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A B S T R A C T

Patient-derived human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) are increasingly being used for
disease modeling, drug screening and regenerative medicine. However, to date, an immature, fetal-like, phe-
notype of hPSC-CMs restrains their full potential. Increasing evidence suggests that the metabolic state, parti-
cularly important for provision of sufficient energy in highly active contractile CMs and anabolic and regulatory
processes, plays an important role in CM maturation, which affects crucial functional aspects of CMs, such as
contractility and electrophysiology. During embryonic development the heart is subjected to metabolite con-
centrations that differ substantially from that of hPSC-derived cardiac cell cultures. A deeper understanding of
the environmental and metabolic cues during embryonic heart development and how these change postnatally,
will provide a framework for optimizing cell culture conditions and maturation of hPSC-CMs. Maturation of
hPSC-CMs will improve the predictability of disease modeling, drug screening and drug safety assessment and
broadens their applicability for personalized and regenerative medicine.

1. Introduction

Advantages of human pluripotent stem cell-derived cardiomyocytes
(hPSC-CMs) in the fields of disease modeling, drug screening and safety
pharmacology and regenerative medicine have been convincingly de-
monstrated in the past decade [1]. Nevertheless, hPSC-CMs suffer from
an immature fetal-like phenotype compared to adult CMs in vivo [1],
which hampers their use in pre-clinical and clinical applications. It is
therefore of paramount importance to develop defined strategies to
improve maturity of hPSC-CMs. Immaturity of hPSC-CMs can, at least in
part, be attributed to their non-native exposure to environmental cues
[2]. While mechanical and electrical triggers for hPSC-CM maturation
have been described in length [1], only recently attempts have been
made to improve maturity of hPSC-CMs through metabolic cues. During
embryonic, fetal and postnatal development, the heart is exposed to a
variety of metabolic cues and environmental and cellular changes that
affect metabolism of cells, which consequently enable, or even trigger
CM functional maturation. During development, cells of the heart un-
dergo profound changes in expression patterns of genes that are in-
volved in metabolism, specifically controlling the use of fatty acids,
glucose, and lactate as energy substrates, as well as oxygen for meta-
bolic oxidation. Previously, it has been suggested that metabolism can
be driven to a more mature state in hPSC-CMs, with a concomitant

improvement of contractile function [2,3]. Observations such as these
suggest that lessons learned from in vivo heart development and me-
tabolism may be translated to the in vitro situation, in order to generate
hPSC-CMs that are comparable to human adult CMs. In contrast to adult
CMs in vivo, hPSC-CMs rely mostly on anaerobic glycolysis instead of
oxidative phosphorylation for adenosine triphosphate (ATP) generation
[3]. Clearly, in order to meet the high energy demand required to
sustain contractile function in adult CMs, a switch from anaerobic
glycolysis to a more efficient mitochondrial oxidative metabolism needs
to be realized [4]. Mechanisms governing the essential switch from the
fetal to the adult metabolic phenotype are only partly understood.
However, increasing evidence suggests that environmental changes,
mainly differences in substrate availability, may play an important role.

The notion that metabolic gradients play a crucial role during em-
bryonic development has been recognized for more than a century.
Exposure of the developing heart to non-physiological concentrations of
metabolites in utero may adversely affect CM or heart function later in
adult life [5]. This so-called “fetal programming”may also occur in vitro
during differentiation of hPSCs towards the cardiac lineage and may
contribute to the observed immature phenotype of hPSC-CMs. Never-
theless, in vitro culture conditions have not been appropriately adjusted,
but rather provide metabolites in a ratio and concentration that does
not support proper maturation of cardiac cells [6]. Most hPSC cultures
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feature a stepwise differentiation towards the cell type of interest by
controlled activation and/or inhibition of signaling pathways, mi-
micking local signaling cascades that occur during early embryonic
development. However, additional medium nutrients and components
are mostly based on practical and historical considerations for survival,
maintenance and expansion of cell cultures, without taking into ac-
count how in vivo conditions may facilitate CM maturation. Here, we
will discuss micro-environmental and metabolic changes during human
embryonic and postnatal cardiac development and maturation, which
could serve as a blueprint for CM maturation in vitro.

2. Cardiomyocyte function and metabolism in adult human hearts

Contractile CMs are responsible for heart muscle shortening and
subsequent pumping action of the heart. Adult CMs are composed of
myofibril bundles that interconnect with each other via intercalated
discs to form a syncytium of striated muscle. The smallest contractile
unit of each myofibril, known as the sarcomere, consists of myosin
‘thick’ and actin ‘thin’ filaments, as well as a troponin-tropomyosin
regulatory complex. Contraction is initiated upon depolarization of the
cell membrane via Na+ influx, which results in trans-sarcolemmal
calcium influx via L-type calcium channels. This relatively low amount
of calcium stimulates ryanodine receptors to induce calcium release
from the sarcoplasmic reticulum (SR) storage pools. Calcium released
by the SR subsequently binds to the troponin regulatory unit, enabling a
conformational change that results in the detachment of the actin fi-
lament from the regulatory complex. Actin is then accessible for
binding to myosin. This interaction between myosin and actin leads to
the hydrolysis of the main energy carrier ATP, followed by a con-
formational change in the actin-myosin complex, which enables that
thick and thin filaments slide along each other, resulting in contractile
shortening of the sarcomere. This repetitive cycle of contractions of the
heart at a rate of 60–80 times per minute requires 60–70% of the total
ATP production, while the remaining ATP is primarily utilized by ATP-
dependent calcium membrane transporters of the sarcoplasmic re-
ticulum and other ATP-dependent ion pumps [7].

It is obvious that continual cyclic contractions by CMs are depen-
dent on extraordinarily high amounts of energy. An adult human heart
has a turnover of an estimated 12 mol of ATP per day, which roughly
equals 6 kg of ATP molecules that need to be synthesized each day for
normal heart function [8]. Adult CMs are able to generate energy in
form of ATP from several substrates. In times of sufficient oxygen
supply, carbohydrates, of which the majority is glucose, but also lac-
tate, fructose and galactose, cover only around 30% of the total energy
demand of the heart. Glucose is metabolized to pyruvate by glycolysis,
which yields 5 molecules of ATP. In the absence of oxygen, or during
high proliferative behavior, pyruvate is fermented to lactate, which
costs 3 ATP, making (an-)aerobic glycolysis relatively inefficient with a
net gain of 2 ATP molecules per molecule glucose. However, when
enough oxygen is supplied, pyruvate can also be converted to acetyl-
CoA for the production of ATP via oxidative phosphorylation. Aerobic
oxidation of pyruvate produces an additional 25 molecules of ATP on
top of the 5 ATP molecules generated in glycolysis, thus generating a
total of 30 molecules of ATP when glucose is oxidized in the tri-
carboxylic acid (TCA) cycle [7]. Due to its much higher potential ATP
yield, the preferred energy source for adult CMs are fatty acids, which
cover 50 to 70% of the energy demand of the heart. Fatty acids are
broken down to acetyl-CoA by mitochondrial β-oxidation. Acetyl-CoA
can then enter oxidative phosphorylation in the mitochondria (via TCA
cycle and electron transport chain) (Fig. 1). Together with the β-oxi-
dation, the yield of ATP is much higher than that of glucose oxidation: a
fatty acid of 6 carbon atoms (the same number as glucose) would yield
44 molecules of ATP, compared to the total yield of 30 ATP molecules
per glucose molecule. In adult hearts, CMs therefore mainly rely on
fatty acids to generate the vast amount of required energy for con-
traction. However, in utero, fatty acids are not available in sufficient

numbers to be used as an energy source, forcing immature fetal CMs to
rely on glucose metabolism.

3. Early stage embryonic metabolism (first trimester)

Before fertilization, oocyte metabolism primarily uses oxidation of
fatty acids, glucose and amino acids [9,10]. Upon fertilization, the zy-
gote and early developing embryo in morula stage derives its nutrients
and oxygen directly from the surrounding maternal tissue through
diffusion. In the human oviduct, the embryo is exposed to around 5%
oxygen, a relatively high concentration of pyruvate (0.24–0.32 mmol/
L) and lactate (4.87–10.5 mmol/L), while the glucose concentration is
relatively low (0.5 mmol/L, see Fig. 2) [10]. At this early stage of de-
velopment, the embryo relies mostly on pyruvate, aspartate and lactate
as an energy source, which are oxidized in the TCA cycle in the mi-
tochondria (see Fig. 1) [11]. As the embryo further develops, glucose
becomes more prominently available for energy generation through
glycolysis to lactate and through oxidation in the TCA cycle, which
triggers a concomitant increase in oxygen consumption by the embryo
[11]. At this point, the embryonic stem cells of the inner cell mass of the
blastocyst use glucose as the primary source of energy through aerobic
glycolysis to facilitate rapid hyperplasia, thereby generating high
amounts of lactate, despite the presence of oxygen [10,11]. The high
(aerobic) lysis of glucose is considered to be required particularly for
biosynthesis of building blocks needed for cell growth and proliferation
through the pentose phosphate pathway (PPP) [11]. The blastocyst
embryo takes up metabolites from the uterine fluid, which contains
glucose (3.15 ± 0.31 mmol/L), pyruvate (0.1 ± 0.05 mmol/L) and
lactate (5.87 ± 1.19 mmol/L), and offers an oxygen tension between 1
and 4% [10,12,13]. Pyruvate continues to be taken up by the embryo as
a source of energy, however its uptake and oxidation may be reduced
with increasing extracellular lactate concentration [14]. Other minor
contributors to blastocyst metabolism are amino acids [11].

4. Energy sources and oxygen concentration during fetal heart
development

During fetal growth, the developing heart is supplied with nutrients
and oxygen by the fetal circulation. The availability of glucose, lactate
and fatty acids are actively and passively determined by the syncytio-
trophoblast layer of the placenta and remain rather constant
throughout the fetal phase of development. Fetal glucose is solely
provided by the mother, since gluconeogenesis is activated after birth
[15,16]. Glucose plasma concentration may fluctuate according to the
maternal plasma concentration in a linear fashion, always lagging at
60% of the maternal concentration [17,18]. In fasting state, this implies
that the glucose concentration will not exceed 7 mmol/L under healthy
conditions [18]. Higher glucose concentrations in mammalian cardio-
genesis (including human) during gestation have been associated with
an increased risk of developmental heart defects. In addition, fetuses
from mothers diagnosed with diabetes mellitus, characterized by a glu-
cose plasma concentration of> 7 mmol/L in fasting state, have an in-
creased risk of congenital heart disease. Cardiac hypoplasia, hyper-
trophic cardiomyopathy, septum defects and endocardial endothelial-
to-mesenchymal transition (EMT) with excessive fibrosis have been
reported to be more prevalent in case of gestational diabetes [19–22].
Proposed mechanisms of cell damage caused by a high concentration of
glucose during heart development include: 1) generation of excess ROS;
2) reduced intracellular folic acid and increased homocysteine, causing
direct or indirect damage to cardiac progenitor cells; 3) endoplasmic
reticulum (ER) stress [23–25]; 4) oxidative stress; 5) nitrosative stress
[26,27]; 6) lipoperoxidation and 7) caspase-8-regulated apoptotic
pathway activation [21].

Glucose is the major metabolic substrate that is taken up from the
maternal circulation, however the fetal heart primarily uses lactate
produced by the placenta as its energy substrate for oxidative
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phosphorylation [18]. The placenta is a major producer of lactate
during fetal development, providing lactate as the most important en-
ergy substrate for the heart. Lactate concentrations vary between 0.5
and 2.0 mmol/L at 18–21 weeks of gestation [28], and were measured
at 1.15 ± 0.08 mmol/L at late gestation (> 35 weeks) [29]. The high
concentration of lactate in the fetus does not imply acidosis of the infant
[30], but rather indicates a high aerobic glycolytic activity of the pla-
centa. A high ratio of lactate over fatty acid availability mediates the
primary use of lactate as an oxidative substrate for ATP synthesis. Even
though gene expression involved in fatty acid metabolism is gradually
increased, the contribution of β-oxidation thus remains relatively small,
also due to a lack of available substrate and insufficient concentration
of fatty acid transporters and β-oxidation intermediates [18]. The

availability and composition of fetal plasma fatty acids is controlled by
selective fatty acid binding proteins on the placenta, and are primarily
selected for their role in anabolic activities of organs in the fetus
[31,32]. The free fatty acid (FFA) concentration in the fetal plasma at
time of delivery (term) may vary between individuals between 0.06 and
0.33 mmol/L, and are enriched for the essential fatty acids (EFAs) by
the placenta (Table 1) [31,33,34]. Deficiencies in fatty acid delivery to
the fetus during development may be catastrophic for organogenesis, in
particular brain and retina in the third trimester [31], however the
effect on heart development is not clear. In mice, a high fat diet of the
mother has been correlated to CM dysfunction in the offspring because
of lipid droplet accumulation, oxidative stress and mitochondrial dys-
function, although this has not yet been reported in humans [5].

Fig. 1. Schematic representation of the metabolic pathways in the cardiomyocyte. Lactate, glucose, aspartate and fatty acids (acyls) may be used by the cardio-
myocyte as a substrate for oxidative phosphorylation. Glucose may also be converted to lactate when required, for example when insufficient oxygen is available for
oxidative phosphorylation. C = Carnitine, CoA = Co-enzyme A.
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Lactate will remain more important as an energy substrate for oxi-
dative phosphorylation than fatty acids until birth, after which the
sudden drop of the fetal plasma lactate concentration and a vast in-
crease in the fatty acid concentration reverses the lactate over fatty acid
ratio, thus forcing the cardiac metabolism to switch to fatty acid oxi-
dation. Other carbohydrates only play a minor role as an energy sub-
strate, but may have an effect on development nonetheless. Fructose
and galactose both are present in fetal plasma at a relatively low con-
centration, and although high intake of either carbohydrate has been
shown to affect fetal development, little is known in their effect on
cardiac development [35–37]. Amino acids are essential to fetal growth
not in the least for protein synthesis, but may also account for ap-
proximately 20% of metabolite oxidation for energy production. Amino
acid presence in the fetal circulation is higher than in maternal blood
and is likely to be transported actively from the maternal to the fetal
bloodstream [30].

The fetal human heart develops under relative hypoxic circum-
stances. Maternal arterial oxygen partial pressure is maintained around
90–100 mmHg (11–13%), while oxygen pressure in fetal umbilical vein
was measured at 32–35 mmHg (4,2-4,6%) and in the coronary arteries
at 25–28 mmHg (3,3-3,7%) in fetal lambs [38]. Interestingly, the um-
bilical cord vein partial pressure of oxygen during the fetal phase of
development slowly declines with increasing gestational age, an effect

speculated to function as protection against oxygen toxicity in the fetus
[38,39].

5. Hormonal influence on heart development

Several studies have shown that thyroid hormone (TH) is funda-
mentally important for heart development and maturation. Although
TH is thought not to cross the placenta, some animal studies indicated
that a drop of maternal TH 3,5,3′-triiodothyronine (T3) concentration
affects normal fetal development of the heart and brain [40,41]. The
human fetus itself initiates the production of TH at the gestational age
of 12 weeks [42]. In the first two trimesters, the less active TH thyr-
oxine (T4) is mostly produced in the thyroid. However, when the hy-
pothalamic-pituitary-adrenal axis becomes activated in the third tri-
mester, cortisol-mediated conversion of T4 to T3 leads to a profound
increase in T3 hormone in the fetus, reaching a concentration of
0.77 nmol/L at term [42,43]. The highly active T3 hormone drives
maturation by modulation of contractile protein myosin heavy chain α/
β, voltage-gated potassium channels (Kv1.5, Kv4.2 and Kv4.3) and sar-
coplasmic reticulum Ca2+-ATPase (SERCA2a) and downregulation of
phospholamban (PLN) [44–46].

Insulin receptor (INSR) and insulin-like growth factor 1-receptor
(IGF1R) signaling have been reported to be of high importance in the
developing heart. Conditional knock-out models in mice have demon-
strated that without INSR signaling, CMs remained smaller, which
correlated to a reduced heart size in newborn mice [5]. Conditional
knock-out of both INSR and IGF1R signaling in the developing heart
resulted in severe cardiomyopathy and death of the mouse pups [5]. In
mouse and other species, it has been demonstrated that insulin-like
growth factor 2 (IGF2) is the main ligand for IGF1R, driving CM pro-
liferation and morphogenesis of the ventricles in vivo [47], although
IGF1 binding to the IGF1R activates a similar response. IGF2 is pro-
duced by the epicardial and endocardial layers of the heart [47] and is
delivered locally. Therefore, an absolute concentration of IGF2 in the
myocardium is unknown. Gestational diabetes with concurrent fetal
hyperinsulinemia on the other hand, has been associated with dis-
proportionate fetal cardiac hypertrophy in humans, determined by

Fig. 2. Metabolite plasma concentration per stage of gestation and neonatal life. Solid line represents the average, the margins represent the reported variation in
literature. Fatty acids were omitted due to the low values of fatty acid concentrations throughout development.

Table 1
Fatty acid composition in human umbilical vein samples prior to cesarean
section and human adult plasma, data in % (mg/100 mg) normal [s.e.m.]

Fatty acid Fetus at delivery [32] Human adult [51]

Palmitic acid 25.4 [1.1] 23.7 [1.97]
Stearic acid 19.8 [1.9] 18.64 [2.91]
Palmitoleic acid 3.62 [0.29] 0.75 [0.42]
Oleic acid 19.4 [0.5] 11.11 [1.89]
Linoleic acid 7.81 [0.30] 17.65 [3.81]
Eicosatrienoic acid 2.47 [0.19] 2.29 [0.61]
Arachidonic acid 12.2 [0.3] 9.44 [2.51]
a-Linoleic acid – 0.2 [0.12]
Docosahexaenoic acid 3.99 [0.16] 4.16 [1.53]
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intrauterine echocardiography [48]. These findings suggest that there is
an optimal window for insulin signaling in relation to proper heart
development. In human fetuses at term, the insulin concentration was
found to be 39.2 pmol/L for infants that were at full term [49], however
in the case of preterm delivery this value may be twice as high [50].

6. Postnatal cardiac maturation in relation to exposure of
metabolites

Whereas fetal CMs are predominantly dependent on aerobic glyco-
lysis and lactate oxidation as preferred substrate, within days after
birth, a switch is made to the energetically more efficient oxidation of
fatty acids. Glycolytic rates after birth decrease to< 10% of total car-
diac ATP production. Due to downregulation of the insulin-independent
glucose transporter 1 (GLUT1) and replacement by the insulin-re-
sponsive GLUT-4 as the dominant transporter, uptake of glucose be-
comes more correlated to the insulin concentration, and thus the me-
tabolic state of the neonate [52]. To a lesser extent, transporters GLUT-
3 and GLUT-11 (with a high affinity for fructose), are also expressed in
the human heart after birth [52,53]. In the clinic, the neonatal plasma
glucose concentration is targeted between 3.9 mmol/L and 8.3 mmol/L,
which is comparable to the fetal glucose concentration [54]. In humans,
the shock of birth causes the T3 plasma concentration in neonates to
peak to 4.5 nmol/L in the first days of life (approximately 5- to 6-fold
higher than prenatal concentration), likely as a response to a colder
environment [55]. This increase in T3 concentration mediates the
switch of glucose transporters to the insulin-sensitive phenotype
(GLUT1 switches to GLUT4) at birth and may also be responsible for the
metabolic switch from aerobic glycolysis to oxidative phosphorylation
and the increase in fatty acid use for energy derivation [56,57]. The
importance of TH in postnatal cardiac maturation is further shown by
the finding that the T3 surge is also responsible for an arrest in cell cycle
of CMs [58]. The insulin concentration of neonates directly after birth
was found to be 6.3 ± 3.7 μU/mL or 43,8 ± 25,7 pmol/L [59].

Fatty acids become the dominant source of energy substrate after
birth, replacing lactate and glucose as the main metabolite of the heart.
Within days after birth, the plasma fatty acid concentration increases
from 0.1 mmol/L in the fetus, to up to 0.4 mmol/L in the neonate, while
the lactate concentration drops from 2 mmol/L to 1.5 mmol/L [60]. As
a consequence of this metabolic switch, mitochondrial respiration in
the neonatal heart accounts for ~90% of the total ATP production, with
a 10-fold increase in fatty acid oxidation, making it the dominant re-
source for oxidative phosphorylation [60–63]. To accommodate this
increased rate of β-oxidation, the mitochondria in neonatal CMs rapidly
proliferate, relocate from perinuclear to peri-myofibrillar locations in
the cell, and become more mature, leading to increased inner mem-
brane surface area (the lamellar phenotype) and a 2–4 fold increase in
expression of proteins involved in respiratory activity. The metabolic
switch from a fetal to an adult phenotype coincides with a higher level
of gene expression of key regulators in fatty acid transport and oxida-
tion [60], such as peroxisome proliferator-activated receptor (PPAR)-α
and γ. PPARs can exhibit their function only after establishing a tran-
scriptional complex with their co-activators, such as PPARγ coactivator-
1α (PGC-1α). In contrast to other PPAR co-activators, PGC-1α is re-
strictively expressed in tissues with high oxidative capacities, such as
myocardial tissue. PPAR-α/PCG-1α signaling not only increases the
expression of fatty acid transporters, such as the mitochondrial rate-
limiting carnitine palmitoyltransferase 1 (CPT-1), but also activates
genes responsible for other steps in fatty acid metabolism, such as: 1)
fatty acid transport (FATP, FAT/CD36, H-FABP), 2) activation of fatty
acids for mitochondrial import (fatty acid acyl-CoA synthetase (FACS)),
3) mitochondrial import (mCPT-I/CPT2); and 4) oxidative phosphor-
ylation (medium-chain acyl-CoA dehydrogenase, an oxidoreductase
that is specific for acyl chain lengths of 4 to 16 carbons). Strikingly,
PGC-1α experiences an enormous increase in expression after birth,
suggesting that this increase is tightly coupled to the postnatal

metabolic switch of the fatty acid machinery [64]. Overall, these results
demonstrate that PPAR-α/PGC-1α signaling is essential for the estab-
lishment and maintenance of efficient mitochondrial fatty acid β-oxi-
dation in postnatal CMs.

7. Metabolic characteristics of hPSC-CMs compared to adult CMs

In recent years differentiation of hPSCs towards CMs has been
greatly improved, yielding CM cultures of 90% and higher. In defined,
serum-free culture conditions undifferentiated hPSCs are directed
within two weeks to functional CMs following a precisely controlled
activation and inhibition of signaling pathways, comparable to forma-
tion of mesoderm-derived cardiac cells during embryonic development
[65]. Although key in vivo cardiac signaling cascades are mimicked in
these hPSC cultures, environmental and metabolic cues are deviating
considerably from the human in vivo situation, indicated by the high
concentration of glucose (~15 mmol/L) and low concentration of fatty
acids (2.6 μmol/L). In order to determine real-time energy metabolism,
hPSC-CMs are usually seeded in multi-well plate metabolic assay plat-
form. Based on relative contribution of glycolysis and mitochondrial
respiration to total energy production by measuring the oxygen con-
sumption (OCR) and extracellular acidification rates (ECAR), hPSC-CMs
rely primarily on aerobic glycolysis instead of mitochondrial oxidative
respiration when cultivated under commonly accepted non-native cell
culture conditions (high glucose-low fatty acids).This immature phe-
notype of hPSC-CMs is supported by the low expression of genes related
to glycolysis, fatty acid β-oxidation and mitochondrial respiration,
when compared to gene expression levels in adult human CMs [66,67].
Furthermore, mitochondrial numbers are lower in hPSC-CMs than their
adult counterparts [67]. Nevertheless, despite their immature char-
acter, hPSC-CMs have the capacity for mitochondrial respiration as
indicated by a 5 to 8-fold increase in OCR/ECAR ratio when grown in
presence of galactose or fatty acids and not glucose [3]. Lysis of ga-
lactose to pyruvate yields no net ATP, forcing CMs to feed the galactose-
derived pyruvate into the TCA cycle [68].

8. Substrate changes as possible strategy to optimize cardiac
differentiation in hPSCs

Mechanisms governing the essential switch from the metabolic
phenotype in fetal CMs to that in adult CMs are only partly understood.
However, increasing evidence suggests that differences in substrate
availability may partially be involved in cardiac maturation. As the
concentration of lactate decreases shortly after birth from 2 mmol/L to
about 1.5 mmol/L and fatty acid concentration increases from
0.1 mmol/L to approximately 0.4 mmol/L in adult blood [60,69], it is
conceivable that a shift from lactate to fatty acids may be able to induce
a metabolic transition in CMs, which may serve as a trigger for CM
maturation. Considerable evidence to support this hypothesis is based
on animal studies. In vivo perfusion experiments in neonatal rabbit
hearts disclosed that increased fatty acid supply promotes oxidative
metabolism and hence ATP generation in the neonatal heart. This in-
crease in respiratory capacity was indeed attributable to higher fatty
acid oxidation rates, given that significantly greater ATP values could
be measured in hearts perfused with high palmitate concentration
(2.4 mmol/L) than with low palmitate (0.4 mmol/L). Most importantly,
perfusion with 2.4 mmol/L palmitate, but not 0.4 mmol/L palmitate,
was sufficiently able to improve contractile function [70]. Another
study evaluated the effect of long-chain fatty acids on cardiac gene
expression in primary cultures of neonatal rat ventricular myocytes
cultured in the presence of either glucose (10 mmol/L), fatty acids
(palmitic and oleic acid, 0.25 mmol/L each) or both glucose and fatty
acids as exogenous substrates. First of all, these long chain fatty acids
were taken up into the cell for storage in endogenous lipid pools until
oxidation [71,72]. This suggests that fetal CMs possess the capacity to
shuttle fatty acids into the cell. Second, supplementation of fatty acids
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resulted in a 2 to 4-fold increase in expression of fatty acid translocase
(FAT/CD36), H-FABP, FACS and long-chain acyl-CoA dehydrogenase
with a consecutive increase in CM fatty acid oxidation that ultimately
more than doubled. Importantly, no obvious undesired phenotypical
alterations could be detected within 48 h [71]. Of special relevance is
that fatty acids most probably exhibit their function via activation of
PGC-1α/PPAR-α “feed-forward” signaling pathway, which not only
plays a pivotal role in the control of fatty acid β-oxidation, but also in
cardiac mitochondrial biogenesis [73]. The activation of PPAR-α is not
the only mode of action in which fatty acids, such as palmitate, could
improve maturity in hPSC-derived CMs. Exposure to 0.5 mmol/L pal-
mitate for 4 h increases nitric oxide synthase activity by about 2-fold in
cultured chick ventricular CMs resulting in an elevated cellular nitric
oxide concentration [74], which has been shown to increase inwardly
rectifying potassium current IK1 in human atrial CMs in another study
[75]. HPSC-CMs not only exhibit very low or even absent IK1 currents,
but also the majority of CMs displays little to no Kir2.1 (responsible ion
channels for IK1 currents) at the gene and protein level [76]. Low IK1
current results in the relatively high resting membrane potential and
intrinsic automaticity in hPSC-CMs compared to their more mature
counterparts. Elevated expression of Kir2.1 in hPSC-CMs leads to
complete cessation of spontaneous firing along with a significant hy-
perpolarization of the resting membrane potential to values comparable
to the adult potential. Although IK1 increases with time in culture,
currents are dramatically lower than in adult ventricular CMs, sug-
gesting that the deficiency in IK1 may contribute to the functional
limitations of hPSC-CMs. In addition, nitric oxide may also exert a
protective function in CMs against detrimental effects of palmitate
treatment, which has been shown to lead to a 2-fold increase in cell
death within 4 h of exogenous exposure to 0.5 mmol/L palmitate [74].
This also indicates that simply exposing CMs to an increased con-
centration of fatty acids may not be sufficient for optimal uptake and
efficient use for β-oxidation and driving cardiac maturation. Yang et al.
developed a proof-of-concept to show that hPSC-CMs have the capacity
to take up approximately 25% of supplied fatty acids (105 μmol/L
palmitate-albumin, 81 μmol/L oleic acid-albumin, and 45 μmol/L li-
noleic acid-albumin complexes supplemented with 250 μmol/L carni-
tine) [77]. Interestingly, absence of the amino acid carnitine reduced
fatty acid uptake to about 13%. This relatively low uptake suggests that
fatty acid uptake by CMs is not optimal. Co-culture of CMs in direct
contact with other cell types, especially endothelial cells, may be re-
quired to increase fatty acid uptake and trigger metabolic maturation in
CMs. The endothelial cell-mediated fatty acid transport from lipid ve-
sicles towards CMs for example has been extensively described in lit-
erature as an important source of lipids [78].

As opposed to cardiac development in vivo, CMs generated in vitro
are usually cultured in non-physiologically high concentrations of
glucose and a low concentration of fatty acids and thus provide an
environment that predisposes for glycolysis, inhibits fatty acid β-oxi-
dation and thereby precludes sufficient ATP generation to support in-
creased cardiac workload as it occurs in the adult human heart. Dzeja
et al. demonstrated that a high concentration of glucose (50 mmol/L) in
differentiation media reduced the formation of beating areas in murine
embryonic stem cells (mESCs) differentiations [79]. In the presence of
high glucose, mESC-derived cells displayed an immature myofibrillar
organization with fragmented mitochondria that had lost their con-
nection to the myofibrils. Moreover, not only structural proteins were
affected, but also electrical activity was weaker as evidenced by lower
expression of membrane potential marker RH 237. These findings
support the hypothesis that a high concentration of glucose may have a
detrimental effect on sarcomeric organization, mitochondrial biogen-
esis, electrical activation and consequently interfere with cardiomyo-
cyte differentiation and maturation [79].

To explore the distinct effects of different fuels on the metabolic
adaptions necessary to sustain the high energy demand in CMs, Rana
et al. maintained hPSC-derived CMs in media containing either 1)

glucose (5.5 or 25 mmol/L), 2) glucose (5.5 mmol/L) and fatty acids
(0.1 mmol/L oleic acid and 0.05 mmol/L palmitic acid), 3) galactose
(10 mmol/L) or 4) galactose (1 mmol/L) and fatty acids (0.1 mmol/L
oleic acid and 0.05 mmol/L palmitic acid) for 21 days. CMs did not
show fuel-related differences in ATP production. However, the type of
carbon source was shown to influence the relative contribution of active
mitochondrial respiration and glycolysis. In presence of galactose and
fatty acids, but surprisingly also galactose alone, CMs experienced in-
creased levels of mitochondrial respiration relative to glycolysis [3].
Interestingly, the overall ATP content did not increase, suggesting
subsequent utilization of the generated ATP. These findings may sug-
gest a higher need for increased ATP production in hPSC-CMs. Despite
the availability of fatty acids, CMs remained glycolytic when additional
glucose was provided in the media. In none of the conditions, expres-
sion levels of key genes involved in glycolysis or mitochondrial re-
spiration changed significantly [3]. A possible explanation for the
highly glycolytic phenotype in these cells, even in the presence of en-
ergetically favorable fatty acids, could be related to the presence of
glucose, since glucose has the capacity to inhibit fatty acid β-oxidation
via the Randle cycle where fatty acids and glucose compete for their
oxidation and uptake into muscle or adipose tissue. Moreover, long
chain fatty acid esters of coenzyme A (LC-CoA), which are inter-
mediates of fatty acid metabolism, inhibit all inwardly rectifying po-
tassium channels (Kir) except KATP under conditions that promote cy-
toplasmic accumulation of LC-CoA, as, for instance, at high glucose
concentration. A glucose concentration above 25 mmol/L has been
shown to inhibit CPT-1 and thereby mitochondrial fatty acid import
(Fig. 1) [80,81]. Consequently, exposure to a high concentration of
glucose not only has an inhibitory effect on fatty acid oxidation, but
also directly inhibits IK1 currents, which are key to (electro-
physiological) maturation in hPSC-derived CMs. A possible alternative
to long chain fatty acids are medium chain fatty acids. In contrast to
long-chain fatty acids with 14 or more carbons, medium-chain fatty
acids are composed of 6 to 12 carbons and are always saturated. These
structural differences confer to medium fatty acids the unique ability to
cross the mitochondrial membranes regardless of the regulatory effects
of CPT-1. Hence, medium fatty acids are an unlimited ATP source. In-
terestingly, milk, which is the primary fuel source during the postnatal
period in mammals, contains a high concentration of medium fatty
acids [82].

Interestingly, in analogy to fetal CMs, hPSC-derived CMs have been
shown to have the potential to metabolize lactate, unlike un-
differentiated hPSCs or other non-CMs in culture [83,84]. As knowledge
gathered from in vivo development points to the role of substrate
changes, including the switch from lactate to fatty acids, for maturation
of hPSC-derived CMs, it may be preferable to maintain hPSC-derived
CMs in a lactate-enriched culture medium and then switch to fatty acids
as major fuel. Furthermore, fatty acid supplementation in insulin-con-
taining medium increased hPSC-CM hypertrophy, contractile force and
calcium dynamics, as well as action potential up-stroke velocity (a well-
described feature of electrophysiological maturation) and maximal
mitochondrial respiratory capacity (Fig. 3) [77]. Together, these data
implicate that exogenous fatty acids have the capacity to drive ma-
turation in hPSC-derived CMs.

9. Conclusions & recommendations

Patient-derived hPSC-CMs often exhibit characteristics that reflect
the disease pathology of the patient. For these reasons, hPSC technol-
ogies are recognized as cutting edge research platforms for disease
modeling, drug discovery and regenerative medicine. Significant ad-
vances in the efficiency of CM differentiation and analytical procedures
have spearheaded efforts to use patient-derived hPSCs to capture the
patient phenotypes “in a dish”. Nevertheless, immaturity of hPSC-CMs
remains a major obstacle to their pre-clinical and clinical applications
and adoption by pharmaceutical industry. Even though strategies such
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as 3D culture, mechanical, and/or electrical stimulation have been
developed to advance the maturity level of the hPSC-CMs, success re-
mains limited. One other aspect that might prevent hPSC-CMs from
reaching a higher maturity level is their metabolic state, which is pri-
marily dependent on aerobic glycolysis instead of fatty acid oxidation,
in contrast to adult CMs in vivo [3]. HPSC-CMs cultured in vitro are
classically exposed to high glucose, low fatty acid and low lactate en-
vironment, one that does not resemble the in vivo situation of CMs
during heart development. Due to the inhibitory effect of high glucose
on fatty acid oxidation, described in the Randle cycle [85], it is ex-
pected that in vitro culture of hPSC-CMs in high glucose will not facil-
itate metabolic maturation towards fatty acid metabolism, as required
and observed in highly contractile adult CMs [4].

Studies focused on embryonic heart development suggest that
especially the switch from a lactate to a fatty acid-dominated en-
vironment may drive the metabolic switch to an adult-like metabolic
phenotype of CMs [63]. Moreover, deviations from optimal in vivo
metabolite concentration may lead to metabolic changes that endure
postnatally (fetal programming) [5], or even cause cardiomyopathies
[19–22]. It is therefore not unlikely that culture conditions in vitro
could also have a suboptimal or detrimental effect on CM development
and function, as these culture conditions deviate strongly from the
preferred in vivo concentration.

Here we summarized developmental metabolic conditions of CMs in
vivo, in order to provide a guideline for a cell culture medium that
might facilitate CM maturation in vitro. It must be emphasized that
changing metabolite concentration in culture medium alone will most
likely not result in extensive maturation of hPSC-CMs, since other as-
pects of cardiac maturation, as explained below, need to be considered
as well. Based on metabolic concentration during gestation and shortly
after birth, a fetal CM culture medium and neonatal CM culture
medium can be devised (see Table 2), which consists of a lower glucose
concentration (4.5 mmol/L instead of 15 mmol/L), lactate (especially in
the fetal stage of culture), and fatty acids (present in millimolar range
and thus high enough to serve as a metabolic substrate), in addition to
T3 hormone and insulin.

It is important to note that reported values of metabolites during
fetal development and the post-natal period were measured in plasma
of umbilical cord or peripheral blood samples. This implies that those

values are systemic concentrations and might not precisely correspond
to the cardiac micro-environment. In vivo, CMs are shielded to some
extend by the endothelial layer, which separates CMs from blood
plasma. Therefore, metabolite concentrations in plasma may not di-
rectly correspond to CM exposure, since the effect of endothelial cell
transport and metabolism is not taken into account. The metabolic
micro-environment may also be directly dictated by cells in close
proximity of the CM. Several studies have reported improved (partial)
metabolic and functional maturity in 3D cultured cardiac tissues, with
or without mechanical stimuli, and with mixed cell populations (both
cardiac and non-cardiac cell-types) or purified CMs [86–88]. It is un-
clear whether these 3D organized cardiac tissues in vitro alters CM
(metabolic) behavior directly through cell-cell interaction, indirectly
through changes in the exposure to metabolites and oxygen of the cells
in the interior of the 3D tissue, a combination of both, or via an alter-
native route.

Another important factor required for optimal metabolism, cell
growth, differentiation and survival, is oxygen. The role of oxygen in
cell signaling and stress has been well described. Indeed, some in vitro
differentiation protocols utilize oxygen signaling to derive certain car-
diac subtypes from hPSCs, highlighting the importance of oxygen to the
cell [89]. Moreover, the significance of low oxygen tension is further
underlined by a study demonstrating impaired cardiovascular devel-
opment and premature fetal death in a knock-out model of HIF1a in
mice [90]. HIF1a protein expression is dependent on oxygen tension,
where it stabilizes at low oxygen concentration (< 7%), but is degraded
at higher concentration. Loss of HIF1a (corresponding to a high oxygen

Fig. 3. The effects of in vitro maturation of hPSC-CMs by culture in medium containing fatty acids. Most widely used fatty acids for cardiomyocyte maturation are
palmitic acid, oleic acid and linoleic acid. Palmitate is a saturated fatty acid which is the most common one found in animals, plants and microorganisms. Oleic acid is
a mono-unsaturated omega-9 fatty acid and linoleic acid, a poly-unsaturated omega-6 fatty acid, is one of two essential fatty acids for humans.

Table 2
Suggested metabolite and factor concentrations in culture medium for hPSC-
derived CMs, resembling the human in vivo situation.

Fetal medium Neonatal medium

Glucose 4.5 mmol/L 4.5 mmol/L
Lactate 2 mmol/L 0.5 mmol/L
Fatty acids 0.06–0.3 mmol/L 0.4 mmol/L
Pyruvate 0.1 mmol/L 0.1 mmol/L
T3 hormone 0.7 nmol/L 4.5 nmol/L
Insulin 39 pmol/L 40 pmol/L
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concentration) disrupts cardiac development. Standard in vitro cell
culture experiments are performed at oxygen concentration of around
20%, which suggests that improved differentiation and maturation may
be achieved at a lower oxygen concentration.

In conclusion, current typical in vitro cell culture conditions deviate
substantially from the micro-environment of the developing heart in
vivo, which may be an important factor for suboptimal hPSC-CM dif-
ferentiation and maturation, hampering their applications in disease
modeling, drug screening and regenerative medicine. Based on in vivo
and in vitro observations, maturation of hPSC-CMs may be (partially)
achieved by adjusting the culture medium and micro-environment in
such a manner that it resembles more closely the native in vivo condi-
tions during heart development and maturation. Although it may be
challenging to emulate the metabolic and functional aspects of the adult
human heart in its full complexity, even in highly organized multi-
cellular 3D cardiac tissues derived from hPSCs, cultured in defined and
optimal physiological and metabolic conditions, it is expected that
improved cardiac maturation of patient-derived hPSC-CMs will increase
their potential to capture complex disease states. Moreover, successful
maturation of hPSC-CMs will spark scientists to assess clinically re-
levant readouts in healthy and diseased conditions and will initiate a
paradigm shift for personalized medicine, cardiac disease modeling,
drug discovery, safety pharmacology and regenerative medicine.
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