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Abstract

Mitochondrial dysfunction is known to contribute to a range of diseases, and primary 

mitochondrial defects strongly impact high-energy organs such as the heart. Platforms for 

high-throughput and human-relevant assessment of mitochondrial diseases are currently lacking, 

hindering the development of targeted therapies. In the past decade, human-induced pluripotent 

stem cells (iPSCs) have become a promising technology for drug discovery in basic and clinical 

research. In particular, human iPSC-derived cardiomyocytes (iPSC-CMs) offer a unique tool 

to study a wide range of mitochondrial functions and possess the potential to become a key 

translational asset for mitochondrial drug development. This review summarizes mitochondrial 

functions and recent therapeutic discoveries, advancements and limitations of using iPSC-CMs to 

study mitochondrial diseases of the heart with an emphasis on cardiac applications.
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Beyond being the colloquial cellular ‘powerhouse’, mitochondria play multifaceted roles in 

physiology, including the regulation of biosynthetic growth, waste removal, fission, fusion, 

stress signalling and the balance of cellular life and death [1–3]. Mitochondrial functions 

are crucial for nearly all cells and tissues, from highly proliferative tumours to highly 

aerobic, post-mitotic tissues. Therefore, mitochondrial dysfunction presents heterogeneously 

across many cell types and is implicated in a wide range of human diseases [4,5]. 

Primary mitochondrial defects are the most common inherited metabolic disorders, affecting 

nearly 1 : 5000 people with a clinical presentation at any age and in any organ [4,5]. 

Primary defects can lead to devastating clinical manifestations, including lactic acidosis, 

skeletal myopathy, deafness, blindness, subacute neurodegeneration, intestinal dysmotility 
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and peripheral neuropathy [4]. Secondary mitochondrial dysfunction is a well-accepted 

maladaptive mechanism associated with the progression and potentiation of diabetes, cancer, 

obesity, neuromuscular and cardiovascular diseases [6].

Currently, there are no viable mitochondrial therapies. Drug development of mitochondrial-

targeted therapies is greatly hindered by broad clinical manifestations, genetic heterogeneity 

and incomplete understanding of basic mitochondrial phenotype–genotype relationships 

[7,8]. While the number of promising clinical trials for mitochondrial-targeted therapies has 

substantially improved in recent years, they still lag behind the speed of diagnosis [9]. New 

investigational platforms, cutting-edge technologies and treatment approaches are urgently 

needed [10]. This review will focus on how cardiac-specific mechanisms modelled by 

human-induced pluripotent stem cell (iPSC) technology have led to new therapeutic insights 

into mitochondrial diseases.

Mitochondrial modelling: past and present

The heart is a high-energy consuming organ and thus contains more mitochondria than any 

other tissue in the body [11]. Mitochondrial dysfunction is well-observed in the progression 

of various etiologies of heart failure [12–14]. The failing heart was first described as being 

an ‘engine out of fuel’ in 1939 [15], and the energy-starvation hypothesis has since been 

heavily pursued [16–18]. Today, myocardial energetics, or energy metabolism in the heart, 

remains a topic of interest because energy-sparing drugs, such as angiotensin-converting 

enzyme (ACE) inhibitors and beta-receptor blockers [19–21], were shown to improve patient 

outcomes. Increasing energy demand, achieved by inotropes, worsens clinical outcomes 

[22]. Identifying and targeting mitochondrial mechanisms pertinent to heart function holds 

potential for new cardiac therapies [23].

Although cardiomyocytes provide an opportune system for mitochondrial research, they 

have been highly challenging to study in cell culture due to their post-mitotic nature. 

Murine models have been extensively utilized to study cardiac mitochondria for the past 

three decades [24]. While animal modelling is indispensable for the preclinical evaluation 

of therapeutic agents, this platform is largely incompatible with high-throughput drug 

discovery and personalized medicine [25,26]. Furthermore, inherent species differences in 

heart rate, arrhythmic responses, temporal disease progression and the lack of comorbidities 

in rodent models lead to an incomplete human pathogenesis model [27,28].

The advent of iPSC technology provides a unique tool for investigating human diseases. 

Reprogramming donor cells using a non-integrating virus can yield pluripotent iPSCs 

capable of differentiating into diverse cell types [25]. This platform features two notable 

advantages over existing traditional models. First, they provide an unlimited source of 

human cardiac cell types, which can be expanded, matured and maintained in cell culture for 

over 200 days [29–31]. The establishment of robust differentiation protocols has resulted in 

low-cost, high purity induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) for 

mass production [32,33] and broad applications in regenerative medicine, diagnostics, drug 

toxicity and efficacy testing [25]. Second, iPSCs are genetically matched to their donors and 

recapitulate clinical phenotypes in a dish, providing disease- and patient-specific platforms 
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for therapeutic interrogation. Disease-specific platforms developed so far include long QT 

syndrome [34,35], hypertrophy [36], and dilated cardiomyopathy [37,38] applications. Thus, 

the iPSC-CM platform has emerged as a powerful tool for translational medicine that 

circumvents some existing limitations of historical models.

Cell-based assays and multi-omics molecular techniques have significantly increased 

detection sensitivities in parallel to advancements in iPSC technologies, thus providing 

cellular and mitochondrial resolution unimaginable only a few years ago (Fig. 2). Thus, the 

combination of iPSC advancement with high-throughput cell-based assays paves an exciting 

trajectory for studying diverse mitochondrial functions.

Here, we summarize distinctive functional features of mitochondria, including their 

genome, membrane architecture, flexible energy metabolism and oxidative phosphorylation 

(OXPHOS) machinery. We review the current literature for each function wherein human-

iPSC-CM models have led to new therapeutic insights relevant to mitochondrial diseases 

(Table 1, Fig. 1). We then discuss technological advancements, current limitations and future 

recommendations for mitochondrial studies using iPSC-CM platforms.

Homeostasis of mitochondrial genome

The mitochondrion is an ancient organelle derived from the endosymbiotic relationship 

between the proteobacterium and its host [39]. During evolution, mitochondria forfeited 

most of their genes to the nuclear genome of eukaryotic cells [2,4], which drastically 

reduced the chromosomal mtDNA, whereas they acquired a myriad of new functions [2]. 

Contemporary human mtDNA is a circular molecule of 16 kilobases containing 37 genes 

encoding 13 subunits of Complexes I, III, IV, and V of the electron transport chain (ETC) as 

well as 22 tRNAs and 2 rRNAs that are necessary for mitochondrial translation machinery 

function [4,40] (Fig. 1).

Hypertrophic cardiomyopathies

Mutations in mtDNA or in its replication machinery play a role in hypertrophic 

cardiomyopathies (HCM). As reported by Li et al., m.2336 T > C led to decreased stability 

of 16S rRNA and the steady-state levels of its binding partners, impaired mitochondrial 

ribosomal assembly and an overall reduction in mitochondrial proteins in iPSC-CMs 

derived from HCM patients [41]. Similarly, mutations in DNA polymerase gamma (POLG) 

are indispensable for mtDNA replication and repair, resulting in diverse and disastrous 

mitochondrial phenotypes conserved during cellular reprogramming and differentiation of 

iPSCs [41,42].

Pathogenicity of mitochondrial heteroplasmy

Unlike nuclear chromosomes, the number of mtDNA copies varies between 500 and 

6000 per cell in a tissue-specific manner [43]. Therefore, the coexistence of mtDNA 

mutations can affect either all mtDNA molecules (known as homoplasmy) or a 

proportion of the mtDNA molecules (heteroplasmy) [44]. The latter presents a unique 

bottleneck to understanding primary pathogenic mtDNA mutations. Combined with limited 

mitochondrial-targeted genetic strategies, it has been historically challenging to generate 
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cellular and animal models with specific mutations in mtDNA using plasmid or gene-editing 

technology [41,45]. Genetic reprogramming of somatic donor cells into iPSCs circumvents 

these technical hurdles because patient-specific mtDNA defects are retained during this 

process. Thus, iPSCs provide a valuable tool for understanding pathogenic thresholds and 

their functional outcomes [41]. For example, two isogenic iPSC lines from the same patient 

harbouring low and high levels of m.3243 A > G in mt-TL1 had distinct cellular phenotypes. 

High proportions of m.3243 A > G, which exceeded the pathogenic threshold, strongly 

inhibited maturation and survival of iPSC-CMs via induction of mitochondrial respiratory 

dysfunction [46]. This study underscores intra-person variability in differentiation potential 

and gene expression of patient-derived iPSC lines induced by heteroplasmy [47,48]. 

Furthermore, segregation of mtDNA mutations proved to be a dynamic process, with some 

iPSC clones shifting towards wild-type mtDNA at a rate of ~ 12% per month when the 

initial mutation load was greater than 80%. In contrast, other iPSC clones showed no 

changes in heteroplasmy levels with prolonged (>1 month) culture. However, age-related 

accumulation of mtDNA mutation frequency is observed in iPSCs derived from elderly 

donors (60–72 years) and should be a clinical consideration for iPSC model generation 

[48,49].

Kearns–Sayre syndrome

High heteroplasmy levels of pathogenic mtDNA mutations also occur in some tumours, 

neurodegenerative diseases, diabetes and age-associated heart failure [43,47]. Large 

deletions in mtDNA may lead to multi-system disorders such as Kearns–Sayre syndrome 

(KSS). KSS is a slowly progressing disease with clinical manifestations predominantly 

in the cardiac, renal or central nervous systems, with few treatment strategies available. 

Deletions in mtDNA of KSS patients are primarily found in muscle tissues and are 

predominantly absent in the blood cells.

Nuclear reprogramming of peripheral blood mononuclear cells (PBMCs) purified from the 

blood of KSS patients into cardiomyocytes, neurons and fibroblasts generated ‘mutation-

free’ isogenic sources of cell replacement therapies [40]. Thus, promoting mtDNA 

segregation ‘drift’ towards wild-type mtDNA or harnessing mitochondrial transplantation 

strategies [50] will be critical avenues for further therapeutic developments for KSS.

Mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes

It is well-accepted that even healthy somatic mitochondria are heteroplasmic and 

possess extremely low levels of mtDNA variants of either inherited or single base-

pair mutations. Indeed, next-generation sequencing of mtDNA (mtDNA NGS) from 

mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS) 

patients demonstrated that heteroplasmy is conserved during nuclear reprogramming of 

iPSCs and did not affect cardiac differentiation potential into iPSC-CMs. Differentiated 

iPSC-CM progeny with conserved mtDNA mutations, such as m.9547G > A, has been 

shown to suppress mitochondrial respiratory function, further underscoring the need for 

mtDNA NGS as a selection tool during iPSC clonal selection [47] (Fig. 2).
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Mitochondrial membrane architecture and dynamics

Mitochondria retain a sophisticated architecture comprised of an outer membrane (OMM) 

and inner membrane (IMM), which together divide the aqueous intermembrane space (IMS) 

from the inner matrix (Fig. 1). The individual lipid composition of each membrane is 

asymmetric to balance OMM fluidity and IMM structural integrity with mitochondrial 

dynamics of fission and fusion [51].

Barth syndrome

Cardiolipin is the hallmark lipid of the mitochondrial IMM, essential for dynamics, 

mitophagy, apoptosis, organization of supramolecular structure and function [2,52]. 

Mutations in the gene encoding taffazin (TAZ), an acyltransferase responsible for cardiolipin 

processing, cause Barth syndrome (BTHS), a subset of cardiac and mitochondrial muscle 

myopathies. To define the mechanistic link between abnormal cardiolipin biogenesis 

and cardiomyopathy, Wang et al. utilized both patient-derived and Cas9-mediated iPSC 

lines for BTHS. BTHS iPSC-CMs recapitulated patient phenotypes of diminished mature 

cardiolipin content by LC–MS and impaired mitochondrial respiration by Seahorse Analyzer 

(Agilent Technologies Inc., Santa Clara, CA, USA) (Fig. 2). When combined with heart-

on-chip technology, BTHS iPSC-CM-engineered myocardium replicated the contractile 

pathophysiology clinically observed in patients. Furthermore, BTHS iPSC-CMs and 

engineered tissues can effectively model disease correction by reintroducing TAZ modRNA 

or treatment with linolenic acid, an essential unsaturated fatty acid precursor of mature 

cardiolipin [53].

Dilated cardiomyopathy with ataxia syndrome

The dual-membrane architecture of mitochondria retains an intricate translocase network 

to import mitochondrial proteins, of which 99% are nuclear-encoded [54]. Mitochondrial 

targeting signals direct precursor proteins to their sub-organellar destination. Proteins are 

imported through the translocase of the outer membrane (TOM) complex followed by the 

translocase of the inner membrane (TIM23) complex for transport into the IMM or matrix. 

Patients with dilated cardiomyopathy with ataxia syndrome (DCMA) were found to have 

mutations in the DNAJC19 gene and presented with Barth syndrome-like mitochondrial 

dysfunction. DNAJC19 is a mitochondrial chaperone homologous to yeast PAM18/TIM14 

subunit, a critical component of TIM23. Splice mutations in DCMA patients were initially 

hypothesized to cause defects in mitochondrial import [55]. Patient-derived iPSC-CMs 

harbouring mutations in DNAJC19 had disorganized cristae and an imbalance of pro-fusion 

L-OPA1 to pro-fission S-OPA1 ratio. Imbalanced OPA1 processing led to short, less 

connected mitochondria and overall network fragmentation in DCMA iPSC-CMs, consistent 

with common clinical phenotypes [56].

Administration of elamipretide (SS-31), a mitochondrial-targeted synthetic tetrapeptide, to 

iPSC-CMs, rescued mitochondrial fragmentation and highlighted a potential therapy for 

DCMA. Furthermore, Rohani et al. demonstrated that iPSC-CMs are a viable platform for 

studying the regulation of human mitochondrial fission and fusion in vitro.
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Mitochondrial energy metabolism during cardiac development, maturation 

and stress

The adult heart is metabolically flexible, toggling between various available carbon 

substrates as fuel sources to maintain the energy output necessary for constant contraction. 

Cardiac mitochondria play a central role in fluctuating fuel preferences throughout heart 

development, maturation and stress.

The fetal heart experiences a hypoxic environment rich in glucose and lactate that promotes 

rapid growth [57]. Shortly after birth, cardiomyocytes become post-mitotic and undergo 

hypertrophy, an enlargement of cell size and mass that promotes contraction force. In 

parallel, a burst in mitochondrial biogenesis greatly increases the oxidative capacity of 

the neonatal heart [58]. Maternal breastmilk supplies increased levels of circulating free 

fatty acids and triacylglycerides [59–61], and fatty acid oxidation (FAO) becomes the most 

prominent energy source in the post-natal heart [62]. Contributions from lactate, ketones 

and amino acids are considered minor due to their low circulating levels [57]. Under 

physiological stressors such as fasting or exercise, the healthy adult heart relies on metabolic 

plasticity to switch carbon sources to maintain ATP supply and cellular homeostasis [63–

65], but the entire process remains incompletely understood. For example, Venkatesh et al. 

used proteomics and iPSC-CMs derived from dermal fibroblasts to elucidate the role of 

proteostasis—via LONP1 protease—as a negative regulator of FAO [66].

During pathological hypertrophy, the heart loses metabolic flexibility and makes an 

energetically unfavourable shift towards increased glucose utilization [57,67]. The precise 

mechanisms underlying how metabolic flexibility is maintained in health or impaired in 

disease remains an active area of investigation [68].

Sudden infant death syndrome

Recently, iPSC-CMs were used to study how FAO defects promote cardiac arrhythmias, 

such as sudden infant death syndrome (SIDS). SIDS manifests shortly after birth, once 

children begin nursing on lipid-rich breastmilk [69]. SIDS results from defects in the 

mitochondrial trifunctional protein (TFP), the central enzyme in the FAO pathway. Knockout 

of HADHA, the alpha subunit of TFP, leads to an accumulation of long-chain fatty acids, 

immature cardiolipin, mitochondrial dysfunction, aberrant calcium handling and beat rate 

abnormalities. SS-31 was found to rescue proton leak induced by fatty acid challenge in 

HADHA KO iPSC-CMs, highlighting a potential treatment for SIDS patients [69]. SS-31 

has been reported to interact with a range of mitochondrial protein targets [70] and also was 

found to be beneficial in iPSC-CM DCMA [56]. Screening for positive effects of SS-31 

across primary mitochondrial and cardiac diseases may be worthwhile.

Mitochondrial OXPHOS

Mature cardiomyocytes are the most mitochondria-rich cells in the body [11,13]. The adult 

human heart consumes nearly 6 kg of ATP per day, almost 15 times its weight [57,63]. 

Mitochondria are referred to as ‘powerhouses’ given their inherent ability to supply ATP, 

the energetic currency of the cell, primarily by OXPHOS. OXPHOS and glycolysis generate 
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approximately 95% and 5% of the ATP in the adult heart, respectively [63]. The process 

of OXPHOS occurs when electrons are transferred from carriers to the ETC. The transfer 

of electrons is coupled to the pumping of protons from the matrix into the IMS, which 

generates an electrochemical gradient. The flow of electrons down this gradient is harnessed 

to regenerate ATP from ADP [3,12] (Fig. 1).

Defects in the ETC

The ETC is composed of large, multi-subunit protein assemblies known as Complex I 

(NADH/ubiquinone oxidoreductase, CI), Complex II (succinate dehydrogenase), Complex 

III (cytochrome c reductase, CIII) and Complex IV (cytochrome c oxidase, CIV). Of these, 

CI is the largest and most elaborate, containing 45 subunits amounting to a total mass of 

~ 1 MDa. Mutations to the 13 ‘core’ protein subunits or the 31 accessory subunits account 

for nearly one-third of ETC deficiencies such as Leber’s hereditary optic neuropathy, Leigh 

syndrome and mitochondrial encephalomyopathy [71].

Friedrich’s ataxia

In addition, CI contains 8 iron–sulfur (Fe–S) clusters necessary for electron transfer across 

the IMM, spanning nearly 150 Å [72]. Therefore, biogenesis of Fe-S is especially pertinent 

to proper CI function and other mitochondrial enzymatic processes [73]. Friedrich’s ataxia 

(FRDA), arising from mutations in the frataxin gene, is a neurodegenerative disorder 

commonly associated with HCM. Deficiency of the frataxin protein, a mitochondrial 

activator of Fe–S biogenesis, in patients leads to mitochondrial dysfunction and increased 

sensitivity to oxidative stress. Electron microscopy (Fig. 2) showed that the mitochondrial 

ultrastructure of FRDA iPSC-CMs was aberrant with swollen cristae, suggestive of 

functional respiratory defects. However, standard features of patient autopsies, such as 

iron accumulation and sarcomere disorganization, were not observed in FRDA iPSC-CMs, 

suggesting that in vitro models recapitulate only the early stages of FRDA cardiomyopathy 

[74] but still provide useful insights into a complex and debilitating disorder.

Hypertrophic cardiomyopathy

CIV is the terminal end of the ETC, which accepts two electrons from cytochrome c (CYC) 

to reduce oxygen into water, forming the process known as ‘mitochondrial respiration’. 

Mammalian CIV consists of 14 subunits and three copper II ions [75]. Derangements 

in CIV are associated with deleterious effects in organs with high-energy demands, such 

as the heart. The human SCO2 gene encodes a metallochaperone that participates in 

copper delivery to CIV, and thus, mutations in SCO2 are among the most common 

sources of CIV dysfunction. CIV disorders can lead to early on-set HCM that causes 

death in infancy or childhood. Cardiac pathology of SCO2 deficiency was investigated 

in patient-derived iPSC-CM embryoid bodies [76]. Studies demonstrated age-dependent 

(15-, 30- and 45-day-old cultures) abnormalities in mitochondrial morphology, including 

enlargement of mitochondria, disorganized cristae, increased vacuoles, increased glycogen 

and lipid droplets. The iPSC-CM platform also revealed that SCO mutant iPSCs might have 

secondary sarcoplasmic reticulum calcium handling defects, highlighting a new potential 

mechanism for HCM [76].

Caudal et al. Page 7

FEBS Lett. Author manuscript; available in PMC 2022 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Limitations of iPSC-CM technology

Patient-derived iPSCs provide a viable strategy to enhance our understanding of human 

diseases and enable personalized interrogation of mitochondrial diseases [77]. Still, several 

barriers limit the widespread use of this model, such as the lack of consistency, variable 

purity and immaturity of differentiated cells.

Maturation of iPSC-CMs

The level of cell differentiation and functional maturation greatly influences mitochondrial 

morphology and function. As such, differentiation and maturation protocols and media 

supplements are therefore important factors to be kept into consideration for mitochondrial 

studies relying on iPSC-CMs [78]. Current iPSC-CM differentiation protocols yield cell 

monolayers that often structurally and functionally resemble fetal cardiomyocytes, including 

a metabolic reliance on glucose utilization [79]. The immature phenotype of iPSC-CMs is 

a major limitation for metabolic studies, as they may lead to an incomplete understanding 

of in vivo bioenergetics and carbon fuel preference. The urgent need for methods that 

provide rapid and phenotypic maturation of iPSC-CMs [80] has been met on multiple fronts. 

Today, maturation protocols for iPSC-CMs are widespread and include long-term culture 

[29], genetic manipulations [69,81], fatty acid supplementation [82–84], three-dimensional 

aggregation [85], electromechanical training [86,87], mechanical stimulation [88,89] and 

combinatorial approaches [90] (Fig. 2).

Differences between iPSC-CMs and the human heart

Differences in morphology, electrophysiology, calcium signalling and adrenergic signalling 

phenotypes exist between adult primary cardiomyocytes and iPSC-CMs [91]. For example, 

mitochondrial density and volume are comparatively low in iPSC-CMs than in adult 

cardiomyocytes. Mitochondrial distribution is also perinuclear and irregular throughout 

iPSC-CMs and lacks high levels of fission and fusion protein machinery (DRP1, OPA, etc.). 

This is very different from the rigid longitudinal organization of mitochondrial rows between 

bundles of myofilaments observed in adult cardiomyocytes [79,92]. These broad differences 

should be considered when designing mitochondrial experiments using iPSC-CMs. They 

may suggest that the iPSC-CM model is currently more applicable to disorders that occur 

early during development.

Future applications of iPSC-CMs in mitochondrial biology

In recent years, mitochondrial assessment during iPSC-CM maturation has become of 

primary importance. Coincident with this goal, technology has advanced to include 

compatible, high-sensitivity assays such as single-cell sequencing, whole-cell mitochondrial 

respiration, metabolite profiling and next-generation sequencing of mtDNA for iPSC-

CM assessment (Fig. 2). Today, common metrics for mitochondrial assessment include 

abundance, cristae morphology, mtDNA copy number, gene expression, energy source-

specific respiration and protein expression of the OXPHOS machinery [66,83,84]. 

Evaluation of mitochondrial function provides new ground for improvements in diagnostic, 

prognostic and treatment potential in confounding primary mitochondrial defects and 
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metabolic disorders. Furthermore, iPSC-CMs can be utilized for drug repurposing efforts 

and novel drug discovery for mitochondrial diseases using patient-derived cells and gene-

edited isogenic cell lines, providing a new avenue for precision medicine. Considerations 

for de novo development of mitochondrial therapies must harness endogenous mitochondrial 

import mechanisms for high-specificity targeting and minimal off-target effects.

Conclusions

New technological advancements have enabled iPSC-CMs to emerge as a valuable platform 

to study primary mitochondrial disorders and their effects on cardiac health and disease. 

In the future, iPSC-CMs will further enable high-throughout, mitochondrial-targeted drug 

discovery and patient-specific studies.

Funding

This work was supported by the National Institutes of Health Grants R01 HL113006, R01 HL130020, R01 
HL141371, R01 HL146690 (to JCW), and American Heart Association Postdoctoral Fellowship 908936 (to AC). 
Due to space limitations, we apologize in advance for the inability to include all references on this topic.

Abbreviations

ACE angiotensin-converting enzyme

BTHS Barth syndrome

CYC cytochrome c

DCMA dilated cardiomyopathy with ataxia syndrome

ETC electron transport chain

FAO fatty acid oxidation

FRDA Friedrich’s ataxia

HCM hypertrophic cardiomyopathy

IMM inner mitochondrial membrane

IMS intermembrane space

iPSC induced pluripotent stem cell

iPSC-CM iPSC-derived cardiomyocyte

KSS Kearns–Sayre syndrome

MELAS mitochondrial encephalomyopathy, lactic acidosis and stroke-like 

episodes

OMM outer mitochondrial membrane

OXPHOS oxidative phosphorylation
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PBMC peripheral blood mononuclear cells

POLG polymerase gamma

SIDS sudden infant death syndrome

TAZ taffazin

TFP trifunctional protein

TIM translocase of the inner membrane

TOM translocase of the outer membrane
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Fig. 1. 
Summary of diverse mitochondrial functions elucidated using iPSC-CMs. Human iPSCs 

with mitochondrial mutations can be generated through patient-derived reprogramming of 

somatic cells or gene-editing strategies. To study the role of mitochondrial dysfunction in 

cardiac diseases, iPSCs can be robustly differentiated into cardiomyocytes using standard 

protocols. As summarized in this review, iPSC-CMs have been utilized as a platform to 

study a wide range of mitochondrial functions, from cardiolipin machinery to OXPHOS 

assembly factors. Created with BioRender.com.
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Fig. 2. 
Summary of iPSC-CM technology compatible with mitochondrial and metabolic 

assessments. Consistent with advancements in iPSC-CM maturation strategies, new 

optimizations to study mitochondrial function on cellular platforms have emerged to include 

new methods for measuring metabolic responses, morphology, gene, transcript and protein 

expression. Created with BioRender.com.
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