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Acute coronary syndromes, such as myocardial infarction (MI), lack effective therapies beyond heart transplantation,
which is often hindered by donor scarcity and postoperative complications. Human induced pluripotent stem

cells (hiPSCs) offer the possibility of myocardial regeneration by differentiating into cardiomyocytes. However,
hiPSC-derived cardiomyocytes (hiPSC-cardiomyocytes) exhibit fetal-like calcium flux and energy metabolism, which
inhibits their engraftment. Several strategies have been explored to improve the therapeutic efficacy of hiPSC-
cardiomyocytes, such as selectively enhancing energy substrate utilization and improving the transplantation
environment. In this review, we have discussed the impact of altered mitochondrial biogenesis and metabolic
switching on the maturation of hiPSC-cardiomyocytes. Additionally, we have discussed the limitations inherent

in current methodologies for assessing metabolism in hiPSC-cardiomyocytes, and the challenges in achieving
sufficient metabolic flexibility akin to that in the healthy adult heart.
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Background
Myocardial infarction (MI) is the most common type of
heart failure [1], and is characterized by cardiomyocyte
death following restricted blood flow due to coronary
artery blockage [1]. MI-induced sudden death can occur
in relatively younger patients. Surgical intervention and
drugs that improve blood flow and oxygen supply to the
heart can slow disease progression and partly maintain
heart function, without regenerating new heart muscle
[2]. Heart transplantation is currently the only effective
treatment for MI, albeit with multiple limitations includ-
ing scarcity of donors, surgical complexities, and high
risk of complications such as postoperative immune
rejection [3].

Clinical studies indicate that the above limitations can
be circumvented by augmenting the number of func-
tional cardiomyocytes in the injured heart to improve
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cardiac function [4, 5]. Induced pluripotent stem cells
(iPSCs) reprogrammed from somatic cells, including der-
mal fibroblasts, peripheral blood T cells, renal tubular
cells, and keratinocytes (from hair follicles, fat, and oral
mucosa), have shown therapeutic potential in regenera-
tive medicine [6, 7]. In the context of cardiac syndromes,
the iPSCs can differentiate into all three types of cardio-
myocytes, namely ventricular, atrial, and nodal-like car-
diomyocytes [8]. However, iPSC-cardiomyocytes exhibit
a more immature fetal phenotype and do not recapitu-
late the major characteristics of adult cardiomyocytes
[9]. The metabolic reprogramming of iPSC-cardiomy-
ocytes is a key factor in cardiac tissue remodeling [10,
11]. Therefore, we have discussed the impact of modulat-
ing the metabolism of glucose, fatty acids, ketones, and
branched-chain amino acids (BCAAs) on the maturation
of human iPSC-cardiomyocyte (hiPSC-cardiomyocytes)
with particular focus on the limitations of these meta-
bolic strategies.

Metabolic strategies to promote hiPSC-
cardiomyocyte maturation

Major metabolic differences between hiPSC-cardio-
myocytes and adult cardiomyocytes During myocar-
dial maturation, cardiomyocytes undergo changes in
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cell cycle, morphology, contractility, electrophysiological
properties, and metabolism [12]. Adult cardiomyocytes
produce approximately 60—70% of the total ATP through
fatty acid oxidation, and have the ability to switch to car-
bohydrates, ketone bodies, and certain amino acids (such
as BCAAs) when fatty acids are unavailable or fatty acid
oxidation is compromised [13]. On the other hand, gly-
colysis only contributes to less than 10% of the total ATP
production in cardiomyocytes (Fig. 1). In contrast, hiPSC-
cardiomyocytes cultured as monolayers in vitro produced
more than 50% of the total ATP from glycolysis [14,
15], and showed very little fatty acid uptake [16]. Thus,
hiPSC-cardiomyocytes are metabolically similar to day 1
neonatal hearts that mainly rely on glycolysis and lactate
oxidation to produce ATP [17].

Why are mature hiPSC-cardiomyocytes required in
regenerative therapies? Two major aspects warrant
using mature hiPSC-cardiomyocytes: the usefulness of
cardiotoxicity tests and the clinical outcomes post-trans-
plantation. Cardiotoxicity tests measure defects in the
structure (e.g., cell death), function (e.g., electrophysiol-
ogy or contractility), and vasculature (e.g., blood flow) of
cardiac tissues [18]. Mature hiPSC-cardiomyocytes can
display ultrastructural and functional features of native
cardiac tissue, which potentially overrides species-related
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Fig. 1 A: Energy metabolism in the adult heart: The main fuels of the adult heart are fatty acids, lactate, glucose, ketones, and branched-chain amino
acids (BCAA), which must be acquired continuously from the circulation due to a low storage capacity in the heart. Fatty acids are transported into the
mitochondria by carnitine-palmitoyl-transferase (CPT1). The major enzymes that control glucose oxidation, ketone oxidation and BCAA oxidation are py-
ruvate dehydrogenase (PDH), B-hydroxybutyrate dehydrogenase (BDH1), succinyl-CoA:3-ketoacid CoA transferase (SCOT), and mitochondrial branched-
chain amino transminase (BCATm) and branched chain ketone dehydrogenase (BCKDH) respectively. The energy substrates are converted to acetyl CoA
by the respective key enzymes, which is then fed into the mitochondrial electron transport chain to produce ATP. B: Energy metabolism changes during
the development of the heart. Under normal physiological conditions, the contribution of glycolysis to overall ATP is around 50% in the neonatal cardio-
myocytes on day 1 post-birth, which is sharply reduced to 10% in the adult cardiomyocytes. Fatty acid oxidation contributes to less than 10% overall ATP
in the neonatal hearts, which is gradually increased to 60-70% in the adult heart. In contrast, glycolysis contributes to 50-74% of overall ATP in human
iPSC-cardiomyocytes under monolayer culture conditions, indictive of an immature phenotype akin to that of neonatal cardiomyocytes
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differences in animal models [19, 20], ethical issues [21],
and the limitations of clinical trials, such as small sample
sizes and the lack of genetic and phenotypic variability
[22]. An immature phenotype of hiPSC-cardiomyocytes
can affect the above metrics and alter the responses to
cardiotoxicity tests, resulting in less accurate estimation
of biosafety [23]. Yang et al. recently demonstrated the
feasibility of hiPSC-based screening for the identification
of mitophagy-targeting drugs using the coral-derived
protein mt-Keima, a pH-dependent fluorescent probe
attached to the mitochondrial matrix [24].

Preclinical studies have assessed the outcomes of trans-
planting hiPSC-cardiomyocytes in small animal models
[25, 26] and large animals like pigs [27] and monkeys
[28]. Ventricular tachyarrhythmia has been observed
post-transplantation [29], indicating that hiPSC-car-
diomyocytes have limited engraftment potential [30].
At the structural level, the proarrhythmic properties of
hiPSC-cardiomyocytes are associated with inadequate
electrical cooperation between the implanted cells and
the host myocardium [31, 32]. Mechanically, the energy
produced by the immature hiPSC-cardiomyocytes is not
sufficient to support the formation of electrical junctions,
which is possibly the most important barrier to clinical
translation.

Dhabhri et al. were the first to confirm that transplan-
tation of more mature hiPSC-cardiomyocytes yielded
better structural and functional outcomes in vivo [33].
They demonstrated that hiPSC-cardiomyocytes matured
through culturing with polydimethylsiloxane efficiently
engrafted in infarcted guinea pig hearts, resulting in
improved electromechanical integration and left ven-
tricular contractile function, and reduced incidence of
ventricular tachycardia [33]. Other studies have also
indicated that mature hiPSC-cardiomyocytes have bet-
ter survival rates following engraftment in the infarcted
myocardium [26].

Metabolic strategies and the impact on the matura-
tion of hiPSC-cardiomyocytes Multiple interventions
have been explored to promote the maturation of hiPSC-
cardiomyocytes, such as prolonging the duration of cul-
ture [34, 35], culturing the cells in 2D [36] or 3D platforms
[15, 37], exposing immature cardiomyocytes to physical
[38], electrical [39], and mechanical stimuli [40—42], and
including neurohormonal factors [43] and micro-RNAs
(miRNAs) [44] in the culture media. The heart is an elec-
trically and mechanically specialized organ. While 70% of
the cardiac energy generated in the form of ATP supports
contractile function, 30% of the ATP ensures the main-
tenance of ion channels and transporters [45]. Studies
increasingly show that improving cellular energy produc-
tion is advantageous in producing functional hiPSC-car-
diomyocytes for tissue regeneration [46].
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Glycolysis allows ATP generation even in the absence of
oxygen [47]. Therefore, hiPSC-cardiomyocytes can be
beneficial during low-flow ischemia [48] and protect the
infarcted heart against post-ischemic injury [49]. On the
contrary, increased glycolysis allows the shuttling of gly-
colytic intermediates to other biosynthesis pathways. The
hexosamine biosynthesis pathway [50] is of particular
interest since it introduces the O-GlcNAcylation modifi-
cation in protein sequences (Fig. 2A). This post-transla-
tional modification regulates mitochondrial function and
cell survival [51]. In the cardiovascular system [26, 52],
increased O-GlcNAc levels have been associated with
pressure-overload-induced hypertrophy [53, 54], heart
failure [54], and myocardial remodeling [55], which con-
tribute to mortality during ischemia [52, 56]. Since only
2 mol ATP is generated per mol of substrate consumed
through glycolysis compared to 104 mol ATP from pal-
mitate oxidation and 29 mol ATP from glucose oxidation
[57], promoting mitochondrial oxidation over glycolysis
can improve the function of the infarcted heart. Vari-
ous metabolic approaches have been investigated to pro-
mote the maturation of hiPSC-cardiomyocytes, including
fatty acid supplementation [36, 58—64], modulation of
transcription factors that control glycolysis and fatty
acid oxidation, such as hypoxia-inducible factor-1 alpha
(HIF-1a) [44, 60, 65] and peroxisome proliferator-acti-
vated receptor alpha (PPARa) [60], and regulating key
genes through specific miRNAs [44]. Wang et al. recently
showed that the NAD*-dependent mitochondrial deacet-
ylase sirtuin-3 (SIRT3) protein is upregulated during
maturation of hiPSC-cardiomyocytes [66], and pharma-
cological activation of SIRT3 promoted their maturation
by improving mitochondrial ultrastructure, and increas-
ing oxidative phosphorylation by deacetylating the
mitochondrial inner membrane GTPase optic atrophy 1
(OPA1) [66].

Metabolic alterations involve changes in the expression
of genes regulating mitochondrial biogenesis [15, 36],
fatty acid oxidation [36, 58, 59, 63, 64], and glycolysis [15,
59, 67]. For instance, upregulated mitochondrial proteins
and increased fatty acid utilization are indicative of a suc-
cessful metabolic shift towards a more adult-like pheno-
type during maturation protocols [16, 35]. Additionally,
glucose oxidation rates in hiPSC-cardiomyocytes were
enhanced after 3D culture [14, 15] and fatty acid supple-
mentation [15, 62], and the latter also increased the activ-
ity of pyruvate dehydrogenase, the key enzyme of glucose
oxidation [58, 68]. Discernible effects are also observed
concerning the oxygen consumption rates (OCR) [59-61,
64, 69, 70], and the respiratory rates [14, 15, 68] (Table 1).

Although polydimethylsiloxane-matured hiPSC-car-
diomyocytes exhibit an increase in mitochondrial density
and a switch from glycolysis to oxidative phosphoryla-
tion, their transcriptional profile is more comparable to
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Fig. 2 A:Hexosamine biosynthesis pathway and cardiac function. In cardiomyocytes, glucose is first converted to glucose-6-phosphate (G-6P) by hexo-
kinase (HK). The glycolytic intermediates go through glycolysis to produce pyruvate and are fed into the mitochondrial tricarboxylic acid (TCA) cycle
for glucose oxidation. In addition, glycolytic intermediates can also enter various biosynthesis pathways, such as the hexosamine synthesis pathway
(HBP). The end product of this is pathway is uridine diphosphate-GlcNAc (UDP-GIcNAC), which is produced by the activity of L-glutamine-D-fructose-
6-phosphate aminotransferase (GFAT). UDP-GIcNAC integrates multiple metabolic pathways to provide a feedback on overall cellular energy levels and
the metabolism of fatty acids, glucose, nitrogen, and nucleotides. In addition, UDP-GIcNAc can also be used as a substrate by O-GIcNAc transferase (OGT)
to add the sugar moiety into proteins. The sugar moieties are removed by O-GIcNAcase (OGA). Different stresses can increase or decrease O-GIcNAc levels,
thereby affecting cardiomyocyte function. Mechanistically, AMP-activated protein kinase (AMPK) and calmodulin-dependent protein kinase Il (CaMKIl)
are known to regulate OGT, and both in turn are regulated by OGT. Moreover, AMPK directly regulates glucose and fatty acid metabolism, and CaMKIl is
involved in cellular Ca?* signaling. Therefore, O-GlcNAcylation regulates cardiac function by modulating transcription, metabolism, mitochondrial func-
tion, protein quality control, and calcium handling. B: Mechanisms of mitochondria quality control. Mitochondria are double-membraned organelles with
cristae formation. Mitochondrial quality control is modulated through biogenesis, and mitochondrial dynamics through fusion, which forms elongated
mitochondrial networks, and fission, which creates fragmented mitochondria. Optic atrophy 1 (OPA1) is a mitochondrial fusion protein connecting the
inner mitochondrial membranes with a special role in cristae shaping/integrity. The dynamin-related protein-1 (Drp1) executes outer membrane division.
Mitochondria can accumulate oxidative damage due to various stresses, resulting in fragmentation. The fission process enables the fragmentation of
damaged mitochondria to be degraded via mitophagy. Interestingly, Drp1 can be modified by O-GIcNAc in cardiomyocytes, linking the HBP pathway to
mitochondrial quality control

fetal than adult cardiomyocytes even at day 40 [33]. The
high levels of glucose in the culture media and the lack
of fatty acid supplementation [33] may favor greater con-
tractility and electrophysiological maturation compared
to metabolic maturation, and prevent the hiPSC-cardio-
myocytes from attaining a fully adult-like state [33]. The
polydimethylsiloxane-matured ~ hiPSC-cardiomyocytes
also expressed high levels of fatty acid binding protein 3
(FABP3) [33], a regulator of cardiac fatty acid utilization
[71]. However, it is unclear whether the upregulation of
FABP3 in these cells led to increased fatty acid oxidation.
Thus, supplementing the culture system of hiPSC-cardio-
myocytes with fatty acids and polydimethylsiloxane may
offer insights on the relationship between increased fatty
acid utilization and transplantation outcomes.

Limitations of the maturation strategies from the
metabolic aspect

The impact of ketone and BCAA metabolism on the
maturation of hiPSC-cardiomyocytes. Recent studies
have shown that proteins related to BCAA degradation
and ketogenesis are upregulated during the differentiation
of hiPSCs to cardiomyocytes, resulting in the accumula-
tion of acetoacetate, one of the metabolic end products
of ketone bodies [72]. As ketogenic substrates can be
generated from fatty acids and BCAAs like leucine, car-
diomyogenic differentiation may be associated with the
catabolism of ketones and leucine [72]. In line with this,
mitochondrial proteomic analysis has shown that BCAA
catabolism is among the top upregulated pathways in the
neonatal mouse heart and in hiPSC-cardiomyocytes dur-
ing differentiation/maturation [73]. It is accompanied by
the increased expression of key metabolic enzymes, such
as BCAA transaminase, 2-oxoisovalerate dehydrogenase,
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Table 1 Metabolic changes during iPSC-cardiomyocyte
maturation by different strategies
Mitochondrial As-

Maturation strategy

sessed
Parameters level Pro- 2D,3D-culture  Fatty acid Ex-
longed supplemen-  tra-
culture tation cel-
lu-
lar
ma-
tri-
ces
Function Gene 35 15;36,37 36,58-64 42
Gene  N/A 15 N/A N/A
Glucose En- N/A N/A N/A N/A
uptake zyme
activity
Flux 36 14,15 64,65 94
Fatty acid Gene 35 15,6061 42,59 N/A
uptake Flux 36 14,15 N/A 42
Glycolysis Gene 15 14,15 59,67 N/A
En- 15,3536 14;,37,65 58,64,65 N/A
zyme
activity
OCR 15,3536 14;37,68;95 35;37;59; N/A
67,69,95,96
Flux N/A N/A N/A N/A
Glucose Gene 15 14:15 N/A N/A
oxidation OCR  N/A 14 N/A N/A
Flux 15 15 15,58,62,68 N/A
Fatty acid Gene 35 14,15 36,58,59,63,64 N/A
oxidation OCR 15 14,153537,64 37;59- N/A
61,64,69;70
Flux 15 14;15,62,68 15,68 N/A
ATP Gene 15 14;15,36 44.60,95 N/A
production OCR 101 1436 61,70 N/A
Flux 15 14,15;36 15,68 N/A

2-methylacyl-CoA dehydrogenase, enoyl-CoA hydratase,
3-hydroxy isobutyryl-CoA hydrolase, and 3-hydroxyiso-
butyrate dehydrogenase [73]. Mice with genetic defects in
BCAA metabolic pathways have elevated plasma BCAA
levels. In addition, hiPSC-cardiomyocytes incubated
with high levels of BCAA showed a significant increase
in arrhythmia, and this effect could not be recapitulated
by other amino acids such as alanine [74]. In addition,
Kriippel-like factor 15, an upstream regulator of BCAA
catabolism [75], is significantly activated during the dif-
ferentiation/maturation of hiPSC-cardiomyocytes [73].
BCAAs, especially leucine, mediate cell growth and pro-
liferation by activating the mTORC1 pathway [76]. Given
the role of mTORC1 in mediating cardiac hypertrophy
[77], BCAAs may have undefined roles in the maturation
of hiPSC-cardiomyocytes.

A ketogenic diet has been shown to protect against car-
diac ischemia or reperfusion injury, which may be attrib-
uted to the role of ketones in increasing the abundance
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of cardiac mitochondria [78]. The overexpression of the
ketogenic enzyme 3-hydroxy-3-methylglutaryl-CoA syn-
thase 2 improved the cardiac function in a mouse model
of MI by increasing the expression of phosphorylated
histone H3, a proliferation marker for cardiomyocytes
[79]. Given the significant changes observed in the circu-
lating levels of ketones during the postnatal period, and
the effect of ketogenic diets on diseased states through
metabolic regulation, the involvement of ketones in the
maturation protocols of hiPSC-cardiomyocytes and
their potential in heart regeneration warrant further
investigation.

The association between mitochondrial quality con-
trol and the maturation of hiPSC-cardiomyocytes.
Due to the high energy requirements of the heart, car-
diovascular homeostasis is heavily dependent on mito-
chondrial quality control (Fig. 2B), which involves
mitochondrial fusion, fission, mitophagy, and biogen-
esis that are regulated by OPA1, mitofusins and dynamic
1-like protein [80]. Compared to mature cardiomyocytes,
hiPSC-cardiomyocytes have a higher number of frag-
mented mitochondria with sparse cristae [73, 81, 82].
Given that mitochondrial cristae are associated with
organelle function [83], the preference of iPSC-cardio-
myocytes for glycolysis rather than oxidative phosphory-
lation can be attributed to the defective cristae in their
mitochondria. OPA1 maintains mitochondrial quality
by regulating fusion, cristae morphology, and oxidative
phosphorylation [83-85]. Furthermore, the SIRT3/OPA1
axis promotes maturation of hiPSC-cardiomyocytes by
regulating mitochondrial dynamics [66]. However, the
impaired mitochondrial respiration and fatty acid oxi-
dation induced by OPA1 inhibition in hiPSC-cardiomy-
ocytes was only partially reversed by a mitochondrial
fusion activator [66], indicating that additional pathways
may regulate the metabolic changes during maturation
of hiPSC-cardiomyocytes. In fact, multiple downstream
targets of SIRT3 are involved in mitochondrial dynam-
ics, such as fission regulator dynamin-related protein-1
and mitochondrial fusion protein 1 [86]. Furthermore,
SIRT3 also regulates fatty acid oxidation, glycolysis and
oxidative stress through long-chain acyl-coenzyme A
dehydrogenase [87], HIF-1a and superoxide dismutase
2 [88] respectively. This raises the possibility that SIRT3-
mediated deacetylation may play a role in regulating
mitochondrial quality control during the maturation of
hiPSC-cardiomyocytes. SIRT3-mediated deacetylation
stimulated fatty acid oxidation in cardiomyocytes [89,
90], and regulated glycolysis and glucose oxidation in
heart tissues [91, 92]. In addition, O-GlcNAcylation of
dynamic protein lin cardiomyocytes has been shown to
induce mitochondrial fragmentation [93]. Thus, future
studies should explore the impact of mitochondrial qual-
ity control on the metabolic changes during maturation
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of hiPSC-cardiomyocytes, and the possible contributions
of post-translational modifications, such as acetylation
and O-GlcNAcylation. Mitophagy is a major mitochon-
drial quality control mechanism [94]. Yang et al. dem-
onstrated that the basal mitophagy rate was higher in
differentiating hiPSC-cardiomyocytes throughout an
extended period (>120 days) without causing any overt
cellular stress [24]. It remains to be elucidated whether
the altered mitophagy is the primary cause or a signifi-
cant contributor to metabolic reprogramming during the
differentiation of hiPSC-cardiomyocytes.

Methodology The use of distinct sets of readouts to eval-
uate the maturation profile of hiPSC-cardiomyocytes has
limited the direct comparison between different proto-
cols. Glycolysis has been evaluated in hiPSC-cardiomyo-
cytes through the reduction in hexokinase activity [36, 64,
65], lactate secretion [14, 15, 37, 58, 64, 65] and glucose
uptake [14, 15, 42]. Although various groups have mea-
sured glycolysis rates in terms of extracellular acidifica-
tion rate (ECAR) by the Seahorse assay, the findings are
ambiguous. Some studies report increased glycolysis in
the hiPSC-cardiomyocytes [35, 37, 59, 67, 95], while oth-
ers have reported lower [15, 68] or even unchanged ECAR
[69, 96]. Fatty acid metabolism is evaluated by measur-
ing fatty acid uptake [42, 59], fatty acid oxidation rates by
assessing the OCR via the Seahorse assay [59-61, 64, 69,
70], or fatty acid flux using *C-stable isotope [15, 68] or
14C radioactive isotope [14, 62]. Likewise, upregulation of
the tricarboxylic acid cycle, along with a reduction in fatty
acid synthesis [14, 15] are indicative of fatty acid metabo-
lism in hiPSC-cardiomyocytes cultured with fatty acids
[58] or in the 3D format [14, 15].

The Seahorse assay is the most common method used
for assessing metabolic changes. However, it does not
provide information regarding the substrate preference
[97], nor the negative correlation between fatty acid oxi-
dation and glucose metabolism via the Randel cycle [98].
The flux of radioactive or stable isotopes through spe-
cific metabolic pathways is more informative, and can
be measured directly by tracing *CO,-capture [14, 62,
69] or calculating the '*C-metabolic flux [68]. Due to the
poor solubility of fatty acids in aqueous solutions, and the
fact that albumin is the major fatty acid-binding protein,
3—4% albumin-bound fatty acids should be employed in
the metabolic assay system to mimic the circulating lev-
els of albumin (0.55 mmol/L in adults and 0.3 mmol/L in
infants). However, only a limited number of studies have
used the correct amount of albumin with fatty acids in
the assay system [63], while others have either not used
albumin-bound fatty acids [65] or have not indicated the
amount [68, 99]. Thus, the cocktail of albumin-bound
fatty acids should be standardized at physiological stoi-
chiometry [63]. Increased overall ATP production has
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been reported during hiPSC-cardiomyocyte matura-
tion [14, 15, 35, 37, 58-61, 64, 96, 100, 101]. However,
whether or to what extent the increased ATP level is a
promising readout of iPSC-cardiomyocyte maturation
remains to be ascertained.

The mt-Keima fluorescent probe is a valuable tool for
detecting mitophagy in hiPSC-cardiomyocytes [24].
Combining the mt-Keima probe with a deactivated Cas9
nuclease-fused system to block transcription of targeted
genes will be provide an additional platform for investi-
gating mitophagy-related gene function in hiPSC-car-
diomyocytes. For instance, deactivated Cas9 fused to the
Kriippel-associated box repression domain can be used
for the temporal control of loss-of-function phenotypes
in hiPSC-derived cells [102].

Parameters hitherto uninvestigated during iPSC-car-
diomyocytes maturation Besides metabolism, mito-
chondria are the central signaling hubs for inflammation
and oxidative stress, which significantly affect cell fate.
Increased mitochondrial oxidative metabolism during
postnatal development is accompanied by the produc-
tion of intracellular reactive oxygen species (ROS), which
play a positive role in cardiomyocyte differentiation [103].
Uncoupling adenosine diphosphate phosphorylation and
substrate oxidation results in a mitochondrial proton
leak, which may indicate oxidative stress in hiPSC-car-
diomyocytes undergoing maturation or a physiological
response to the maturation strategies [35, 37, 60, 104].
However, the impact of different ambient oxygen con-
ditions on the metabolic changes during maturation of
hiPSC-cardiomyocytes has not been investigated [105]. It
also remains to be ascertained whether a proton leak is
a reliable indicator of hiPSC-cardiomyocyte maturation.
Post-MI inflammation significantly affects graft survival
and graft-host integration following cell transplantation.
A recent study has shown that suppressing inflammation
and fibrosis in the infarcted mouse heart increased the
survival of the transplanted hiPSC-cardiomyocytes [106].
Thus, preventing inflammasome-triggered cell death may
enhance graft survival.

Several studies have reported sex-related differences
in the susceptibility to heart failure, arrhythmias, and
other pathological conditions [107]. Huo et al. demon-
strated that male- and female-derived hiPSC-cardio-
myocytes have differential sensitivity to several cardiac
ion channel blockers [108]. Furthermore, Huynh et al.
demonstrated a strong effect of sex on the interactions
between O-GlcNAcylation, mitochondrial function,
and mitochondrial quality control in mouse brains with
age-dependent neurodegenerative pathogenesis [109].
Erickson et al. showed that acute elevation of extracel-
lular glucose concentration induced O-GlcNAcyla-
tion of calmodulin-dependent protein kinase II in the
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cardiomyocytes, resulting in an increased propensity
of arrhythmias due to the release of Ca2+from sar-
coplasmic reticulum [110, 111]. These findings war-
rant pre-clinical and clinical studies to investigate the
effects of O-GlcNAcylation on hiPSC-cardiomyocytes.
Adult cardiomyocytes are characterized by the pres-
ence of M-bands, a hallmark of mature sarcomeres, and
T-tubules, the key structures of the excitation-contrac-
tion coupling mechanism [112]. However, these features
have not been assessed in mature iPSC-cardiomyocytes
as indicators of normal Ca®* flux. In addition, the signal-
ing pathway downstream of 3-adrenergic receptor ($-AR)
is the primary regulator of heart function in human
adults [113], and plays a critical role in cardiac remodel-
ing [114]. Sex differences exist in B-adrenergic contractile
responsiveness [115], although little is known regarding
the activation of this pathway during the maturation of
iPSC-cardiomyocytes. Jung et al. have demonstrated that
B1-AR signaling in iPSC-cardiomyocytes cultured up to
90 days did not fully recapitulate the pattern seen in adult
human ventricles, and chronic stimulation of the p1-AR
pathway-induced cardiotoxicity [116]. The authors have
suggested that B-AR signaling is a critical readout for
the functional maturity of human iPSC-cardiomyocytes
in combination with other measurements [116]. Collec-
tively, hiPSC-cardiomyocytes derived from individual
male and female patients need to be compared in order
to understand the influence of sex hormones on meta-
bolic changes, expression of cardiac ion channel genes,
and drug-induced proarrhythmia [108, 117] with poten-
tial parameters (Table 2).

Notable challenges and conclusions

The major challenges for the clinical translation of
hiPSC-cardiomyocytes are optimization of cell survival
in the infarcted heart, scaling up the production of iPSC-
cardiomyocytes, and personalized drug screening.

Table 2 Parameters are hitherto untested during iPSC-
cardiomyocyte maturation

Category Parameters to check References
Excitation-contraction  M-bands, upon maturation 111
coupling strategies
T-tubes, upon maturation M
strategies
Contractility (3 -adrenergic receptors 112,113,115
Oxygen supply Ambient oxygen conditions 104

Energy substrate
supplementation

Ketone, on energy metabolism 72

BCAA, on energy metabolism 72-75
Oxidative stress ROS production 35:37:60;64
Inflammation Effect on cell survival 105
Effect of sex Effect on energy metabolism 107,116
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Delivery and survival of hiPSC-cardiomyocytes in
the infarcted heart Both preclinical and clinical stud-
ies have shown that hiPSC-cardiomyocytes delivered to
the infarcted heart through intracoronary infusion [118],
and intravenous [119], transendomyocardial [120], or
transepicardial [121] injections have poor retention [122].
The delivery of hiPSC-cardiomyocytes can be improved
by using engineered tissues [118, 123], co-transplanta-
tion with other cells [124], or encapsulation in biomate-
rial matrices [125] or extracellular vesicles (EVs) [126].
Tominage et al. have demonstrated that EV-encapsulated
hiPSC-cardiomyocytes survive longer in the infarcted rat
myocardium and sustainably improve cardiac function
for up to four weeks [126]. The short observation time is
a limitation for the use of the tissue patch [118] or EVs
[126]. Furthermore, Peinkofer et al. demonstrated that
hiPSC-cardiomyocytes from the 14th day of differentia-
tion persisted the longest in the infarcted myocardium
and showed high functional integration [122], which sug-
gests that the developmental stage is a determinant of the
survival of transplanted cells [127]. Thus, future studies
need to identify the exact maturation stage of hiPSC-car-
diomyocytes for optimal transplantation efficiency and
functional improvement. In this regard, the endpoint of
maturation needs to be standardized.

Scalability of mature hiPSC-cardiomyocyte produc-
tion Regenerative treatments require billions of cells for
individual patients, which is time-consuming, techni-
cally challenging, and affects the cost and reproducibility
of the operation. Dhahri et al. have developed a practi-
cal method for the large-scale manufacturing of mature
hiPSC-cardiomyocytes that can be cryopreserved and
later thawed at high viability through 2D-culture on
polydimethylsiloxan-lined roller bottles [33]. Although
further improvement is required for clinical translation,
as these cells do not achieve a fully adult-like phenotype
and the responses to hormonal, metabolic, or pharmaco-
logical cues are unclear, a greater host-graft electrome-
chanical integration and reduced proarrhythmic behavior
were evident in the infarcted guinea pig heart following
transplantation of these cells [33].

Potential for personalized drug screening Due to the
different responses of individual patients to specific drugs,
personalized medicine is increasingly being explored for
treating MI. The hiPSC-cardiomyocytes derived from
individual patients might be effective tools for screening
candidate drugs and identifying cardiotoxic drugs. Never-
theless, it is crucial to elucidate the mechanisms underly-
ing hiPSC-cardiomyocyte maturation and to optimize the
maturation status.
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Conclusions Several technical hurdles, such as matura-
tion readouts of metabolism, must be optimized for the
clinical application of hiPSC-cardiomyocytes. Interven-
tions that simultaneously target multiple metabolic path-
ways might be necessary to accelerate the maturation
process. Furthermore, it is crucial to establish the optimal
maturation status of the hiPSC-cardiomyocytes to ensure
optimal engrafting and functional improvements. Finally,
patient-specific changes in hiPSC-cardiomyocytes need
to be further investigated, which will greatly facilitate the
development of personalized therapeutic options.
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