrogenase concentration (Fig. 2G) (25.0 = 0.01 [U/l; 21%
O,] vs 39.4 = 5.8 [U/l; 1% O,, 24 hours], P < .05) and a re-
duction in cell viability assessed via flow cytometry (56.5%
+2.8% [21% O,] vs 14.0% = 1.2% [1% O,, 24 hours]; P <
.001; Fig. 2H, 2I). Additionally, analyses of iPSC-CM beating
rates after 24-hour exposure to 1% O, showed significant de-
crease only for MM (Supplementary Fig. 1).

Although iPSC-CMs are continuously exposed to an atmos-
pheric concentration of 21% O, during cell culture conditions,
in myocardial tissue, normoxic oxygen concentrations can
be substantially lower.>® We therefore assessed whether a
decrease from 21% O, to a more physiological cardiac
normoxia of 5% O, would already induce damage in MM
iPSC-CMs (Fig. 3A). Although hypoxia did not change the
fraction of ACTN1-positive MM iPSC-CMs in the surviving
population (ACTN1*: 92.7 = 3.35% [24 hours, 21% O2]
vs 93.8 + 1.7%, P = .74 |24 hours, 1% O,]; Supplementary
Fig. 2), both, incubation in 5% O, and 1% O,, decreased
myofibrillar organization, as shown by immunostaining for
ACTNI1 and cardiac troponin T (cTnT) (Fig. 3B, 3C).

An increased ratio of apoptotic (TUNEL*) iPSC-CMs was
observed in MM after short periods (4 hours) of exposure to
5% O, (25.5% = 1.2%), similar to 1% O, (23.7% = 1.6%),
compared to atmospheric 21% O, (15.4% = 0.83%; P < .0S;
Fig. 3D, 3E). Longer hypoxia periods (24 hours) increased
percentage of apoptotic iPSC-CMs to 41.5% = 4.5% (5%
0,) and 37.6% = 3.5% (1% O,) compared to 12.0% = 1.5%
(21% O,; P < .001; Fig. 3D, 3E). We did not observe a signif-
icant difference in the ratio of apoptotic iPSC-CMs between
5% and 1% O,, both after short- (4 hours) or long-term (24
hours) incubation. We collected media after hypoxia for 4 and
24 hours to assess glucose, lactate, and lactate dehydrogenase
concentrations and found significantly increased glucose con-
sumption after 24 hours at both 5% and 1% O,, reducing
glucose levels below the detection limit of 0.6 mM (Fig. 3F).

Metabolic Profiling of Non-MM and MM iPSC-CMs
after Hypoxia Exposure

To investigate whether hypoxia affects the mitochondrial
function of iPSC-CMs, we compared the OCRs of MM
iPSC-CMs and non-MM iPSC-CMs 40 days after differen-
tiation in normoxia and hypoxia (1% O,) using Seahorse
metabolic analysis. To study the role of glucose in hypoxia-
mediated mitochondrial damage in the non-MM iPSCs, we
used RPMI-GIu/B27 as high glucose medium and RPMI-
Lac/L as low glucose medium (Fig. 1). In normoxia, MM
iPSC-CMs showed the highest OCR, indicating increased use
of oxidative phosphorylation (Fig. 4A-4C). Under hypoxic
conditions, non-MM iPSC-CMs cultured in RPMI-Glu/L
maintained responsiveness, while non-MM iPSC-CMs cul-
tured in RPMI-Lac/L lost responsiveness to the mitochondrial
respiratory chain inhibitors (Fig. 4A, 4B). Glucose-deprived
(RPMI-Lac/L) non-MM iPSC-CMs showed decreased OCR
in normoxia compared to non-MM iPSC-CMs in glucose-rich
medium (RPMI-Glu/B27) illustrating metabolic starvation
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iPSC-CMs by immunofluorescence microscopy (B) and flow cytometric analysis of ACTN1 expression (C) (n = 8, 2 cell lines, 2 biological replicates, 2
technical replicates). (D) Ki-67 expression of MM iPSC-CMs compared to non-MM iPSC-CMs (n = 20, 2 cell lines, 5 biological replicates, 2 technical
replicates). (E, F) EthD1/calcein AM staining (LIVE/DEAD assay) of MM iPSC-CMs exposed to 21% O, for 24 hours or 1% O, for 4, 8, 16, or 24 hours
and quantification (F) (n = 15, 2 cell lines, 4 biological replicates, 1-2 technical replicates). (G) Lactate dehydrogenase media levels of day 40 matured
iPSC-CMs exposed to 1% O, (n =5, 2 cell lines, 2 biological replicates, 1-2 technical replicates). (H, 1) Flow cytometry analysis of MM iPSC-CMs
viability after 24-hour exposure to 21% O, or 1% O, and quantification (I) (n = 7, 2 cell lines, 3 biological replicates, 1-2 technical replicates). Data were

analyzed using one-way ANOVA and Dunnett's multiple comparison test. **P < .01; ***P < .001. Scale bar =

200 pym. Data are shown as mean + SEM.
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caused by the absence of glucose (Fig. 4A, 4B). While MM
iPSC-CMs showed the highest OCR in normoxic conditions
and similar responses to the mitochondrial inhibitors as the
non-MM iPSC-CMs in glucose medium, 24 hours of hypoxia
caused a massive drop in OCR and complete loss of mito-
chondrial flexibility in MM iPSC-CMs as non-MM iPSC-
CMs maintained responsiveness to oligomycin, FCCP, and
antimycin A and rotenone. Twenty-four hours of hypoxia
significantly decreased basal respiration, ATP production,
and maximal respiration in both non-MM and MM iPSC-
CMs where the strongest decrease in OCR was observed
in MM iPSC-CMs. Spare respiratory capacity and non-
mitochondrial respiration were only significantly decreased in
MM iPSC-CMs and not in non-MM iPSC-CMs. Additionally,
comparative analysis of non-MM and MM iPSC-CMs cul-
tured in the same plate showed an increased ratio of apop-
totic cells (TUNEL*) in MM iPSC-CMs (4 hours, 1% O,:
23.8% = 1.5%; 24 hours, 1% O,: 93.0% = 2.4% vs 21%
0,: 7.92% = 1.09%; P < .001), while no increase in apop-
tosis was observed for non-MM iPSC-CMs (4 hours, 1% O,:
1.18% = 0.2%; 24 hours, 1% O,: 10.6% = 6.6% vs 21%
0,: 1.1% = 0.23%; P > .05; Fig. 4D, 4E). This showed met-
abolic maturation in MM is responsible for increased sen-
sitivity to hypoxia. Altogether, these results provide further
support for our findings that MM iPSC-CMs depend on ox-
idative phosphorylation and consequently are more sensitive
to hypoxia than non-MM iPSC-CMs cultured in glucose-rich
or low glucose/lactate media. These results strongly suggest
that iPSC-CMs, cultured conventionally and in the presence
of glucose, resemble the immature embryonic CM phenotype
with respect to their energy substrate utilization, active met-
abolic pathways, and survival upon low oxygen exposure. In
contrast, MM iPSC-CMs cultured with lipids as the primary
energy source, more closely resemble adult CMs, consistent
with previous reports.'® We found that MM iPSC-CMs are
more sensitive to hypoxia, leading to minimized mitochon-
drial function, DNA fragmentation, and ultimately apoptosis.

Preconditioning with Nec-1 Protects Metabolically
Matured iPSC-CMs from Hypoxic Injury

To determine the utility of our damage model as a platform to
screen for protective agents, we preconditioned the cells with
the necroptosis inhibitor Nec-1 and assessed whether the pre-
viously found protective effects’** could be reproduced (Fig.
5A). Indeed, Nec-1-supplementation 24 hours before induc-
tion of hypoxia resulted in significant decrease of cell death
compared to non-Nec-1-supplemented controls (fold change
EthD1/calcein AM ratio: 0.47 = 0.06 with Nec-1, P < .01; Fig.
5B, 5C). MM iPSC-CMs preconditioned with Nec-1 showed
a significant increase in OCR (Fig. 5D, SE), as opposed to
non-MM iPSC-CMs (Supplementary Fig. 3). Furthermore,
Nec-1 preconditioning increased the expression of the mito-
chondrial outer membrane protein TOMM20 compared to
control, indicating increased cellular mitochondrial content
(Fig. SE 5G).

Discussion

In the present study, we confirmed that the conventional
method for differentiation of iPSC-CMs using RPMI/B27-
based medium (RPMI-Glu/B27) generates cells with low
sensitivity to hypoxia and consequential cell death. We fur-
thermore demonstrated that applying metabolic maturation
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of iPSC-CMs increased sensitivity to hypoxia, rendering
these matured cells better models for in vitro models of car-
diac ischemia. The observed ability of conventionally cul-
tured, non-MM iPSC-CMs to increase the glycolytic flux
in anaerobic conditions is in line with the characteristics of
fetal immature CMs having a higher threshold for oxygen
insufficiency.’*3* During development, arterial blood ox-
ygen saturation fluctuates around 3% O,, which would be
considered a hypoxic condition in the adult human heart,
with respect to activation of hypoxia-induced gene expres-
sion.’” However, fetal immature CMs are conditioned to low
oxygen pressures during development and thus rely on an-
aerobic energy pathways for metabolism and cardiac growth.
Mechanistically, it has been shown that transcription factor
hypoxia-inducible factor 1 alpha (HIF1a) is stabilized in fetal
CMs under low oxygen pressures and plays a key role in
maintaining and enhancing glycolytic metabolism via LDH-A
regulation in the compact myocardium and counteracting
CM maturation.?>33

Also in iPSC-CMs the inhibition of HIF1a has been shown
to lead to CM maturation and a metabolic shift from aerobic
glycolysis toward oxidative phosphorylation.?* Frequently
used “high glucose” cell culture media containing glucose at
concentrations of ~15 mmol/L do not relate to human phys-
iology, with local glucose concentrations of ~3 mmol/L, and
have been considered obstructive for iPSC-CM maturation.*
Furthermore, a 4-fold postnatal increase in the concentration
of circulating fatty acids enables and drives increased acti-
vation of fatty acid B-oxidation pathways in adult CMs. %!
Despite relying mainly on the metabolization of glucose, we
did observe a decrease in mitochondrial respiration rate in
non-MM iPSC-CMs following hypoxia. This could be re-
lated to the short intermittent reoxygenation step required
for Seahorse metabolic profiling analysis. Cell damage from
reperfusion is caused by the release of reactive oxygen spe-
cies upon the sudden increase in oxygen availability.*
Hypoxia and reoxygenation have previously been shown to
induce only limited damage and prolonged hypoxia without
reoxygenation did not affect beating frequency in immature
iPSC-CMs.*¢ This is in line with our results of maintained
beating frequency in immature, non-MM iPSC-CMs after
prolonged hypoxia. A previously observed limited effect
of hypoxia compared to reperfusion injury on calcium
overload-related cellular damage in immature iPSC-CMs,*
potentially explains why our seahorse results do show a re-
sponse of iPSC-CMs in RPMI-media to hypoxia. During late
human embryonal development, the glycolytic metabolism
is insufficient to generate adequate ATP levels for cardiac
contractions leading to the metabolic shift toward oxida-
tive phosphorylation.?® The increased oxygen availability
around birth destabilizes the HIFla transcription factor
complex, resulting in the mitochondrial shift toward more
energy-efficient oxidative phosphorylation-based metabo-
lism.*%* With this increased availability of ATP, CMs mature
with a concomitant increase in ploidy, myofibrillar organiza-
tion, and a number of mitochondria providing for increased
energy demands of cardiac contractility.’® However, these
necessary changes in functional and structural phenotypes
seem to limit metabolic flexibility. We observed that MM
iPSC-CMs, as opposed to non-MM iPS-CMs were sensitive
to hypoxia-induced cell death and showed decreased mito-
chondrial respiration after 4 hours of hypoxia. Additionally,
lactate production plays a vital role in glycolysis and was
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Figure 4. Metabolic profiling of non-MM iPSC-CMs and MM iPSC-CMs exposed to hypoxia. (A-C) Normalized real-time oxygen consumption rate (OCR)
of non-MM iPSC-CMs in RPMI-Glu/B27 (A), RPMI-B27 (B), and MM iPSC-CMs (C) in normoxia (21% O,, 24 hours), short-term hypoxia (1% O,, 4 hours)
or long-term hypoxia (1% O,, 24 hours) by Seahorse extracellular flux analyzer. Cells were treated with oligomycin, FCCP, and antimycin A and rotenone
to measure mitochondrial respiration. (D) Comparative images of TUNEL staining of cardiomyocytes used in metabolic profiling. (E) Quantification of
TUNEL staining. A-C: 2 cell lines, 2 biological replicates, 1-2 technical replicates (n = 5). Scale bar = 200 um. Data were analyzed using one-way ANOVA
and Dunnett's multiple comparison test. *P < .05; **P < .01; ***P < .001; ****P < .0001. Data are shown as mean + SEM.
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Figure 5. Preconditioning with Nec-1 protects MM iPSC-CMs from hypoxia. (A) Schematic representation of experimental setup. (B) EthD1/calcein

AM staining of MM iPSC-CMs exposed to 21% O, or 1% O, for 24 hours in the absence or presence of necroptosis inhibitor Nec-1. (C) Quantification
of B. (D-E) Normalized real-time oxygen consumption rate (OCR) of iPSC-CMs MM iPSC-CMs in normoxia (21% O,, 24 hours), long-term ischemia

(1% O,, 24 hours), or long-term hypoxia preconditioned with Nec-1 for 24 hours by Seahorse extracellular flux analyzer. Cells were treated with
oligomycin, FCCP, and antimycin A and rotenone to measure mitochondrial respiration. (F) Immunofluorescent staining of sarcomeres (ACTN1, green)
and mitochondria (TOMMZ20, red) of cells used for metabolic profiling. (G) Quantification of TOMM20 staining. D-F: 2 cell lines, 2 biological replicates,
1-2 technical replicates (n = 5). Scale bar = 200 pm. Data were analyzed using two-way ANOVA. *P < .05; **P < .01; ***P < .001; ****P < .0001. Data are

shown as mean = SEM.

not observed in normoxic conditions or in short-term hy-
poxia, but did increase in long-term hypoxia, indicating that
MM iPSC-CMs eventually shift toward oxidative phospho-
rylation of fatty acids. This observation was in line with the
drop in glucose levels in these conditions without an increase

in lactate production. Interestingly, we showed that 5% O,,
considered physiological normoxia in most tissue,* induced
a similar degree of cell death as 1% O, for MM iPSC-CMs.
This suggests that in our model hypoxia-induced cell death
pathways are already induced at a decrease from atmospheric
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21% O, to 5% O,, in contrast to previous studies suggesting
0.5%-2% O, as effective cellular hypoxia.** This difference
in physiological tissue normoxia and cell culture normoxia is
an important factor to take into account when further devel-
oping in vitro hypoxia models. Within this study, differenti-
ation of iPSC to iPSC-CMs is conducted at atmospheric O,,
whereas during cardiac development in vivo CMs differen-
tiate and mature at lower physiological concentrations (5%-
8% O,).**7 We have shown that while glycolytic non-MM
iPSC-CMs were insensitive to hypoxia, MM iPSC-CMs
showed increased sensitivity to hypoxia and even physiolog-
ical O, concentrations. Using a monolayer of a single cell type
in an in vitro setting alongside hyperoxia during cardiac dif-
ferentiation is likely to contribute further to sensitivity to O,
concentration considered physiological. Further investigation
could determine the thresholds of specific O, concentrations
resulting in activation of hypoxia signaling (eg, HIF1a stabi-
lization) in iPSC-CMs. This could be followed up by hypoxia
studies using viable cardiac tissue slices* or engineered heart
tissues*® to circumvent limitations of monolayer single cell-
type models, although obviously more cost- and technology-
intensive, thus probably less promising for high-throughput
applications and screens.

Finally, we confirmed the applicability of MM iPSC-CM to
model hypoxic damage by validating the protective effects of
the necroptosis inhibitor Nec-1, in contrast to conventional,
non-MM iPSC-CM culture conditions.

In summary, we have shown that MM iPSC-CMs display
increased sensitivity to hypoxic injury, which is more reminis-
cent of adult CMs and therefore represent an improved model
for human ischemic heart disease in vitro.
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