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Abstract: Cardiomyocytes rely on specialised metabolism to meet the high energy demand of the
heart. During heart development, metabolism matures and shifts from the predominant utilisation
of glycolysis and glutamine oxidation towards lactate and fatty acid oxidation. Iron deficiency (ID)
leads to cellular metabolism perturbations. However, the exact alterations in substrate metabolism
during ID are poorly defined. Using human induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CM), the present study investigated changes in major metabolic substrate utilisation in the
context of ID or upon transferrin rescue. Typically, during hiPSC-CM differentiation, the greatest
increase in total metabolic output and rate was seen in fatty acid metabolism. When ID was induced,
hiPSC-CMs displayed increased reliance on glycolytic metabolism, and six TCA cycle, five amino
acid, and four fatty acid substrates were significantly impaired. Transferrin rescue was able to
improve TCA cycle substrate metabolism, but the amino acid and fatty acid metabolism remained
perturbed. Replenishing iron stores partially reverses the adverse metabolic changes that occur
during ID. Understanding the changes in metabolic substrate utilisation and their modification may
provide potential for discovery of new biomarkers and therapeutic targets in cardiovascular diseases.

Keywords: iron deficiency; cardiomyocytes; pluripotent stem cells

1. Introduction

The heart is an organ of perpetually high energy demand. Its specialised cellular
processes, including ion transport, sarcomere function, and intracellular Ca®* homeostasis,
demand a consistent high level of ATP production [1]. To meet this demand, cardiomy-
ocytes rely heavily on mitochondrial oxidative phosphorylation, and their mitochondria
form a dense and complex network organised around the myofibers, which occupies ~30%
of the cellular volume, and produces 90% of the required cellular ATP [2]. During heart
failure, mitochondrial structure and oxidative function become impaired, decreasing ATP
production and resulting in reduced cardiac function [3-7]. Within the failing heart envi-
ronment, the metabolism of energy substrates shifts in compensatory mechanisms [8-10].
Targeting these changes, and altering the relative contribution of different substrates to
mitochondrial ATP production, is emerging as a novel therapeutic approach to heart
failure [11].

Human induced pluripotent stem cells (hiPSCs) can be differentiated into cardiomy-
ocytes (hiPSC-CMs) to model cardiac diseases and successfully recapitulate abnormal
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metabolic phenotypes [12-15]. In the undifferentiated state, hiPSCs exhibit immature
mitochondria with low cristae density, relying mostly on glycolysis and glutamine oxi-
dation metabolism [16]. During cardiomyocyte differentiation and maturation in culture,
mitochondria elongate and increase their membrane potential, resulting in hiPSC-CMs
with higher mitochondrial content, that rely mostly on lactate and fatty acid oxidative
metabolism [16]. The metabolic substrates available in the media during differentia-
tion/maturation can have a significant influence on the cellular phenotype produced.
Studies have shown that culturing hiPSC-CMs in fatty acid-containing medium enhances
the maturation process [17], whilst lactate acid-containing medium can drive opposing
de-differentiation [18]. This suggests that the relative shift form glycolysis to oxidative
phosphorylation may be a cause, rather than a consequence, of the phenotypic alterations
of the hiPSC-CM maturation process. This highlights the importance of specific substrate
metabolism on controlling cardiac function.

Iron is an important micronutrient, essential for mitochondrial function [19] and car-
diomyocyte metabolism [20]. Iron sulphur (FeS) clusters are ancient and highly preserved
structures that are versatile enzymatic co-factors in numerous metabolic pathways [21]. For
example, the mammalian complex I (NADH: ubiquinone oxidoreductase) of the electron
transfer chain, one of the largest and well-characterised protein complexes in the cell [22],
contains eight essential FeS clusters. Complex I acts as the entry-point of electrons into the
electron transfer chain (ETC) and is therefore a key enzyme for aerobic metabolism. Mecha-
nistically, after NADH oxidation by the flavin mononucleotide site, electrons are transferred
through a chain of seven FeS clusters and used to reduce ubiquinone to ubiquinol at the
inner mitochondrial membrane. Loss of FeS clusters due to defective biogenesis or iron
deficiency causes metabolic reprogramming with citrate accumulation and cytosolic lipid
drop formation [23]. In the heart, loss of NDUSF4, an FeS cluster-containing subunit of
complex I, causes reduced complex I activity, cardiac dysfunction and left ventricular
hypertrophy [24]. However, the exact metabolic changes that occur in cardiomyocytes
during iron deficiency have not been elucidated yet.

Iron deficiency (ID), with or without anaemia, has been identified as an important
predictor of adverse outcomes in patients with heart failure, and intravenous replacement
has been shown to improve prognosis [25-28]. Models, both in vivo [29] and in vitro [30],
have shown that ID induces a foetal-like glycolytic shift in cardiac metabolism, indicating a
potential mechanism for the detrimental consequences of ID in heart failure patients. Yet,
the alterations in substrate metabolism during ID are poorly defined, as are the alterations
that occur during iron replacement therapies.

In this study, we use a novel, dynamic 96-well microplate assay that is based on
colorimetric changes representing electron fluxes through the mitochondrial ETC. This
assay assesses a panel of 31 different substrates that are provided to cells that have been
permeabilised to ensure uptake. These substrates, utilised in various metabolic pathways
and facilitated by specific enzymes and co-factors, provide either nicotinamide adenine
dinucleotide (NADH) or flavin adenine dinucleotide (FADH?2), ultimately supplying elec-
trons to complex I or complex 11, respectively. Electrons then transition through the ETC
and are transferred to a tetrazolium redox dye which acts as a terminal electron acceptor
turning purple during the reduction [31]. This assay has recently emerged as a simple and
reproducible tool for the assessment of mitochondrial metabolism thereby advancing our
knowledge of various diseases and pathologies [32-36].

The present study aimed to determine how substrate metabolism, utilised within
glycolysis, fatty acid, amino acid and TCA pathways, altered during hiPSC-CM differen-
tiation, and in media containing or devoid of iron. We were able to show that ID leads
to impaired metabolism of TCA cycle, amino acid, and fatty acid substrates, whereas
glycolytic metabolism was maintained. Transferrin was unable to rescue the phenotype
completely. Thus, by investigating the rates and maximal levels of substrate metabolism
in detail, we were able to show that hiPSC-CMs can be used to monitor substrate shifts
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during disease and upon treatment. Having a metabolic insight will allow for better and
tailored treatments for specific cardiac metabolic disorders.

2. Results
2.1. hiPSC-CMs Undergo Critical Metabolic Changes between Day 10 and Day 20 of
Differentiation

To ensure the suitability of hiPSC-CMs to model a metabolic substrate shift in ID we
first monitored this shift during differentiation. We performed a mitochondrial function
assay (Biolog MitoPlate assay) along hiPSC-CM differentiation, to measure the rate of
metabolism of a set of 31 substrates, grouped into glycolysis, TCA cycle, amino acid, or
fatty acid substrates (Figure 1A). Mitochondrial function was assayed by measuring the
rates of dye reduction from electrons flowing into and through the electron transport chain
from substrates whose oxidation produces NADH or FADH2. At the early stages of hiPSC-
CM differentiation (D6 and D10) the maximal metabolic level of all substrates was decreased
(averaging a 30.5% reduction) compared to undifferentiated DO hiPSCs (Figure 1A). These
maximal metabolic levels increased for all substrates at later stages of differentiation (D20
and D30). In both the pluripotent D0 stage and the cardiomyocyte D30 stage, TCA substrate
metabolism accounted for the greatest average metabolic output, contributing 104.9 and
220.6 AU, respectively (Figure 1B). Of the TCA cycle substrates, the greatest fold increase
from DO to D30 was seen in the metabolism of aconitic acid (3.8 fold), catalysed by aconitases
containing iron-sulphur clusters [37]. The greatest increase in average metabolic output
was seen in fatty acid substrate metabolism, increasing from 50.5 AU at DO to 137.2 AU at
D30. Despite the increased fatty acid substrate metabolism observed at D30, there were
no significant changes in the relative abundance of the mitochondrial electron transfer
chain (ETC) protein complexes (Figure 1C). However, we observed that the metabolism of
carnitine, a key fatty acid shown to promote maximal cellular fatty acid uptake and content
in hiPSC-CMs [38], was significantly increased at D20, with no further increase observed at
D30 (Figure 1D). Moreover, D30 hiPSC-CMs were capable of metabolising short-(acetyl-L-),
medium-(octanoyl-L-), and long-(palmitoyl-DL-) chain carnitine forms to similar levels.
In all, these results show that there is a marked metabolic shift between D10 and D20
hiPSC-CMs, but that D20 and D30 hiPSC-CMs display a similar metabolism, whereby the
fatty acid metabolic output level is the most noticeably increased. These findings are in
keeping with the metabolic shift seen during cardiac development in vivo.
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Figure 1. Change in maximum metabolic capacity during the differentiation of hiPSC-CMs. In (A),
relative fold change in maximal metabolic capacity of glycolysis, TCA cycle, amino acid, and fatty
acid substrates at day 6, 10, 20, and 30 of hiPSC-CMs differentiation normalised to undifferentiated
day 0 hiPSCs is shown as a heat map. In (B), the maximum peak is averaged for each of the
glycolysis, TCA cycle, amino acid, and fatty acid substrate groups. In (C), a representative Western
blot of subunits of mitochondrial complexes I-V at day 0 and day 30 of differentiation is shown
(Ci) normalised as a relative level of total expression (Cii). In (D), the metabolic peak levels of
short-(acetyl-L-), medium-(octanoyl-L-), and long-(palmitoyl-DL-) chain carnitine forms is shown over
the differentiation timepoints. n = 3. Significance was determined by two-way ANOVA, *** p < 0.001.

2.2. hiPSC-CMs Differentiation Leads to a Marked Increase in Fatty Acid Metabolism

To further understand the metabolism of differentiating hiPSC-CMs, we next investi-
gated the changes in substrate metabolism rate during differentiation (Figure 2A,B). When
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Figure 2. Change in metabolic rate during the differentiation of hiPSC-CMs. In (A), relative fold
change in the rate of substrate metabolism for day 30 hiPSC-CMs normalised to undifferentiated day
0 hiPSCs is shown as a heat map. In (B), corresponding representative rate traces are shown for both
day 30 hiPSC-CMs (shown in red) and day 0 hiPSCs (shown in yellow), highlighting the increase in
rate. In (C), the maximum metabolic rate for substrates categorised in each of the glycolysis, TCA
cycle, amino acid, and fatty acid substrate groups was averaged and plotted for day 30 hiPSC-CMs
and day 0 hiPSCs. n = 3. In (D), the relative fold change in the grouped substrate average is plotted
for day 30 hiPSC-CM:s. Significance was determined by two-way ANOVA, ** p < 0.01, ** p < 0.001.
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2.3. ID Leads to a Metabolic Shift Only Partially Rescued by Transferrin

Next, we wanted to investigate if hiPSC-CMs could be used to detect differences in
specific substrate metabolism during an induced diseased state such as ID. To this end,
hiPSC-CMs were exposed to the iron chelator deferoxamine (DFO) for 4 days to simulate
ID and we used transferrin for 2 days to rescue the iron deficiency phenotype given that
transferrin supplementation is routinely used in iron replacement therapy. Characteristic
alpha-actinin™ sarcomeres were observed in all conditions (Figure 3A), with morphological
changes induced by the iron deficiency, including an apparent accumulation of intra-
cellular granule build up (Supplementary Figure S1). RT-qPCR identified alterations in
genes involved in iron uptake within the iron-deficient hiPSC-CMs: including increased
mRNA expression of transferrin receptor (TfRC), metal transporter-1 (SLC11A2), and Zip14
(SLC39A14), a mediator of non-transferrin-bound iron uptake (Figure 3B). Ferroportin
mRNA (SIC40A1) was not increased in iron-deficient hiPSC-CMs (Figure 3B). Iron-deficient
hiPSC-CMs had a significant reduction in contraction amplitude, producing contractions of
372.6 AU compared to the 2058.9 AU of control hiPSC-CMs (Figure 3C). Interestingly, anal-
ysis of calcium signalling genes, key for cardiomyocyte contraction, identified a significant
increase in ryanodine receptor (RyR2), and decreased in calsequestrin 2 (CASQ2) mRNA
expression within the ID cardiomyocytes (Figure 3B). This suggests that the contraction dys-
regulation during ID could be linked to poor calcium handling. Seahorse analysis further
confirmed that ID induced a metabolism shift; iron-deficient hiPSC-CMs had a significantly
reduced basal oxygen consumption rate (OCR) as well as maximal OCR after uncoupling
with carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP), indicating reduced
mitochondrial respiratory function (Figure 3D). In contrast, the basal extracellular acidifica-
tion rate (ECAR) was increased from 17.1 to 28.3 pmol/minute in iron-deficient hiPSC-CMs,
indicating an increased reliance on glycolysis (Figure 3D). Of note, the transferrin rescue
was unable to reverse the metabolic phenotype (Figure 3D). The decreased mitochondrial
function observed in iron-deficient hiPSC-CMs did not correspond to a significant change
in the relative protein expression of any of the mitochondrial ETC protein complexes
(Figure 3E). However, it did lead to changes in gene expression, with several glycolysis
genes being upregulated in iron-deficient hiPSC-CMs including pyruvate kinase (PKM),
hexokinase II (HK?2), and lactate dehydrogenase A (LDHA). The fatty acid metabolism
genes acetyl-CoA carboxylase 1 (ACACA), and ATP citrate lyase (ACLY) did not increase
in iron-deficient hiPSC-CMs (Figure 3B). Yet, the expression of the CD36 surface marker,
a key fatty acid translocase shown to selectively identify matured and mitochondria-rich
hiPSC-CMs [39], was down regulated in iron deficiency (Figure 3B). Interestingly, and
potentially in response to the reduced mitochondrial function, the expression of mitochon-
drial biogenesis genes (PGC-1x and PPAR«x) was increased in iron-deficient hiPSC-CMs
(Figure 3B).

Together, these data confirmed that an iron-deficient phenotype could be induced
in hiPSC-CMs and demonstrated that ID leads to metabolic and functional changes in
cardiomyocytes. Some of these phenotypes could be ameliorated by supplementation with
transferrin but the rescue was incomplete as the metabolic shift was mostly unaltered in
the rescue cardiomyocytes, highlighting the importance of understanding the metabolism
of cardiomyocytes as well as what perturbs it and how it is perturbed.
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Figure 3. Effects of iron deficiency and transferrin rescue on hiPSC-CMs. In (A), alpha-actinin staining
(green) and DAPI (blue) is shown for hiPSCs-CMs with iron depletion and transferrin rescue showing
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high purities of cardiomyocytes. In (B), qPCR analysis of iron-deficient and transferrin-rescued
hiPSC-CMs for genes involved in (Bi) iron uptake, (Bii) glycolysis and fatty acid metabolism, and
(Biii) Ca2+ signalling, with expression levels normalised to control hiPSC-CMs. In (C), example traces
of hiPSC-CM contractions are shown (Ci), with calculated amplitude quantification (Cii) n = 6. In
(D), Cardiac bioenergetics analysis using the Seahorse platform is shown with quantification of base
and maximal oxygen consumption rate, base extracellular acidification rate. In (E), a representative
Western blot of subunits of mitochondrial complexes I-V in control, iron-deficient, and transferrin
rescued hiPSC-CMs is shown (Ei) normalised as a relative level of total expression (Eii). n = 3. Scale
bar is 125 pm. Significance was determined by two-way ANOVA, * p < 0.05, ** p < 0.01, *** p < 0.001.

2.4. ID Leads to a Unique Set of Metabolic Substrate Alterations, including Reduced TCA, Amino
Acid and Fatty Acid Substrates

To further understand how ID affects cardiomyocyte metabolism we next performed
a real-time mitochondrial function assay aiming to unveil the shifts in specific substrate
utilisation upon ID induction (Figure 4A,B). The iron-deficient hiPSC-CMs had no change
in peak metabolic output of any glycolytic substrates (Figure 4C). However, many non-
glycolytic substrates were significantly reduced to ~50% peak metabolic output levels
within iron-deficient hiPSC-CMs (Figure 4C). These substrates included components of the
TCA cycle (D,L-isocitric acid, cis-aconitic acid, a-keto-glutaric acid, succinic acid, fumaric
acid, a-keto-butyric acid), amino acid substrates (L-glutamic acid, L-glutamine, Ala-Gln,
L-serine, L-ornithine, tryptamine), and fatty acid substrates (acetyl-L-carnitine, octanoyl-L-
carnitine, palmitoyl-DL-carnitine chloride, D,L-b-hydroxy-butyric acid) (Figure 4C). When
averaged, metabolic output of glycolytic substrates had the smallest reduction, only de-
creasing from 130.8 to 113.0 AU in ID (Figure 4D). Moreover, the average rate of metabolism
was decreased for all substrate groups, but this reduction was also lowest in glycolytic
substrates (0.84 fold), with fatty acid, TCA cycle and amino acid substrates, reducing
further to 0.52, 0.44, and 0.39, respectively (Figure 4E). Collectively, these data confirmed
that iron deficiency results in reduced mitochondrial respiration capacity, and an increased
reliance on glycolytic metabolism within hPSC-CMs. Our results further uncovered which
substrates have dysregulated metabolism upon iron deficiency. These included six TCA
cycle substrates, five amino acid substrates, and four fatty acid substrates, which are good
candidates for new therapeutic approaches.
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Figure 4. Change in metabolism during hiPSC-CM iron deficiency. In (A), relative fold change in the
rate of substrate metabolism for iron-deficient hiPSC-CMs normalised to control hiPSC-CMs is shown
as a heat map. In (B), corresponding representative rate traces are shown for both iron-deficient
hiPSC-CMs (shown in yellow/green) and control hiPSC-CMs (shown in yellow /red). (C) substrate
maximum metabolic capacity for iron-deficient hiPSC-CMs normalised to control hiPSC-CMs. n = 3.
In (D), the maximum metabolic peak is averaged for each of the glycolysis, TCA cycle, amino acid,
and fatty acid substrate groups. In (E), the relative fold change in the rate of grouped substrate
average is plotted for iron-deficient hiPSC-CMs compared to control. Significance was determined by
two-way ANOVA, *p < 0.05, ** p < 0.01.
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2.5. Transferrin Rescue Restores TCA Cycle Substrate Metabolism, but Amino Acid and Fatty Acid
Metabolism Remain Perturbed

Given that transferrin was unable to fully rescue the metabolic phenotype seen in
ID hiPSC-CMs (Figure 3D), we next used the real-time mitochondrial function assay to
determine which specific substrate metabolism was still affected within the transferrin
hiPSC-CMs (Figure 5A). Of the substrates with metabolism significantly reduced in ID,
those categorised as feeding directly into the TCA cycle had the greatest level of recovery,
with an average group recovery of 59.9%. This resulted in the average metabolic output of
TCA cycle substrates increasing from 108.08 AU in ID to 164.42 AU after rescue (Figure 5B).
Within this group, the level of recovery varied, with the metabolic peak level of succinic
acid (succinate) almost fully restored to 93%, whilst a-keto-butyric acid had the lowest
level of recovery at 27% of control hiPSC-CMs (Figure 5A). Amino acid metabolism was
rescued to a lesser extent, with an average group recovery of 29.8%. The amino acids
L-glutamic acid, L-glutamine, Ala-Gln, L-serine, and L-ornithine, all displayed a moderate
level of recovery (ranging between 20-45%), yet tryptamine metabolism showed no rescue
(Figure 5A). Additionally, fatty acid metabolism had the lowest level of rescue, with no
significant improvement in the level of carnitine metabolism. Of note, a trend was observed
indicating higher levels of recovery may correspond to shorter fatty acid chain length
(Figure 5A), although more investigation is required to confirm this.

A similar trend in rescue was observed when monitoring the changes in the rate of
substrate metabolism (Figure 5C). When the real-time rate of metabolism was tracked over a
6 h time period, TCA cycle substrate metabolism had the greatest recovery in metabolic rate,
increasing from 0.44 fold during iron deficiency to 0.87 fold of the control level following
transferrin rescue (Figure 5C). This level of recovery was not seen in amino acid or fatty
acid metabolism rate, with these remaining at 0.50 and 0.46 fold of the control levels,
respectively (Figure 5C). Collectively, these data showed that the transferrin rescue leads to
improvement on TCA cycle substrate metabolism, but that the amino acid and fatty acid
metabolism were still perturbed to a greater extent, highlighting why this treatment does
not usually allow for a complete recovery of the phenotype in patients.
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Figure 5. Change in metabolism during transferrin rescue of iron-deficient hiPSC-CMs. Substrate
maximum metabolic capacity for transferrin-rescued hiPSC-CMs normalised to iron-deficient hiPSC-
CMs. n =3 (A). In (B), the maximum metabolic peak is averaged for each of the glycolysis, TCA
cycle, amino acid, and fatty acid substrate groups and plotted as a percentage of total metabolic
output. In (C), the relative fold change in the rate of grouped substrates is plotted for iron-deficient
and transferrin-rescued hiPSC-CMs compared to control. Significance was determined by two-way
ANOVA, *p < 0.05, ** p < 0.01, *** p < 0.001.

3. Discussion

Here, we applied a novel mitochondrial function assay to assess the metabolism of a
broad range of mitochondrial substrates in real time to study the effect of iron deficiency
within hiPSC-CMs, and evaluate the extent of the metabolic rescue permitted by the
supplementation of transferrin. This mitochondrial function assay revealed that ID leads to
the dysregulation of six TCA cycle substrates, five amino acid substrates, and four fatty
acid substrates, and that of these only some of the TCA substrate metabolites were rescued
to levels close, but not equal, to those of control hiPSC-CMs. The low transferrin rescue
seen at a metabolic level was not matched by an equal substandard rescue within other
parameters measured such as contraction amplitude, where transferrin appeared to be
more effective at restoring function. These data therefore highlighted that ID leads to
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a unique metabolite substrate fingerprint, revealing potential targets for more effective
therapies than transferrin alone. A schematic summary of the observed alterations in
substrate metabolism during iron deficiency and transferrin rescue is presented in Figure 6.
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Figure 6. A schematic summary of change in substrate metabolism during iron deficiency and
transferrin rescue. Substrates are categorised as involved in glycolysis (green), fatty acid (red),
amino acid (blue), or TCA cycle (yellow) metabolism pathways. Percentage change for ID is shown
compared to control. Percentage change for Rescue is shown compared to ID, with substrates that
did not significantly change during ID stated as N/A.
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Metabolism of hiPSC-CMs has traditionally been studied using the Agilent Seahorse
metabolic bioanalyser or mass spectrometry techniques, such as liquid chromatography—
mass spectrometry (LC-MS) and capillary electrophoresis-mass spectrometry
(CE-MS) [12-15,40]. While the first approach does not allow for specific substrate metabolism
to be monitored, the second is time-consuming and uses static analysis of secreted metabo-
lites. Mitochondrial function may also be assessed through use of a Clarke’s electrode
or Oroborus, both of which allowing individual substrates or inhibitors to be tested for
their effect on oxygen consumption. Similarly, radiolabelling of specific substrates can be
used to interrogate specific metabolic pathways. Although these methods can provide
valuable insights into substrate specific metabolism of cells, they are time-consuming and
expensive and may therefore not be appropriate for the simultaneous study or screening of
numerous modulators of metabolic pathways. Here, we tested a new approach, a real-time
mitochondrial functional assay that monitored substrate utilisation within hiPSC-CMs [32].
This assay bypasses some of the shortcomings of both the Seahorse and mass spectrometry
in that it enabled the study specific metabolite utilisation in real time. Importantly, we
showed that this assay could be successfully used to study hiPSC-CMs metabolism during
differentiation and in a disease context.

The mitochondrial function assay revealed that cells display a stage/ cell type-specific
profile in substrate utilisation during hiPSC-CM differentiation (Figures 1 and 2), with early
hiPSC-CMs (D6 and D10) displaying a lower maximal metabolic rate of all substrates com-
pared to undifferentiated DO hiPSCs, and later stage hiPSC-CMs (D20 and D30) displaying
the greatest metabolic rates. This increase indicates that later stage hiPSC-CMs develop a
more mature mitochondrial phenotype, recapitulating developmental events [16]. Indeed,
as the cells differentiated, their metabolic output increased even when assayed in media
devoid of any substrate. This may indicate that the differentiated cardiomyocytes have
increased energy reserves, metabolising stored substrates such as glycogen and lipids. It
remains to be seen how close this profile is to adult human cardiomyocytes, and it is likely
that this increase does not produce fully mature cardiomyocytes, as previously reported for
hiPSC-CMs [41]. Despite this potential immaturity, insights into the substrate utilisation
during differentiation are evident.

Previous studies have revealed that cardiomyocytes have markedly higher expression
of genes encoding enzymes involved in the TCA cycle compared to undifferentiated
cells [42]. Here, we show TCA cycle substrates have the highest rate and peak metabolism
in both hiPSCs and hiPSC-CMs. Rate and peak metabolism increased for TCA cycle
substrates following cardiomyocyte differentiation. Of these, the biggest fold increase
is observed for aconitic acid, a substrate catalysed by aconitases. This increased activity
may in part be explained by the switch from aerobic glycolysis, supplying citrate for
various anabolic processes including lipogenesis, towards oxidative metabolism through
the TCA cycle. Mitochondrial aconitase acts as part of the citric acid cycle, whereas cytosolic
aconitase is a trans-regulatory factor that controls iron homeostasis at a post-transcriptional
level [43]. Both isoforms (mitochondrial and cytosolic) contain iron-sulphur clusters that
allow binding to the hydroxyl groups of substrates [27]. It is therefore unsurprising that
many studies have reported a significant loss of aconitase activity when iron deficiency is
induced [43-47], and it is crucial that this activity is present in differentiated hiPSC-CMs
to enable their use in modelling iron deficiency. Indeed, in this study, we observed a
significant reduction in aconitic acid metabolic peak and rate during ID (Figure 4).

The metabolic shift from glycolysis towards oxidative phosphorylation is key to
cardiomyocyte development and may be driving of the process, rather than simply a by-
product [17]. Here, we showed the greatest increase in average metabolic output, and great-
est change in metabolism rate, was in fatty acid metabolism following the differentiation of
hiPSC-CMs (Figures 1 and 2). The ability to monitor this shift over differentiation provides
a valuable tool in the investigation of strategies that aim to promote the metabolic matura-
tion of hiPSC-CMs [48]. Interestingly, and in contrast to these developmental events, ID has
been shown to induce an opposing shift towards foetal-like glycolytic metabolism [29,30].
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Our results support these findings and further demonstrate that this shift is not caused
solely by an increase in glycolysis, but rather by a decrease in TCA, amino acid and fatty
acid metabolism. This suggests that glycolysis may be the default metabolic mechanism of
cardiomyocytes during iron deficiency and elucidates the metabolic perturbations subjacent
to this deficiency.

Fatty acid uptake in myocardial tissue is tightly regulated and CD36 mediates ap-
proximately 70% of this essential process [49]. Changes in CD36 expression have been
associated with various cardiovascular diseases, decreasing in pathological cardiac hy-
pertrophy caused by ischaemia-reperfusion and pressure overload, and increasing in
diabetic cardiomyopathy and atherosclerosis [50]. In the present study, we observed a
significant reduction in CD36 expression in iron-deficient hiPSC-CMs, suggesting its likely
involvement in the foetal-like glycolytic shift (Figure 3). The promoter region of CD36
contains PPAR« response elements [51], and its expression levels during cardiac disease
have been associated with levels of PPARx and PGCla expression [50]. Interestingly, we
observed expression levels of PPAR« and PGCla both increasing in iron-deficient hiPSC-
CMs (Figure 3). The use of a PPAR«x agonist during differentiation has been shown to
increase oxidative metabolism and expression of cardiac genes [52].

Previous work in animal models identified cardiac contraction pathways, particularly
calcium signalling pathways, to be altered during ID [29]. In our hiPSC-CM model of
ID, this reduced contractility appeared linked to the altered expression of the calcium
signalling genes RYR2 and CASQ2 (Figure 3). A previous mouse model of iron deficiency
reported a reduction in RYR2 expression in cardiac lysates [53]. In contrast, here we
observed an increase in RYR2 in hiPSC-CMs, but a reduction in CASQ2 expression. A
direct functional interaction between RyR2 and CASQ2 has been implicated in regulating
Ca?* release dynamics during cardiac contraction [54]. Ion concentration has been shown
to influence this binding and it is therefore possible that the iron-deficient environment
alters RyR2-CASQ?2 interactions and regulatory expression.

A key finding of this study was the identification of substrates with reduced peak
metabolic output levels in iron-deficient hiPSC-CMs, and the differing levels these re-
covered to during transferrin rescue (Figure 6). These substrates included components
of the TCA cycle (D,L-isocitric acid, cis-aconitic acid, a-keto-glutaric acid, succinic acid,
fumaric acid, and a-keto-butyric acid), amino acid substrates (L-glutamic acid, L-glutamine,
Ala-Gln, L-serine, L-ornithine, and tryptamine), and fatty acid substrates (acetyl-L-carnitine,
octanoyl-L-carnitine, palmitoyl-DL-carnitine chloride, and D,L-b-hydroxy-butyric acid). The
high recovery levels in the metabolism of many TCA cycle substrates may contribute to
the functional rescue of hiPSC-CM contractility and mitochondrial respiration (Figure 3).
Thus, clinically, ID may perpetuate the metabolic inflexibility and shift towards foetal
metabolism observed in heart failure, and may, at least in part, explain adverse outcomes
in cardiovascular disease patients which also suffer from ID [25-28,55].

The identification of substrates with low recovery levels provide targets for new
biomarker discovery and additional pharmaceutical strategies. Notably, the amino acid
tryptamine showed no level of recovery following transferrin rescue (Figure 5). Tryptamine
is produced through tryptophan metabolism, levels of which, have previously been shown
to correlate with biomarkers of iron metabolism in individuals with and without iron
deficiency [56]. Of the fatty acids, none of the short-(acetyl-L-), medium-(octanoyl-L-),
or long-(palmitoyl-DL-) chain carnitine forms showed a significant level of metabolic
recovery following transferrin supplementation (Figure 5). Identification of potential
metabolomic biomarkers could offer a more accurate phenotype and prognostic value
compared to measurement of conventional clinical biomarkers alone, thereby advancing
the development of precision medicine and the identification of new pharmaceutical
targets [57].

Collectively, this study showed that the metabolic shift from glycolysis towards oxida-
tive phosphorylation seen during hiPSC-CM differentiation was lost during ID and can, at
least partly, be restored through iron supplementation with transferrin. The application
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of hiPSC-CMs within a mitochondrial function assay, capable of measuring the real-time
metabolism of specific substrates, allowed us to uncover the unique metabolic fingerprint
of ID cardiomyocytes and identify the metabolic shortcomings of the current transferrin
treatment. More broadly, this study highlights the potential of this novel metabolic function
analysis technique for the screening of novel therapeutics aimed at modifying metabolic
activity and functional capacity of cardiomyocytes.

4. Methods
4.1. hiPSC Culture and Cardiomyocyte Differentiation

The WTC-11 male hiPSC line (GM25256), and the derived fluorescent reporter lines
(AICS-0011 and AICS-0075-085), were obtained from Allen Cell Collection (available
through Coriell Institute), and were maintained and grown in Essential 8 (E8) media
(Gibco, Life Technologies, Leicestershire, UK) on Vitronectin (Gibco, Life Technologies)
coated surfaces in a humidified atmosphere (5% CO,) at 37 °C. The media was replaced
every 24 h. When hiPSCs reached 90% confluency they were dissociated using TrypLE Ex-
press (Gibco, Life Technologies) following the manufacturer’s protocol. Cells were seeded
at 20,000 cells/cm? with E8 supplemented with a Rho kinase inhibitor (Y-27632, Abcam,
Cambridge, UK).

The cardiomyocyte differentiation protocol was adapted from Burridge et al. 2014 [58]
in order to promote left ventricle cardiomyocyte differentiation (Dark et al. manuscript in
preparation). A patent has been submitted for this method: W(02020245612.

To induce iron deficiency in hiPSC-CMs, cells were treated with 30 uM deferoxamine
(Sigma-Aldrich, Gillingham, UK) in CDM3 medium for 4 days as previously described [30].
CDM3 medium consisted of RPMI (Gibco, Life Technologies), 500 pug/mL rice-derived
recombinant human albumin (Sigma-Aldrich, Gillingham, UK) and 213 nug/mL L-ascorbic
acid 2-phosphate (Tocris). To restore intracellular iron levels, cells were incubated with
CDM3 medium supplemented with 5 pg/mL partially saturated transferrin (Sigma-Aldrich,
Gillingham, UK) for 2 days [30]. During experiments, medium was replenished daily for
all conditions.

4.2. Immunocytochemistry and Imaging

For immunostaining, hiPSC-CMs were plated on thin black bottom 96 well plates
(Corning). Cells were washed using PBS followed by fixing using 5% PFA (Sigma-Aldrich)
for 15 min followed by 2x PBS washes. Fixed cells were then washed for 15 min in 0.1%
Triton X-100 (Sigma-Aldrich, Gillingham, UK) in PBS followed by 3x further washes in
PBS. Fixed cells were then blocked in 4% Goat Serum (Sigma-Aldrich, Gillingham, UK) in
PBS for 1 h followed by a further 5 min PBS wash. Primary antibody was added to the
plates, diluted in 4% Goat Serum in PBS (Alpha Actinin 1:800, Abcam) and left overnight
at 4 °C on a rocking plate. The following day fixed cells were washed with 0.1% Tween
(Sigma-Aldrich, Gillingham, UK) in PBS (3 x 10 min) followed by secondary antibody
staining [Anti-Mouse Alexa Fluor® 488 (Abcam, Cambridge, UK) diluted 1:500 in 4% Goat
Serum (Sigma-Aldrich, Gillingham, UK) in PBS] for 1 h at room temperature. The fixed
cells were then washed 3 times with 0.1% Tween-PBS (Sigma-Aldrich, Gillingham, UK)
followed by incubation in PBS supplemented with DAPI (Tocris, Abingdon, UK) at 1:500
for 10 min. A further wash was performed using PBS after which the fixed cells were
submerged in PBS and the plate wrapped in foil prior to imaging using the EVOS M5000
imaging system.

4.3. Gene and Protein Expression Analysis

RNA was extracted from cells using the NucleoSpin RNA Kit (Macherey-Nagel)
following the manufacturers’ provided protocols. Reverse transcription was performed
using the Ultrascript 2.0 cDNA Synthesis Kit (PCR Biosystems, London, UK) following
the manufacturers’ protocol. Real-time quantitative PCR was performed using 1 uL of the
cDNA reaction with 2.5 pL SYBR Green PCR Master Mix (PCR Biosystems, London, UK),
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0.5 pL primer master mix and 1 uL H,O. Reactions were performed on Roche LightCycler
480 Multiwell Plates in a Roche LightCycler 480 II. All qPCR reactions were performed in
triplicate, normalised to housekeeper gene GAPDH and assessed using a comparative C¢
method. Primer sequences are shown in Table 1.

Table 1. Primer sequences used for SYBR Green RT-qPCR.

Gene Primer

Forward Sequence (5'-3)

Reverse Sequence (5'-3')

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
SLC11A2 GGACTGTGGGCATACGGTAA ACACTGGCTCTGATGGCTAC
SLC39A14 TTGCGCTAGCTGGAGGAATG TGGAATCAAGATGCTGCCCTT
SLC40A1 CTAGTGTCATGACCAGGGCG CACATCCGATCTCCCCAAGT
TFRC TGGCAGTTCAGAATGATGGA AGGCTGAACCGGGTATATGA
ACACA TTCACTCCACCTTGTCAGCGGA GTCAGAGAAGCAGCCCATCACT
ACLY GCTCTGCCTATGACAGCACCAT GTCCGATGATGGTCACTCCCTIT
PKM ATGGCTGACACATTCCTGGAGC CCTTCAACGTCTCCACTGATCG
HK2 GAGTTTGACCTGGATGTGGTTGC CCTCCATGTAGCAGGCATTGCT
LDHA GGATCTCCAACATGGCAGCCTT AGACGGCTTTCTCCCTCTTGCT
PGC-1a AGGCTAGTCCTTCCTCCATGC GTTGGCTGGTGCCAGTAAGAG
COX1 TCCTTATTCGAGCCGAGCTG GGGCTGTGACGATAACGTTG
RYR2 CCTTGCCTGAGTGCAGTTG TTGAGGTATCAACAGGTTGTGG
CASQ2 AGCTTGTGGAGTTTGTGAAG GGATTGTCAGTGTTGTCCC
CALM1 TGCGGAAGTTAGGAGTGCTG GCACAGCATAATGGAAGGCG
CaN AGTAACTTTCGAGCCAGCCC GGGGGTCTGACCACAAGATG
ATP2A2 CTCGGATCCAACACTACAGGTGTTGAATGG CGGAATTCATGCGCAGTGATAAATTGAC
CACNAIC AAGGCTACCTGGATTGGATCAC GCCACGTTTTCGGTGTTGAC

Protein was extracted from cells using 100 uL of SDS-PAGE sample buffer supple-
mented with proteinase inhibitor (at 10 puL/mL). Cell lysate were run on a 4-15% gradi-
ent polyacrylamide gel (Bio-Rad), transferred to a PVDF membrane (Bio-Rad) using the
Trans-Blot Turbo transfer system (Bio-Rad) following the manufacturers’ protocol. For
immunofluorescent westerns blots membranes were blocked in Intercept® blocking buffer
(LI-COR) for 1 h. Blocking buffer was replaced with fresh Intercept® blocking buffer sup-
plemented with 0.2% Tween (Sigma-Aldrich, Gillingham, UK) and primary antibodies at
1:200 (Total OXPHOS Human Cocktail, ab10411, Abcam, Cambridge, UK) and incubated
overnight at 4 °C. Membranes were then washed with 0.1% Tween in TBS (4 x 7.5 min), fol-
lowed by incubation with secondary antibody (anti-Mouse, LI-COR) at 1:10,000 in blocking
buffer supplemented with 0.2% Tween and 0.02% SDS for 1 h at room temperature. After
washing with 0.1% Tween in TBS (4 x 7.5 min), membranes were imaged using the LI-COR
Odyssey® imaging system. For chemiluminescent Western blots membranes were blocked
in 5% Milk in 0.1% Tween in PBS (PBST) for 1 h, blocking solution was replaced with
fresh 5% Milk in PBST with primary antibodies at 1:200 (Total OXPHOS Human Cocktail,
ab10411, Abcam) incubated overnight at 4 °C. Membranes were then washed with PBST
(4 x 7.5 min) followed by incubation with secondary antibody (anti-Mouse, Invitrogen)
at 1:5000 in 5% Milk in PBST for 1 h. After washing with PBST (4 x 7.5 min), membranes
were imaged using LumiBlue Extra substrate (Expedeon) on a CCD camera.

4.4. Contraction Analysis

Videos of hiPSC-CM contraction were recorded using a ClonerAlliance Box Turbo
(ClonerAlliance) attached to the ThermoFisher EVOS M5000 imaging system, with cells
maintained in a humidified atmosphere (5% CO;) at 37 °C in an onstage incubator during
recording. Videos were recorded for 20 s, then cropped and converted to TIFF stacks using
Adobe Photoshop CC2020. Compiled TIFF stacks were processed using the MUSCLEMO-
TION plugin with Image] V1.53 [59]. Output data values were stored in a Microsoft Excel
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sheet, any false peak contractions were removed [59], and all contraction amplitude results
were averaged within the appropriate group and analysed using Prism Graph Pad V5.

4.5. Metabolic Analysis

For Seahorse metabolic flux assay, hiPSC-CMs were seeded onto Vitronectin coated
Seahorse XFp cell culture miniplates (Agilent, Santa Clara, CA, USA) to create a confluent
monolayer 4 days prior to starting the iron deficiency assay. Cells were maintained in a
humidified non-CO; incubator until the start of the assay. XFP flux cartridges (Agilent)
were pre-hydrated in XF Calibrant (Agilent, Santa Clara, CA, USA) overnight at 37 °C prior
to running seahorse experiment. Flux cartridges were loaded with Oligomycin (2 uM),
carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) (1 uM), and Rotenone
(0.5 uM) according to manufacturer’s instructions. The assay was performed in Seahorse
XF Media, supplemented with 1 mM Sodium pyruvate, 2 mM L-Glutamine, and 10 mM
Glucose. Oxygen consumption rate and basal extracellular acidification rate values were
obtained using the XFp Mito Stress Kit (Agilent, Santa Clara, CA, USA). Following the
seahorse assay XFp cell culture miniplates were fixed for 10 min and stained with DAPI
for 15 min. Each well cell count was calculated using automated nuclei counting as part of
the in-built software on the EVOS M5000 imaging system. All results were normalised to
output cell count.

For mitochondrial substrate functional assay, MitoPlates (Biolog) were prepared fol-
lowing manufactures instructions, 30 pL assay mix containing 50 pg/mL Saponin (Sigma-
Aldrich) were pipetted into the wells and incubated at 37 °C for 1 h. Cells were dissociated,
resuspended in 1x MAS Buffer (Biolog) creating a final concentration of 2 x 10° cell/mL
following which 30 uL of cell suspension were pipetted into each well of the MitoPlate. The
MitoPlate was read for 6 h with 5 min intervals at OD590 using a OmniLog plate reader.
OmniLog peak and rate values were calculated on Data Analysis 1.7 software before being
transferred to a Microsoft Excel sheet for reformatting.

4.6. Data Interpretation

After the 6 h time period the final OD590 reading was subtracted against the initial
reading to calculate the change in dye reduction from electrons flowing into and through
the ETC, this value is presented as peak metabolic output. The OmniLog data analysis 1.7
software calculates the maximal rate change from the gradient of the OD590 output during
the 6 h time period. These data are either presented as raw OD590 (AU) or as a relative
fold change to control conditions.

4.7. Quantification and Statistical Analysis

Statistical analysis was carried out using Prism Graph Pad. Differences among groups
were considered significant when the probability value, p, was less than 0.05 (*), 0.01 (**), or
0.001 (***). No statistical methods were used to predetermine sample size. For statistical
comparison of more than two groups the two-way ANOVA was performed.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/metabo12010009/s1, Figure S1: Bright field images of morpho-
logical changes of hiPSC-CMs during iron deficiency and transferrin rescue. Images captured on
EVOS M5000. Scale bar at 125 um.

Author Contributions: Conceptualization, ]. G.W.S., V.V. and J.R.; methodology, ] GW.S., B.BJ,,
A.S.B. and J.R,; investigation, B.B.J., J.R., JGW.S., TL.H., ]JAM. and V.C; writing—original draft
preparation, ].G.W.S,, B.B.J., A.S.B. and J.R.; writing—review and editing, ].G.W.S., B.BJ., A.S.B.,
S.AR., V.V.and ].R; supervision, ] GW.S., V.V, S.AR. and ].R.; funding acquisition, ]. G.W.S., V.V. and
J.R.; All authors have read and agreed to the published version of the manuscript.

Funding: ].G.W.S. is supported by the Academy of Medical Sciences/the Wellcome Trust/the Govern-
ment Department of Business, Energy and Industrial Strategy / the British Heart Foundation/Diabetes


https://www.mdpi.com/article/10.3390/metabo12010009/s1
https://www.mdpi.com/article/10.3390/metabo12010009/s1

Metabolites 2022, 12,9 18 of 20

UK Springboard Award [SBF005\1057]. J.R. is supported by the National Institute of Health Research
(NIHR).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article and Supple-
mentary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Huss, ].M.; Kelly, D.P. Mitochondrial energy metabolism in heart failure: A question of balance. J. Clin. Investig. 2005, 115,
547-555. [CrossRef] [PubMed]

2. Epiquereau, J.; Ecaffin, F.; Enovotova, M.; Lemaire, C.; Eveksler, V.; Egarnier, A.; Eventura-Clapier, R.; Ejoubert, F. Mitochondrial
dynamics in the adult cardiomyocytes: Which roles for a highly specialized cell? Front. Physiol. 2013, 4, 102. [CrossRef]

3. Dong, S.; Qian, L.; Cheng, Z.; Chen, C.; Wang, K.; Hu, S.; Zhang, X.; Wu, T. Lactate and Myocadiac Energy Metabolism. Front.
Physiol. 2021, 12, 715081. [CrossRef]

4. Fukushima, A.; Milner, K.; Gupta, A.; Lopaschuk, G. Myocardial Energy Substrate Metabolism in Heart Failure: From Pathways
to Therapeutic Targets. Curr. Pharm. Des. 2015, 21, 3654-3664. [CrossRef] [PubMed]

5. Aubert, G.; Vega, R.B.; Kelly, D.P. Perturbations in the gene regulatory pathways controlling mitochondrial energy production in
the failing heart. Biochim. Biophys. Acta (BBA)-Bioenerg. 2013, 1833, 840-847. [CrossRef]

6.  Neubauer, S. The Failing Heart—An Engine Out of Fuel. N. Engl. ]. Med. 2007, 356, 1140-1151. [CrossRef] [PubMed]

7. Casademont, J.; Mir6, O. Electron Transport Chain Defects in Heart Failure. Heart Fail. Rev. 2002, 7, 131-139. [CrossRef]

8.  Lopaschuk, G.D.; Ussher, ].R; Folmes, C.; Jaswal, ].S.; Stanley, W.C. Myocardial Fatty Acid Metabolism in Health and Disease.
Physiol. Rev. 2010, 90, 207-258. [CrossRef]

9.  Aubert, G.; Martin, O.].; Horton, J.L.; Lai, L.; Vega, R.B.; Leone, T.C.; Koves, T.; Gardell, S.].; Kriiger, M.; Hoppel, C.L.; et al. The
Failing Heart Relies on Ketone Bodies as a Fuel. Circulation 2016, 133, 698-705. [CrossRef] [PubMed]

10. Collins-Nakai, R.L.; Noseworthy, D.; Lopaschuk, G.D. Epinephrine increases ATP production in hearts by preferentially increasing
glucose metabolism. Am. |. Physiol. Circ. Physiol. 1994, 267, H1862-H1871. [CrossRef]

11. Lopaschuk, G.D.; Karwi, Q.G.; Tian, R.; Wende, A.R.; Abel, E.D. Cardiac Energy Metabolism in Heart Failure. Circ. Res. 2021, 128,
1487-1513. [CrossRef]

12.  Smith, ].G.; Owen, T,; Bhagwan, J.; Mosqueira, D.; Scott, E.; Mannhardt, I.; Patel, A.K.; Barriales-Villa, R.; Monserrat, L.; Hansen,
A.; et al. Isogenic Pairs of hiPSC-CMs with Hypertrophic Cardiomyopathy/LVNC-Associated ACTC1 E99K Mutation Unveil
Differential Functional Deficits. Stem Cell Rep. 2018, 11, 1226-1243. [CrossRef]

13.  Bhagwan, J.R.; Mosqueira, D.; Chairez-Cantu, K.; Mannhardt, I.; Bodbin, S.E.; Bakar, M.; Smith, J.; Denning, C. Isogenic models of
hypertrophic cardiomyopathy unveil differential phenotypes and mechanism-driven therapeutics. . Mol. Cell. Cardiol. 2020, 145,
43-53. [CrossRef] [PubMed]

14. Mosqueira, D.; Mannhardt, I.; Bhagwan, J.; Lis-Slimak, K; Katili, P.; Scott, E.; Hassan, M.; Prondzynski, M.; Harmer, S.; Tinker,
A.; et al. CRISPR/Cas9 editing in human pluripotent stem cell-cardiomyocytes highlights arrhythmias, hypocontractility, and
energy depletion as potential therapeutic targets for hypertrophic cardiomyopathy. Eur. Heart ]. 2018, 39, 3879-3892. [CrossRef]
[PubMed]

15. Jahng, J.W.; Zhang, M.; Wu, ].C. The role of metabolism in directed differentiation versus trans-differentiation of cardiomyocytes.
Semin. Cell Dev. Biol. 2021. [CrossRef] [PubMed]

16. Morita, Y.; Tohyama, S. Metabolic Regulation of Cardiac Differentiation and Maturation in Pluripotent Stem Cells: A Lesson from
Heart Development. JMA J. 2020, 3, 193-200. [CrossRef]

17. Correia, C.; Koshkin, A.; Duarte, P; Hu, D.; Teixeira, A.; Domian, I.; Serra, M.; Alves, P.M. Distinct carbon sources affect structural
and functional maturation of cardiomyocytes derived from human pluripotent stem cells. Sci. Rep. 2017, 7, 8590. [CrossRef]

18.  Ordorio, J.; Pérez-Amodio, S.; Ball, K.; Aguirre, A.; Engel, E. Lactate promotes cardiomyocyte dedifferentiation through metabolic
reprogramming. BioRxiv Prepr. 2020. [CrossRef]

19. Rouault, T.A.; Tong, W.-H. Iron-sulphur cluster biogenesis and mitochondrial iron homeostasis. Nat. Rev. Mol. Cell Biol. 2005, 6,
345-351. [CrossRef]

20. Beard, ].L. Iron Biology in Immune Function, Muscle Metabolism and Neuronal Functioning. J. Nutr. 2001, 131, 5685-580S.
[CrossRef]

21. Brzoéska, K.; Meczyniska, S.; Kruszewski, M. Iron-sulfur cluster proteins: Electron transfer and beyond. Acta Biochim. Pol. 2006, 53,
685-691. [CrossRef] [PubMed]

22.  Zhu, ].; Vinothkumar, K.R.; Hirst, J. Structure of mammalian respiratory complex I. Nat. Cell Biol. 2016, 536, 354-358. [CrossRef]

23. Crooks, D.R;; Maio, N.; Lane, A.N.; Jarnik, M.; Higashi, R.M.; Haller, R.G.; Yang, Y.; Fan, TW.-M.; Linehan, W.M.; Rouault, T.A.

Acute loss of iron-sulfur clusters results in metabolic reprogramming and generation of lipid droplets in mammalian cells. J. Biol.
Chem. 2018, 293, 8297-8311. [CrossRef] [PubMed]


http://doi.org/10.1172/JCI24405
http://www.ncbi.nlm.nih.gov/pubmed/15765136
http://doi.org/10.3389/fphys.2013.00102
http://doi.org/10.3389/fphys.2021.715081
http://doi.org/10.2174/1381612821666150710150445
http://www.ncbi.nlm.nih.gov/pubmed/26166604
http://doi.org/10.1016/j.bbamcr.2012.08.015
http://doi.org/10.1056/NEJMra063052
http://www.ncbi.nlm.nih.gov/pubmed/17360992
http://doi.org/10.1023/A:1015372407647
http://doi.org/10.1152/physrev.00015.2009
http://doi.org/10.1161/CIRCULATIONAHA.115.017355
http://www.ncbi.nlm.nih.gov/pubmed/26819376
http://doi.org/10.1152/ajpheart.1994.267.5.H1862
http://doi.org/10.1161/CIRCRESAHA.121.318241
http://doi.org/10.1016/j.stemcr.2018.10.006
http://doi.org/10.1016/j.yjmcc.2020.06.003
http://www.ncbi.nlm.nih.gov/pubmed/32531470
http://doi.org/10.1093/eurheartj/ehy249
http://www.ncbi.nlm.nih.gov/pubmed/29741611
http://doi.org/10.1016/j.semcdb.2021.05.018
http://www.ncbi.nlm.nih.gov/pubmed/34074592
http://doi.org/10.31662/jmaj.2020-0036
http://doi.org/10.1038/s41598-017-08713-4
http://doi.org/10.1101/2020.07.21.213736
http://doi.org/10.1038/nrm1620
http://doi.org/10.1093/jn/131.2.568S
http://doi.org/10.18388/abp.2006_3296
http://www.ncbi.nlm.nih.gov/pubmed/17143336
http://doi.org/10.1038/nature19095
http://doi.org/10.1074/jbc.RA118.001885
http://www.ncbi.nlm.nih.gov/pubmed/29523684

Metabolites 2022, 12,9 19 of 20

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Chouchani, E.T.; Methner, C.; Buonincontri, G.; Hu, C.-H.; Logan, A.; Sawiak, S.J.; Murphy, M.P,; Krieg, T. Complex I Deficiency
Due to Selective Loss of Ndufs4 in the Mouse Heart Results in Severe Hypertrophic Cardiomyopathy. PLoS ONE 2014, 9, e94157.
[CrossRef]

Klip, I.T.; Comin-Colet, J.; Voors, A.A.; Ponikowski, P; Enjuanes, C.; Banasiak, W.; Lok, D.J.; Rosentryt, P; Torrens, A.; Polonski,
L.; et al. Iron deficiency in chronic heart failure: An international pooled analysis. Am. Heart ]. 2013, 165, 575-582.€3. [CrossRef]
Van Veldhuisen, D.J.; Anker, S.D.; Ponikowski, P.; MacDougall, I.C. Anemia and iron deficiency in heart failure: Mechanisms and
therapeutic approaches. Nat. Rev. Cardiol. 2011, 8, 485-493. [CrossRef] [PubMed]

Anker, S.D.; Comin Colet, J.; Filippatos, G.; Willenheimer, R.; Dickstein, K.; Drexler, H.; Liischer, T.E; Bart, B.; Banasiak, W.;
Niegowska, J.; et al. Ferric Carboxymaltose in Patients with Heart Failure and Iron Deficiency. N. Engl. ]. Med. 2009, 361,
2436-2448. [CrossRef]

Ponikowski, P; Van Veldhuisen, D.J.; Comin-Colet, J.; Ertl, G.; Komajda, M.; Mareev, V.; McDonagh, T.; Parkhomenko, A.; Tavazzi,
L.; Levesque, V.; et al. Beneficial effects of long-term intravenous iron therapy with ferric carboxymaltose in patients with
symptomatic heart failure and iron deficiency. Eur. Heart ]. 2015, 36, 657—668. [CrossRef]

Chung, YJ.; Swietach, P.; Curtis, M.K,; Ball, V.; Robbins, P.A.; Lakhal-Littleton, S. Iron-Deficiency Anemia Results in Transcriptional
and Metabolic Remodeling in the Heart Toward a Glycolytic Phenotype. Front. Cardiovasc. Med. 2021, 7, 616920. [CrossRef]
Hoes, M.; Beverborg, N.G.; Kijlstra, ].D.; Kuipers, J.; Swinkels, D.W.; Giepmans, B.; Rodenburg, R.J.; Van Veldhuisen, D.].; De Boer,
R.A.; Van Der Meer, P. Iron deficiency impairs contractility of human cardiomyocytes through decreased mitochondrial function.
Eur. J. Heart Fail. 2018, 20, 910-919. [CrossRef] [PubMed]

Radogna, F; Gérard, D.; Dicato, M.; Diederich, M. Assessment of Mitochondrial Cell by Assays. Springer Protoc. Handb. 2021,
2276, 129-141. [CrossRef]

Kordus, R.J.; Hossain, A.; Malter, H.E.; Lavoie, H.A. Mitochondrial metabolic substrate utilization in granulosa cells reflects
body mass index and total follicle stimulating hormone dosage in in vitro fertilization patients. J. Assist. Reprod. Genet. 2020, 37,
2743-2756. [CrossRef]

Garcia, D.; Carr, J.F,; Chan, E; Peterson, A.L.; Ellis, K.A.; Scaffa, A.; Ghio, A.J.; Yao, H.; Dennery, P.A. Short exposure to hyperoxia
causes cultured lung epithelial cell mitochondrial dysregulation and alveolar simplification in mice. Pediatr. Res. 2021, 90, 58-65.
[CrossRef] [PubMed]

Kuzniewska, B.; Cysewski, D.; Wasilewski, M.; Sakowska, P.; Milek, J.; Kulinski, T.M.; Winiarski, M.; Kozielewicz, P.; Knapska, E.;
Dadlez, M.; et al. Mitochondrial protein biogenesis in the synapse is supported by local translation. EMBO Rep. 2020, 21, e48882.
[CrossRef]

Gandhirajan, R K.; Meyer, D.; Sagwal, S.K.; Weltmann, K.-D.; von Woedtke, T.; Bekeschus, S. The amino acid metabolism is
essential for evading physical plasma-induced tumour cell death. Br. J. Cancer 2021, 124, 1854-1863. [CrossRef]

Bhalla, K.; Jaber, S.; Reagan, K.; Hamburg, A.; Underwood, K.E; Jhajharia, A.; Singh, M.; Bhandary, B.; Bhat, S.; Nanaji, N.M.; et al.
SIRT3, a metabolic target linked to ataxia-telangiectasia mutated (ATM) gene deficiency in diffuse large B-cell lymphoma. Sci.
Rep. 2020, 10, 21159. [CrossRef]

Pantopoulos, K. Iron Metabolism and the IRE/IRP Regulatory System: An Update. Ann. N. Y. Acad. Sci. 2004, 1012, 1-13.
[CrossRef]

Yang, X.; Rodriguez, M.L.; Leonard, A.; Sun, L.; Fischer, K.A.; Wang, Y.; Ritterhoff, J.; Zhao, L.; Kolwicz, S.C., Jr.; Pabon, L.; et al.
Fatty Acids Enhance the Maturation of Cardiomyocytes Derived from Human Pluripotent Stem Cells. Stem Cell Rep. 2019, 13,
657-668. [CrossRef]

Poon, E.; Luo, X.-L.; Webb, S; Yan, B.; Zhao, R.; Wu, S.C.M,; Yang, Y.; Zhang, P,; Bai, H.; Shao, J.; et al. The cell surface marker
CD36 selectively identifies matured, mitochondria-rich hPSC-cardiomyocytes. Cell Res. 2020, 30, 626—629. [CrossRef]

Sato, Y.; Kobayashi, H.; Higuchi, T.; Shimada, Y.; Ida, H.; Ohashi, T. Metabolomic Profiling of Pompe Disease-Induced Pluripotent
Stem Cell-Derived Cardiomyocytes Reveals That Oxidative Stress Is Associated with Cardiac and Skeletal Muscle Pathology.
Stem Cells Transl. Med. 2016, 6, 31-39. [CrossRef] [PubMed]

Sayed, N.; Liu, C.; Wu, J.C. Translation of Human-Induced Pluripotent Stem Cells: From Clinical Trial in a Dish to Precision
Medicine. J. Am. Coll. Cardiol. 2016, 67, 2161-2176. [CrossRef]

Tohyama, S.; Hattori, F.; Sano, M.; Hishiki, T.; Nagahata, Y.; Matsuura, T.; Hashimoto, H.; Suzuki, T.; Yamashita, H.; Satoh, Y.; et al.
Distinct Metabolic Flow Enables Large-Scale Purification of Mouse and Human Pluripotent Stem Cell-Derived Cardiomyocytes.
Cell Stem Cell 2013, 12, 127-137. [CrossRef]

Beinert, H.; Kennedy, M.C. Aconitase, a two-faced protein: Enzyme and iron regulatory factor 1 2. FASEB J. 1993, 7, 1442-1449.
[CrossRef] [PubMed]

Gray, N.; Pantopoulos, K.; Dandekar, T.; Ackrell, B.A.; Hentze, M. Translational regulation of mammalian and Drosophila citric
acid cycle enzymes via iron-responsive elements. Proc. Natl. Acad. Sci. USA 1996, 93, 4925-4930. [CrossRef]

Kim, H.-Y;; LaVaute, T.; Iwai, K.; Klausner, R.D.; Rouault, T.A. Identification of a Conserved and Functional Iron-responsive
Element in the 5'-Untranslated Region of Mammalian Mitochondrial Aconitase. J. Biol. Chem. 1996, 271, 24226-24230. [CrossRef]
[PubMed]

Schalinske, K.L.; Chen, O.S.; Eisenstein, R.S. Implications for iron regulatory proteins as regulators of mitochondprial citrate
utilization. J. Biol. Chem. 1998, 273, 3740-3746. [CrossRef]


http://doi.org/10.1371/journal.pone.0094157
http://doi.org/10.1016/j.ahj.2013.01.017
http://doi.org/10.1038/nrcardio.2011.77
http://www.ncbi.nlm.nih.gov/pubmed/21629210
http://doi.org/10.1056/NEJMoa0908355
http://doi.org/10.1093/eurheartj/ehu385
http://doi.org/10.3389/fcvm.2020.616920
http://doi.org/10.1002/ejhf.1154
http://www.ncbi.nlm.nih.gov/pubmed/29484788
http://doi.org/10.1007/978-1-0716-1266-8_9
http://doi.org/10.1007/s10815-020-01946-9
http://doi.org/10.1038/s41390-020-01224-5
http://www.ncbi.nlm.nih.gov/pubmed/33144707
http://doi.org/10.15252/embr.201948882
http://doi.org/10.1038/s41416-021-01335-8
http://doi.org/10.1038/s41598-020-78193-6
http://doi.org/10.1196/annals.1306.001
http://doi.org/10.1016/j.stemcr.2019.08.013
http://doi.org/10.1038/s41422-020-0292-y
http://doi.org/10.5966/sctm.2015-0409
http://www.ncbi.nlm.nih.gov/pubmed/28170191
http://doi.org/10.1016/j.jacc.2016.01.083
http://doi.org/10.1016/j.stem.2012.09.013
http://doi.org/10.1096/fasebj.7.15.8262329
http://www.ncbi.nlm.nih.gov/pubmed/8262329
http://doi.org/10.1073/pnas.93.10.4925
http://doi.org/10.1074/jbc.271.39.24226
http://www.ncbi.nlm.nih.gov/pubmed/8798666
http://doi.org/10.1074/jbc.273.6.3740

Metabolites 2022, 12,9 20 of 20

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Oexle, H.; Gnaiger, E.; Weiss, G. Iron-dependent changes in cellular energy metabolism: Influence on citric acid cycle and
oxidative phosphorylation. Biochim. Biophys. Acta-Bioenerg. 1999, 1413, 99-107. [CrossRef]

Feyen, D.A.; McKeithan, W.L.; Bruyneel, A.A,; Spiering, S.; Hormann, L.; Ulmer, B.; Zhang, H.; Briganti, F.; Schweizer, M.; Hegyi,
B.; et al. Metabolic Maturation Media Improve Physiological Function of Human iPSC-Derived Cardiomyocytes. Cell Rep. 2020,
32,107925. [CrossRef]

Kim, T.; Dyck, J.R. The role of CD36 in the regulation of myocardial lipid metabolism. Biochim. Biophys. Acta-Mol. Cell Biol. Lipids
2016, 1861, 1450-1460. [CrossRef] [PubMed]

Shu, H.; Peng, Y.; Hang, W.; Nie, J.; Zhou, N.; Wang, D.W. The role of CD36 in cardiovascular disease. Cardiovasc. Res. 2020,
cvaa319. [CrossRef]

van der Meer, D.L.M.; Degenhardt, T.; Vdisanen, S.; de Groot, PJ.; Heindniemi, M.; de Vries, S.C.; Miiller, M.; Carlberg, C.; Kersten,
S. Profiling of promoter occupancy by PPAR« in human hepatoma cells via ChIP-chip analysis. Nucleic Acids Res. 2010, 38,
2839-2850. [CrossRef]

Pakzad, K.K; Tan, ].J.; Anderson, S.; Board, M.; Clarke, K.; Carr, C.A. Metabolic maturation of differentiating cardiosphere-derived
cells. Stem Cell Res. 2021, 54, 102422. [CrossRef]

Chung, YJ.; Luo, A.; Park, K.C.; Loonat, A.A.; Lakhal-Littleton, S.; Robbins, P.A.; Swietach, P. Iron-deficiency anemia reduces
cardiac contraction by downregulating RyR2 channels and suppressing SERCA pump activity. JCI Insight 2019, 4, 4. [CrossRef]
[PubMed]

Handhle, A.; Ormonde, C.E.; Thomas, N.L.; Bralesford, C.; Williams, A.; Lai, T.; Zissimopoulos, S. Calsequestrin interacts directly
with the cardiac ryanodine receptor luminal domain. J. Cell Sci. 2016, 129, 3983-3988. [CrossRef]

Reinhold, J.; Papadopoulou, C.; Baral, R.; Vassiliou, V.S. Iron deficiency for prognosis in acute coronary syndrome-A systematic
review and meta-analysis. Int. ]. Cardiol. 2021, 328, 46-54. [CrossRef] [PubMed]

Wenninger, J.; Meinitzer, A.; Holasek, S.; Schnedl, W.J.; Zelzer, S.; Mangge, H.; Herrmann, M.; Enko, D. Associations between
tryptophan and iron metabolism observed in individuals with and without iron deficiency. Sci. Rep. 2019, 9, 14548. [CrossRef]
[PubMed]

McGranaghan, P.; Kirwan, ].A.; Garcia-Rivera, M.A.; Pieske, B.; Edelmann, F; Blaschke, F.; Appunni, S.; Saxena, A.; Rubens, M.;
Veledar, E.; et al. Lipid Metabolite Biomarkers in Cardiovascular Disease: Discovery and Biomechanism Translation from Human
Studies. Metabolites 2021, 11, 621. [CrossRef]

Burridge, PW.; Matsa, E.; Shukla, P.; Lin, Z.C.; Churko, ] M.; Ebert, A.D.; Lan, F,; Diecke, S.; Huber, B.; Mordwinkin, N.M.; et al.
Chemically defined generation of human cardiomyocytes. Nat. Methods 2014, 11, 855-860. [CrossRef]

Sala, L.; van Meer, B.].; Tertoolen, L.G.; Bakkers, J.; Bellin, M.; Davis, R.P.; Denning, C.N.; Dieben, M.A.; Eschenhagen, T.;
Giacomelli, E.; et al. MUSCLEMOTIONA: Versatile Open Software Tool to Quantify Cardiomyocyte and Cardiac Muscle
Contraction In Vitro and In Vivo. Circ. Res. 2018, 122, e5—-e16. [CrossRef]


http://doi.org/10.1016/S0005-2728(99)00088-2
http://doi.org/10.1016/j.celrep.2020.107925
http://doi.org/10.1016/j.bbalip.2016.03.018
http://www.ncbi.nlm.nih.gov/pubmed/26995462
http://doi.org/10.1093/cvr/cvaa319
http://doi.org/10.1093/nar/gkq012
http://doi.org/10.1016/j.scr.2021.102422
http://doi.org/10.1172/jci.insight.125618
http://www.ncbi.nlm.nih.gov/pubmed/30779710
http://doi.org/10.1242/jcs.191643
http://doi.org/10.1016/j.ijcard.2020.12.021
http://www.ncbi.nlm.nih.gov/pubmed/33326805
http://doi.org/10.1038/s41598-019-51215-8
http://www.ncbi.nlm.nih.gov/pubmed/31601941
http://doi.org/10.3390/metabo11090621
http://doi.org/10.1038/nmeth.2999
http://doi.org/10.1161/CIRCRESAHA.117.312067

	Introduction 
	Results 
	hiPSC-CMs Undergo Critical Metabolic Changes between Day 10 and Day 20 of Differentiation 
	hiPSC-CMs Differentiation Leads to a Marked Increase in Fatty Acid Metabolism 
	ID Leads to a Metabolic Shift Only Partially Rescued by Transferrin 
	ID Leads to a Unique Set of Metabolic Substrate Alterations, including Reduced TCA, Amino Acid and Fatty Acid Substrates 
	Transferrin Rescue Restores TCA Cycle Substrate Metabolism, but Amino Acid and Fatty Acid Metabolism Remain Perturbed 

	Discussion 
	Methods 
	hiPSC Culture and Cardiomyocyte Differentiation 
	Immunocytochemistry and Imaging 
	Gene and Protein Expression Analysis 
	Contraction Analysis 
	Metabolic Analysis 
	Data Interpretation 
	Quantification and Statistical Analysis 

	References

