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Abstract

:

Simple Summary


Mitochondria are essential intracellular organelles that generate energy within the cell. Mitochondria are present in all organs, and organs are powered by the energy produced by mitochondria. Mitochondria are composed of proteins encoded by nuclear and mitochondrial DNA. It is possible that mutations in nuclear and mitochondrial DNA cause alterations in proteins that make up mitochondria, resulting in mitochondrial dysfunction. Since cellular and organ functions depend on mitochondrial function, this mitochondrial dysfunction can lead to tissue dysfunction, namely mitochondrial diseases. In recent years, there have been many reports of the multifaceted functions of mitochondria. However, there is still little knowledge about the diseases. This problem arises because there is no suitable model to mimic mitochondrial diseases. In this paper, we introduce mitochondrial cardiomyopathy models that mimic patients’ cardiomyocytes using human induced pluripotent stem cells (iPSCs). The use of human iPSCs will advance the understanding of the pathogenesis of mitochondrial cardiomyopathy and the development of new drugs.




Abstract


Mitochondrial cardiomyopathy (MCM) is characterized as an oxidative phosphorylation disorder of the heart. More than 100 genetic variants in nuclear or mitochondrial DNA have been associated with MCM. However, the underlying molecular mechanisms linking genetic variants to MCM are not fully understood due to the lack of appropriate cellular and animal models. Patient-specific induced pluripotent stem cell (iPSC)-derived cardiomyocytes (iPSC-CMs) provide an attractive experimental platform for modeling cardiovascular diseases and predicting drug efficacy to such diseases. Here we introduce the pathological and therapeutic studies of MCM using iPSC-CMs and discuss the questions and latest strategies for research using iPSC-CMs.
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1. Introduction


The first report of derivation for human embryonic stem cells (ESCs) before the dawn of the new century opened a new era in medicine, especially regenerative medicine [1]. More recently, the invention of human induced pluripotent stem cells (iPSCs) [2,3,4,5] has created new opportunities to study mechanisms of human genetic diseases and develop new therapeutic strategies. The reprogramming is performed using a variety of somatic cell sources, including skin fibroblasts [6] and keratinocytes [7], peripheral blood [8,9,10], and oral mucosa [11], which exhibit different dynamics and efficiencies [12]. One area of research using human iPSCs that has received much attention is cardiology. Identification of cardiotoxicity during drug development is a major cause of failure in the development of lead compounds. Approximately 30% of drug candidates discontinue due to safety issues during their clinical development phases, with most being excluded due to cardiovascular side effects [13]. Animal models have contributed greatly to our understanding of cardiovascular diseases, but interspecies differences in genetics and physiology have prevented us from translating such findings to human therapeutics [14]. Patient-specific iPSC-derived cardiomyocytes (iPSC-CMs) provide a reliable model for the studies of human cardiomyocytes, given their shared genomic and transcriptomic profiles. Cardiac disease was the first case in which iPSCs from patients were used [15]. These models have been used to understand the pathogenesis of many inherited cardiac diseases and develop novel therapies [16,17,18,19,20,21,22,23].



Mitochondrial cardiomyopathy (MCM) is one of the cardiomyopathies associated with mitochondrial dysfunction, primarily due to mutations in genes encoding mitochondrial structure and function for cardiomyocytes. Recent studies have shown that mitochondria play important roles in heart failure, and several mitochondrial genes are involved in cardiovascular diseases [24,25,26,27,28]. However, the underlying mechanisms by which genetic variants induce MCM remain to be elucidated due to a lack of cellular and animal models.



This review will provide an overview of MCM and how mitochondrial function affects cardiac functions. Next, we will summarize the human iPSC-CM models of inherited cardiac diseases, including MCM, reported to date. Finally, we will describe the current challenges using iPSC-CM models to study cardiac diseases and provide our insights into possible solutions.




2. What Is Mitochondrial Cardiomyopathy (MCM)?


Mitochondria play central roles in a variety of cellular metabolic pathways, including oxidative phosphorylation, fatty acid oxidation, Krebs cycle, urea cycle, gluconeogenesis, and ketogenesis [29]. Mutations in mitochondria-related genes encoded in nuclear and mitochondrial genomes (nDNA and mtDNA, respectively) impair mitochondrial functions, resulting in many symptomatic diseases such as neuropathy (e.g., Leigh syndrome), ophthalmoplegia, diabetes, hepatopathy, nephropathy, and cardiovascular disorders [30,31] (Figure 1). These diseases are called mitochondrial diseases as a whole. Mitochondrial diseases are characterized by defects in oxidative phosphorylation (OXPHOS) [32] and are one of the largest groups of inborn errors in metabolism [33]. To date, more than 350 mitochondrial disease-related genes have been identified [34]. These disorders affect at least 1 in 5000 individuals [35]. Single genes are rarely associated with distinct clinical manifestations or modes of inheritance in mitochondrial diseases. One classic example of genetic pleiotropy in mitochondrial diseases is the mtDNA variant m.3243A > G; it is the most common pathogenic variant of MT-TL1 and causes a wide range of phenotypes, including MELAS (mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes), CPEO (chronic progressive external ophthalmoplegia), and MIDD (maternally inherited diabetes and deafness) [36].



Mitochondrial diseases often manifest as diseases of multiple organs (Figure 2). Cardiomyopathy is common in mitochondrial diseases because the heart, such as muscle and brain, is heavily dependent on oxidative metabolism [37]. MCM is defined as a mitochondrial disease with cardiomyopathy [38]. MCM is also broadly defined as cardiomyopathy due to mitochondrial dysfunction. Cardiomyopathy has been estimated to occur in 20–40% of pediatric patients with mitochondrial diseases [39,40] and increases the mortality of the patients compared to the ones without MCM [40,41,42,43]. The combination of left ventricular hypertrophy with the neonatal onset and/or chromosomal abnormalities has an inferior prognosis. Both hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM) are typical clinical features of MCM patients. Other symptoms include arrhythmia and sudden cardiac death. In patients with Barth syndrome, an X-linked mitochondrial disease caused by variants in the TAZ gene, left ventricular non-compaction (LVNC) is a common heart defect [44]. MCM is broader and more complex in adults than children and involves conduction system disease, atrial fibrillation, ventricular immaturity, and ventricular preexcitation symptoms in addition to myocardial abnormalities [41].



2.1. Genetic Variants Associated with Mitochondrial Dysfunction


2.1.1. Mitochondrial DNA Deletion


Human cells contain about 1000 mitochondria, each with two to ten copies of mitochondrial DNA (mtDNA). Human mtDNA is a 16,569 bp double-stranded circular DNA molecule and contains 37 genes encoding 13 polypeptides for OXPHOS, 22 tRNAs, and two rRNAs, essential for mitochondrial protein synthesis [45]. Point mutations in mtDNA, including small indel mutations, are a leading cause of human diseases, with an estimated prevalence of 1 in 200 in the population [46]. Clinical manifestations appear in childhood or adulthood, and variants can be inherited (~75%) or newly generated (~25%) [47]. Variants have been reported in all mtDNA genes and associated with various diseases, depending on which cells carry more mutated mtDNA [24]. A single large mtDNA deletion has a frequency of 1.5 in 100,000 in the population [48]. There are three major phenotypes of large mtDNA deletions: chronic progressive external ophthalmoplegia (~65%), Kearns-Sayre syndrome (~30%), and Pearson’s syndrome (less than 5%) [49]. Pearson’s syndrome is the most severe condition associated with a single large mtDNA deletion, with patients presenting early with sideroblastic anemia and pancreatic dysfunction, often fatal in infancy [50]. In contrast to nuclear gene rearrangements, single, large mtDNA deletions often occur sporadically during embryonic development and have a low risk of recurrence [51]. Large mtDNA deletions and point mutations are primary mtDNA defects, but secondary defects are also a common cause of mitochondrial disease. The disruption of auxiliary processes such as mtDNA maintenance, transcription, protein translation, and mitochondrial import can lead to quantitative (mtDNA copy number loss) or qualitative (mtDNA peroxidation) mtDNA defects. While some patients with mitochondrial diseases have homoplasmy in mtDNA variants (100% mutation rate), many patients have heteroplasmy, having a mixture of variant and wild-type mtDNA. The ratio of mutant mtDNA to wild-type mtDNA is important in disease manifestation, and a higher ratio of mutant mtDNA is often associated with more severe clinical symptoms. This is called a threshold effect, in which the mtDNA mutation level must exceed a critical threshold to ascertain the biochemical defect in the respiratory chain. This threshold is generally considered to be 60–80% of mtDNA but may vary across organs, variants, and individuals [52,53,54]. To note, the heteroplasmy rates across organs in a patient typically differ, which partly explains the various clinical manifestations from the same mtDNA variants.




2.1.2. Variants in Nuclear and Mitochondrial DNA


Mitochondrial functions are controlled and maintained by about 1300 nuclear genes in addition to the genes on mtDNA. Most of the genes encoding the mitochondrial proteins are located in the nuclear genome and follow a Mendelian inheritance pattern [55]. Cases of de novo, X-linked, dominant, and recessive inheritance have been also reported [56,57,58,59]. Variants in more than 250 genes out of about 1300 proteins in the mitochondrial proteins are associated with mitochondrial diseases [60,61]. Several mitochondrial variants have also been associated with cardiovascular diseases [24].



The mitochondrial respiratory chain complex synthesizes adenosine triphosphate (ATP) as cellular energy [62]. Five complexes of the mitochondrial respiratory chain (complexes I, II, III, IV, and V) are embedded in the inner membrane of mitochondria. The mitochondrial respiratory chain complex enzymes are encoded in nuclear and mitochondrial genomes, and mutations in these genes cause mitochondrial dysfunction [63]. Complex I (nicotinamide adenine dinucleotide (NAD) hydrogen dehydrogenase) is composed of 44 structural subunits (7 of which are encoded by mtDNA) and at least 14 additional assembly factors [64,65]. Complex I deficiency represents approximately 30% of pediatric patients [66], of which 70–80% are caused by variants in nuclear genes [67,68]. The clinical symptoms associated with complex I deficiency are heterogeneous, although the prognosis is typically poor, with rapid progression. Succinate dehydrogenase (SDH, or complex II) is composed of four subunits (SDHA-D), all encoded by nuclear genes [69]. Heterozygous variants in SDHB, SDHC, and SDHD cause dominantly inherited paragangliomas and pheochromocytomas [70,71]. Among subjects with infantile mitochondrial diseases in a report, 22 of 280 (8%) patients had a complex II-specific biochemical defect [72]. Complex III comprises 11 structural subunits plus two heme groups and a Rieske (iron-sulfur) protein. Cytochrome b is the only subunit of respiratory complex III encoded in mtDNA (MT-CYB). More than 50% of patients with variants in the MT-CYB gene suffer exercise intolerance [73]. Cardiomyopathy and encephalomyopathy have also been reported in the patients [74]. Cytochrome c oxidase (COX), complex IV of the respiratory chain, is built into the inner membrane of mitochondria, functions as a dimer, and contains two copper-binding sites, two heme groups, one magnesium ion, and one zinc ion [75]. Mutations have also been reported in the structural subunits of COX, most of which affect the biosynthesis or assembly proteins [76]. Some proteins are closely associated with specific aspects of COX biosynthesis (e.g., Cytochrome c oxidase assembly factor 6, COA6, involves in copper-dependent COX2 biosynthesis [77]), while others have more diverse roles [78]. Clinically, variants in complex IV are often premature and devastating, affecting mainly the heart and central nervous system (e.g., Leigh syndrome [79]), although a mild Charcot–Marie–Tooth phenotype is also linked to two COX6A1 variants [80]. ATP synthase (complex V) is a multimeric molecular motor that produces ATP through phosphorylation of adenosine diphosphate (ADP) using a proton driving force generated by electron transport and proton pumping by the respiratory chain. This 600 kDa complex comprises 13 subunits and is involved with at least three additional factors. Complex V deficiency due to mtDNA-encoded ATP6 (MT-ATP6) and ATP8 (MT-ATP8) genes has been reported to date [81,82,83]. Moreover, a lack of ATP synthase due to the nuclear-encoded ATP12 and TMEM70 genes has been reported [84,85]. The most common defect is variants in TMEM70 that causes lactic acidosis and cardiomyopathy [84], while encephalopathy and cataract have been reported in the other populations [86]. Genetic variants are not limited to OXPHOS components but include Krebs cycle enzymes (e.g., aconitase/ACO2 [87]) and cofactor transport (e.g., thiamine transporter/SLC19A3 [88]). Table 1 summarizes the genes and phenotypes related to MCMs.





2.2. Mechanisms Linking Mitochondrial Dysfunction to Cardiac Dysfunction and the Phenotypes


Mitochondrial oxidative metabolism is a major energy source for the heart, and failure to generate or transfer energy may be the primary mechanism linking mitochondrial dysfunction to cardiac dysfunction. However, little is known about how mitochondrial dysfunction affects MCM pathogenesis. Since ATP energy is directly used for cardiomyocyte contraction, it is straightforward to hypothesize that ATP depletion causes myocardial dysfunction. However, even MCM patients, caused by mitochondrial dysfunction, have a wide variety of pathological phenotypes, and it is unlikely that mitochondrial disease mechanisms can be simply explained by ATP depletion. Mitochondria use oxygen to generate ATP as an organic fuel molecule, but they also produce reactive oxygen species (ROS) during the oxidative phosphorylation process. Although ROS have long been appreciated for their detrimental effects, there is now a greater understanding of their roles as a signaling molecule [90]. Moreover, mitochondria have been shown to maintain the intracellular environment by regulating ATP and ROS, serving as a platform for inflammation and interactions with other organelles [91,92]. Mitochondria are thus not simple energy production factories, but they regulate a variety of signals to maintain the cell. Thus, although ATP depletion is detrimental to cardiomyocytes, MCM is likely the result of a combination of a wide range of mitochondrial dysfunctions. MCM is caused by many genetic variants, and how these variants cause mitochondrial dysfunctions varies from patient to patient or variant to variant. Therefore, it is difficult to elucidate MCM pathogenesis without clarifying the effects of genetic variants one by one, and iPSC-CMs reflecting the background of each patient will be useful.





3. Disease Modeling with Patient-Specific iPSCs


Advances in cardiac disease research have several major limitations, including the lack of relevant tissue samples, the inability to study human cardiomyocytes longitudinally, and the lack of patient-specific drug testing platforms [93]. Traditionally, researchers have relied on cell-based assays and animal models to understand disease progression and develop therapies [94]. However, such models are known for their inability to reproducing human pathophysiology. Such models are also unable to reproduce the considerable genetic variation that exists in disease populations. These genetic variations may play a role in determining the severity of the disease and the patient’s response to drug therapy. Improved models are therefore desperately needed to understand patient-specific disease mechanisms and clinical pharmacotherapy [95]. Emerging human iPSC technology offers significant advantages over traditional models by overcoming the limitations of other human disease models. As iPSCs are a surrogate for human cardiomyocytes that is only available through biopsy and can be obtained from both healthy donors and diseased patients, they provide a powerful alternative to animals as a model for human disease. Furthermore, because iPSCs are patient-specific, they can more closely replicate the genotypes of the original donors. This could allow researchers to understand disease mechanisms at an individual patient level and to screen the efficacy and toxicity of individual drugs. For these reasons, iPSC-based models can accurately predict each patient’s unique response to various drugs, making them increasingly valuable as drug screening tools to guide clinical drug therapy [93,95,96,97].



3.1. Perspectives from iPSC Studies to Study Human Cells than Mice


Animal models have been extensively used to model cardiac disorders. Nonetheless, mice models need much effort for maintenance and differ from humans in many physiological aspects, which limit their ability to recapitulate human phenotypes [14]. Cardiac-specific, species-related physiological differences between humans and mice include myofilament structure, calcium handling, beating rate, critical ion channels expression, and energetics [98]. Moreover, mice models are not suitable candidates for large-scale toxicity screening and therapeutic molecules testing [99].



Although overall gene expressions are similar [100], the pattern of key myosin isoform is opposite (Myh6 to Myh7 in mouse hearts, MYH7 to MYH6 in human hearts). The expression kinetics of cardiomyocyte maturation-related genes were also different between mice and humans [101]. Some genes were expressed earlier in human hearts than mouse hearts at the corresponding stages, but others were rather expressed later. The recent transcriptome analysis revealed that the corresponding developmental ages of organs were not consistent among different species [102]. For example, mouse hearts at P0-3 and human hearts at 18–19 weeks post-conception showed the most proximity regarding the transcriptome [101]. For these reasons, mouse models have limitations to human application.



In mitochondrial diseases, a mutated mtDNA molecule and a wild-type mtDNA molecule can be present together in a single cell, which is called mtDNA heteroplasmy. Heteroplasmy ratio and variant type are key factors in determining the clinical severity of mitochondrial diseases. Furthermore, the biochemical threshold associated with the percentage of mutant mtDNA needs to be exceeded to disrupt the function of oxidative phosphorylation (OXPHOS) and develop the phenotype [103]. Reproducing mtDNA heteroplasmy in an animal model is a challenge. To date, a few mouse lines with mtDNA heteroplasmy are reported, and most of them are naturally occurred mutations rather than intended [104,105].



Patient-derived iPSCs are up for these challenges and providing a valid model of mitochondrial diseases in vitro as they possess pathogenic gene mutations, even if it is mtDNA heteroplasmy, chromosomal abnormality, or copy number variation, and can differentiate to many different cell types, including cardiomyocytes.




3.2. Cardiomyocyte Differentiation from iPSCs


Since the discovery of human ESCs and iPSCs, researchers have developed many differentiation protocols to efficiently generate cardiomyocytes with high purity [106,107,108,109]. The differentiation of cardiomyocytes from human iPSCs was first described by Zhang et al. [110]. Like ESCs, embryonic bodies were formed from human iPSCs in suspension and differentiated into cardiomyocytes, although the efficiency of this process was not sufficient [110,111,112]. Recent protocols mimic in vivo cardiogenesis in monolayers or suspension with the combination of recombinant growth factors, such as activin A and bone morphogenetic protein (BMP) 4, or small molecules that modulate the Wnt pathway, such as CHIR99021 and IWP2 [113,114]. In addition, metabolic selection via glucose depletion and lactate supplementation can further increase the purity of human iPSC-CMs in culture [115,116,117]. More advanced differentiation protocols aim to produce distinct atrial and ventricular populations. Recently, a method for differentiation and production of heteropolar, chamber-specific cardiac tissue with atrial and ventricular ends was reported [118].




3.3. Cardiac Disease Models Using Patient-Derived IPSCs


Human iPSC-CMs provide an appealing, patient-specific, infinite, and less expensive alternative to animal models [119]. The iPSC-CMs share the same genetic and molecular blueprint as the primary human cardiomyocytes, along with mechanical and electrophysiological properties. To date, a wide range of cardiac diseases have been modeled using iPSC technology, including long QT syndrome [120], Leopard syndrome [21], Brugada syndrome [121], catecholaminergic polymorphic ventricular tachycardia [122], arrhythmogenic right ventricular cardiomyopathy/dysplasia [123], DCM [124], LVNC [125], HCM [126], Andersen–Tawil syndrome [127], and Timothy syndrome [20].




3.4. MCM Disease Model Using Human iPSC-CMs


Recently, a few MCM disease models have been reported using iPSC-CMs. Table 2 summarizes these reports.



Barth syndrome (BTHS) is an X-linked cardiac and skeletal mitochondrial myopathy caused by variants in the TAZ gene encoding Tafazzin1, an acyltransferase that normally acylates cardiolipin, the major phospholipid in the mitochondrial inner membrane [134,135]. BTHS iPSC-CMs exhibit contractile dysfunction, but this is not the result of whole-cell energy depletion; rather, it is largely due to inadequate sarcomere assembly and contractile stress. ROS production was also significantly increased in BTHS iPSC-CMs, and ROS inhibition normalized the metabolism, sarcomere formation, and contractile phenotypes of BTHS iPSC-CMs. These data suggest that in BTHS iPSC-CMs, excessive ROS production contributes to sarcomere disorganization and reduced contractile stress generation [16,128,129,130].



Friedreich ataxia (FRDA) is a recessive neurodegenerative disorder associated with hypertrophic cardiomyopathy and is caused by a GAA repeat expansion in the first intron of the Frataxin (FXN) gene, which encodes a mitochondrial protein involved in iron-sulfur cluster biosynthesis [136,137]. Despite the presence of a disorganized mitochondrial network and reduced levels of mitochondrial DNA in FRDA iPSC-CMs, these mutated cardiomyocytes were similar to the wild-type group in terms of cell size, ATP production rate, and calcium transient properties [132,133]. However, when these cells were cultured in the presence of excess iron supplement, they exhibited hypertrophic changes, reduced ATP production, and impaired calcium handling properties. In addition, markedly enhanced iron uptake via attenuated negative feedback was also observed in FRDA iPSC-CMs. The loss of FXN and associated iron-sulfur cluster loss does not appear sufficient to alter the basal rate of energy production and calcium processing, which is an important function of cardiomyocytes [132].



Mitochondrial DNA sequencing identified a novel homoplastic 16S rRNA (MT-RNR2) m.2336T > C variant in a Chinese maternally inherited HCM family [138]. The m.2336T > C variant disrupts the 2336U-A2438 base pair in the stem-loop structure of 16S rRNA domain III, which is involved in the assembly of the mitochondrial ribosome. The m.2336T > C variant impairs 16S rRNA stability and mitochondrial ribosome assembly. HCM iPSC-CMs not only retained the original m.2336T > C variant but also possessed important characteristics of hypertrophied cardiomyocytes. Furthermore, the MT-RNR2 variant increased the abundance of mitochondria to compensate for the lack of energy production [126].



Several mitochondrial disease variants have been shown using iPSC-CMs as above; however, their phenotypes are often more varied than expected. The therapeutic effects of ROS suppression have also been investigated, and research on MCM using iPSC-CMs will contribute significantly to elucidating the mechanism and treatment of the disease.





4. Limitations of iPSC-CMs


Although iPSC-CMs can be obtained easily and efficiently and beat consistently from a very early stage of differentiation, a few downsides exist, such as genomic instability [139] and the heterogeneity of the human iPSC-CMs populations in culture [118]. However, most importantly, iPSC-CMs are still immature and morphologically and functionally similar to fetal cardiomyocytes. Human iPSC-CMs exhibit a disorganized morphology, insufficient contractile capacity, glycolytic metabolism, and abnormal electrophysiological properties [140]. These limitations make it very difficult to model adult diseases, as it is unclear whether relatively immature iPSC-CMs can fully reproduce the adult disease phenotypes. However, there are ongoing efforts to overcome such limitations and to increase the maturity of human iPSC-CMs to an adult-like state [141]. Here, we summarize the characteristics of adult cardiomyocytes and how they differ from iPSC-CMs, and the approaches to address the issues.



4.1. Characteristics of Adult Cardiomyocytes and iPSC-CMs


4.1.1. Morphology and Structure of Cardiomyocytes


Adult cardiomyocytes are well-aligned, rod-like, and multinucleated or tetraploid cells, with highly organized sarcomeres, well-developed sarcoplasmic reticulum (SR), and transverse tubules (T-tubules) [142,143,144], and have intercalated disks with mature mechanical and electrical junctions [119,145,146,147,148,149]. Human iPSC-CMs lack such structural maturity, resulting in small, mononuclear, more spherical cells with disorganized sarcomeres [119,142].




4.1.2. Physical and Electrophysiological Properties


Adult cardiomyocytes only beat when stimulated, produce force around 40–80 mN/mm2, and conduct electricity at the velocity of ~60 cm/s, and their upstroke velocity of the action potential (AP) is about 150–350 V/s. These parameters are around 0.08–4 mN/mm2, 10–20 cm/s, and 10–50 V/s for iPSC-CMs [119]. Moreover, iPSC-CMs display mixed AP morphologies, categorized as atrial, nodal, or ventricular-like ones [147]. Although iPSC-CMs generate important cardiac currents such as INa, ICa,L, Ito, IKr, and IKs, they lack IK1 essential for stabilizing the resting potential [149,150,151]. Another characteristic is the spontaneous beating of iPSC-CMs. While If currents generated by hyperpolarization-activated cyclic nucleotide-gated potassium channel 4 (HCN4) are confined to pacemaker cells in vivo, they depolarize membrane potential and make iPSC-CMs beat [152].




4.1.3. Calcium Signaling


T-tubules and SR are well organized in mature cardiomyocytes and regulate Ca2+ induced Ca2+ release and fast excitation-contraction coupling. Ca2+ influx via L-type channels triggers Ca2+ release from SR via ryanodine-receptor channels [153]. During the relaxation phase, Ca2+ is returned to SR via sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) and extruded out of the cell via Na+-Ca2+ exchanger. In iPSC-CMs, T-tubules are absent, SR is underdeveloped, and the expression of SERCA and other important proteins is low [141]. Accordingly, iPSC-CMs depend on L-type channels for Ca2+ rise and have slow excitation-contraction couplings [154,155].




4.1.4. Metabolism


Metabolic substrate switches from glucose to fatty acids in cardiomyocytes after birth with increased mitochondrial volume and oxidative capacity changes to meet the energy demand [156]. β-oxidation of fatty acids increases as cardiomyocytes mature and becomes a major source of energy production. These metabolic changes occur soon after birth in rabbits [157]. Nevertheless, iPSC-CMs remain immature, and therefore metabolism is glycolysis-dependent rather than fatty acid β-oxidation [18,158,159,160].




4.1.5. Gene Expression


The study of gene expressions involved during human cardiomyocyte maturation is still in progress. The overall expression patterns of maturation-related genes identified in mice and humans are similar, although there are some differences [100,101,161]. Isoforms of sarcomeric genes change from fetal to adult life. Troponin I (TnI) has three isoforms (slow skeleton (ssTnI), fast skeleton (fsTnI), and cardiac (cTnI)) encoded by TNNI1, TNNI2, and TNNI3, respectively. In iPSC-CMs, ssTnI is the major isoform, but cTnI is highly expressed in adult cardiomyocytes. There are three major isoforms of titin (TTN): N2B, N2BA, and fetal cardiac titin (FCT). N2B is predominantly expressed in adult cardiomyocytes, while N2BA is predominantly expressed in iPSC-CMs [119,162]. Furthermore, iPSC-CMs have lower expression levels of important cardiac genes such as SERCA2 (sarcoplasmic reticulum ATPase 2), CAV3 (caveolin 3), KCNH2 (potassium potential dependent channel), and other adult cardiomyocyte genes [119,163,164]. At the myocardium level, cTnI (TNNI3 gene product) progressively replaces ssTnI (TNNI1) during postnatal maturation; thus, the ratio of cTnI to ssTnI protein isoforms is a criterion for iPSC-CMs maturation status [165]. Transcriptome-based approaches such as gene regulatory network-based [166] and relative expression order-based scoring methods [167] were proposed to achieve a more accurate measurement of maturation.





4.2. Approaches for iPSC-CMs Maturation


The functional immaturity of iPSC-CMs has been a bottleneck in modeling and studying most cardiovascular diseases. Improving the maturity of iPSC-CM is a very important topic, and many studies have reported various methods to achieve this goal. Currently, a plethora of methods are being developed and tested to enhance iPSC-CMs maturity. These include but are not limited to prolonged culture time, hormonal cues, chemical alterations, inter-cellular interactions, biophysical properties of the culture, and the introduction of 3D culture technologies. Thyroid hormone is well known for playing an important role in cardiac development and cardiovascular physiology [168] and was shown to strongly promote the maturation of iPSC-CMs [169]. Recent works further highlighted the importance of humoral regulations [170]. The hallmark of postnatal cardiomyocyte maturation is their switch in metabolism from glycolysis to fatty acid oxidation [171]. Replacement of glucose with galactose and fatty acids (more specifically palmitic acid, oleic acid, linoleic acid, and carnitine) promoted the maturation of iPSC-CMs [158,171,172,173]. In a heart, cells interact with each other through direct cell-cell contacts and indirect paracrine factors secreted by neighboring cells, and the interactions are involved in cardiac maturation [174,175,176,177,178,179]. Cardiomyocytes are also continuously exposed to electrical stimulations and mechanical stress. Continuous electrical stimulation results in iPSC-CMs with rod-like morphology, enhanced cell alignment, and more organized sarcomeres [180]. Conventional 2D culture cannot reproduce the complex in vivo extracellular microenvironment. Three-dimensional culture, on the other hand, is closer to the extracellular microenvironment in vivo, supporting improved cell-cell interactions and allowing biochemical and physical stimuli to reach the cells evenly [181,182]. Human iPSC-CMs can mature to adult cardiomyocytes in one to two months when incubated in live rat neonatal myocardium, suggesting an appropriate microenvironment is crucial for the maturation [183]. Many researchers have devised a variety of methods to obtain mature cardiomyocytes; however, even with these developed methods, they have yet to fully mimic mature human cardiomyocytes.



The establishment of mature, adult-like iPSC-CMs will offer a promising, infinite source of patient-specific cardiomyocytes without invasive procedures to harvest primary cardiomyocytes from the patients. It will provide better, cheaper, easier to maintain, and more reliable cardiac disease modeling platforms than animal models such as mice. Moreover, since iPSC-CMs disease models can potentially recapitulate the pathophysiology of cardiac diseases, they can be used to develop further and test possible therapeutic candidates.





5. Future Research on MCM Using iPSC-CMs


Human iPSC-CMs offer powerful tools for drug toxicity screening, cardiovascular disease modeling, and drug discovery. Human iPSC-CMs have been used as models for several major cardiomyopathies, including ion-associated, structural, and metabolic cardiomyopathy, and have provided new insights into the mechanisms underlying the disease phenotypes [184]. The U.S. Food and Drug Administration established a new paradigm by convening a consortium of regulatory, industrial, and academic members to develop more accurate assessment techniques. This new paradigm, the comprehensive in vitro proarrhythmia assay (CiPA), includes preclinical assays using iPSC-CMs in vitro and in silico modeling. CiPA aims to discover the electrophysiological mechanisms underlying the proarrhythmic effects of drug candidates and is believed to be a pharmacological safety screening tool for drug development [185]. A recent international validation study of CiPA using 28 blind compounds was conducted at several centers [186], demonstrating the overall utility of iPSC-CMs. The National Institute of Health Sciences (NIHS) in Japan brought together experts from multiple disciplines to develop a new testing paradigm for predicting clinical proarrhythmic risk called Japan iPS cardiac safety assessment (JiCSA) [187,188]. Data obtained by JiCSA showed reproducible proarrhythmic risk prediction using two cell lines from different vendors [189,190]. JiCSA-selected compounds overlapped with all 28 CiPA-selected compounds. Moreover, the JiCSA data correlated well with the CiPA study, despite different analysis modalities [187]. Both CiPA and JiCSA have demonstrated the ability of iPSC-CMs to assess arrhythmia risk, which may be one of the most important applications of iPSC-CMs.



Several compounds have been tested to treat mitochondrial diseases, but not so much cardiomyopathy [191]. Human iPSC-CMs can mimic valuable patient cardiomyocytes and will help in drug discovery research for cardiomyopathy. For example, experiments with iPSC-CMs have identified abnormalities in mitochondrial and energy metabolism as the cause of trastuzumab-induced myocardial contractile dysfunction [192], and MAP4K4 gene silencing is beneficial in the iPSC-CMs model of ischemic injury [193]. However, there is room for progress on many fronts, including increased maturity, complex cardiomyocyte subtypes, personalized medicine, scale-up production of iPSC-CMs, multiple readouts, and future applications of iPSC-CMs in the field of drug development [184]. Furthermore, based on in vitro and animal studies, some compounds are contraindicated against mitochondrial diseases [194,195,196]. Therefore, the choice of treatment for mitochondrial diseases should be made with caution.



Patient-specific iPSC-CMs are an ideal cell type for the pathogenesis of MCM. These cells represent a disease-affected cell type with correct oxygen metabolism and patient-specific nDNA and mtDNA. These cells can be used to identify potentially meaningful cellular phenotypes that can be used to test therapeutic candidates. We hope that this approach will lead to the discovery of curative treatments for these debilitating diseases.




6. Conclusions


Mitochondria are increasingly recognized as multifunctional organelles that drive ATP production and ROS leakage and as scaffolds for a range of other signals. Furthermore, mitochondrial functions are regulated by both endogenous (nDNA and mtDNA) and exogenous factors, and further research is needed to understand the pathogenesis of mitochondrial diseases. Genetic variants that cause MCMs can be categorized into several groups. However, it is still inadequate to predict symptoms by the site of a genetic variant, as genetic variants in the same molecule can cause different symptoms. The links and regulatory mechanisms between MCMs and genetic variants remain to be elucidated, and it is currently difficult to determine whether genetic variants involving mitochondria are pathogenic since the patient’s genetic background and environmental factors are involved in disease development.



In recent years, high-throughput ‘omics’ techniques capable of detecting differences in a multitude of molecular constituents in organisms (including metabolomics, proteomics, transcriptomics, genomics, and epigenomics) accompanied by sophisticated bioinformatics tools have revealed new details about mitochondrial function and dysfunctions [34]. The broad impact of mitochondria is often tested in non-cardiomyocytes. The cardiomyocytes have very different mitochondrial behavior compared to other cells [197,198]. The gene expression is different between human and mouse cardiomyocytes, making iPSC-CMs the best way to uncover human cardiomyopathies. MCM has little understanding and requires the use of model cells to elucidate the intracellular system. Human iPSC-CMs may be a suitable tool to generate a pathological model of human MCM. This could be beneficial for seeking effective treatments against mitochondrial diseases. Future approaches to these pathologies could include germline therapy and gene therapy [199]. Mitochondrial gene therapy seems to be a valuable and promising strategy to treat mitochondrial diseases [200]. These approaches may offer a reproductive option in the future to prevent mtDNA disease transmission in affected families. Currently, establishing a comprehensive pathological model of cardiomyocytes has not been completed, but the field of maturation methods is maturing with the discoveries of many researchers. Hopefully, many studies will be conducted to elucidate the pathogenesis of MCM using iPSC-CMs, leading to effective treatment, prevention, and drug discovery.
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Figure 1. Mitochondrial diseases are caused by genetic variants in the nucleus and mitochondria DNA (nDNA and mt DNA, respectively). Most DNA is packaged in chromosomes in the nucleus, but a small amount of DNA is also present in the mitochondria. This genetic material is called mtDNA. There are 37 genes in mitochondrial DNA that are all essential for the normal functioning of mitochondria. Thirteen of these genes provide instructions for making enzymes involved in oxidative phosphorylation. Genes that cause mitochondrial diseases are found in both nDNA and mtDNA. 
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Figure 2. Variations in mitochondrial disease symptoms. Mitochondrial diseases can occur in children and adults and can affect a wide variety of organs, including multiple organs that have no functional connection to each other, such as the brain and liver, or beta cells of the pancreas and auditory system. Typically, these diseases are progressive. MCM could be described as a myocardial disorder characterized by abnormal cardiac-muscle structure, function, or both, secondary to genetic defects involving the mitochondrial respiratory chain. The presentations of MCMs include HCM, DCM, and LVNC, and the severity can range from no symptoms to devastating multisystemic diseases. 
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Table 1. Causative genes for mitochondrial cardiomyopathy (MCMs).
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a. Genes in Mitochondrial DNA to Disease Relationship for Mitochondrial Disorders




	
Gene

	
OMIM ID

	
Cardiac Phenotype

	
Other Phenotypes/Mitochondrial Diseases






	
Subunits of respiratory chain complex




	
MT-ND1

	
516000

	
HCM, LVNC

	
LHON (Leber’s hereditary optic neuropathy)




	
MT-ND4

	
516003

	
HCM

	
LHON, progressive dystonia




	
MT-ND5

	
516005

	
HCM. WPW

	
Leigh syndrome




	
MT-ATP6/8

	
516060

	
HCM

	




	
MT-ATP6

	
516060

	
HCM

	
NARP (neurogenic muscle weakness, ataxia, and retinitis pigmentosa.), Leigh disease




	
MT-ND6

	
516006

	
DCM, HCM

	
LHON, MELAS (mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes)




	
MT-CYB

	
516020

	
HCM

	
Septo-optic dysplasia




	
Mitochondrial protein synthesis




	
MT-TL1

	
590050

	
HCM, DCM, RCM, LVNC

	
MELAS, Leigh syndrome, CPEO (chronic progressive external ophthalmoplegia), mitochondrial myopathy




	
MT-TI

	
590045

	
HCM, DCM

	




	
MT-TK

	
590060

	
HCM, DCM

	
MERRF (myoclonus epilepsy associated with ragged red fibers), Leigh syndrome




	
MT-TV

	
590105

	
HCM

	
Leigh syndrome




	
MT-RNR1

	
561000

	
RCM

	
Maternally inherited deafness




	
b. Genes in Nuclear DNA to Disease Relationship for Mitochondrial Disorders




	
Gene

	
OMIM ID

	
Cardiac Phenotype

	
Other phenotypes/mitochondrial diseases




	
Subunits of the respiratory chain complex




	
NDUFS2

	
252010

	
HCM

	
Mitochondrial complex I deficiency




	
NDUFV2

	
252010

	
HCM

	
Mitochondrial complex I deficiency




	
NDUFA11

	
252010

	
HCM

	
Mitochondrial complex I deficiency




	
NDUFB11

	
300403

	
LVNC, WPW

	
Mitochondrial complex I deficiency




	
SDHA

	
252011

	
DCM, LVNC

	
Mitochondrial complex II deficiency




	
Assembly factor




	
NDUFAF1

	
252010

	
HCM

	
Mitochondrial complex I deficiency




	
ACAD9

	
611126

	
HCM

	
Mitochondrial complex I deficiency




	
SCO2

	
604377

	
HCM

	
Cytochrome c oxidase deficiency




	
COX10

	
220110

	
HCM

	
Mitochondrial complex IV deficiency




	
COX15

	
615119

	
HCM

	
Cytochrome c oxidase deficiency




	
COA6

	
614772

	
HCM

	




	
TMEM70

	
614052

	
HCM

	
Mitochondrial complex V (ATP synthase) deficiency




	
Mitochondrial protein synthesis




	
AARS2

	
614096

	
HCM

	
COXPD (combined oxidative phosphorylation deficiency) 8




	
MRPS22

	
611719

	
HCM

	
COXPD8




	
TSFM

	
610505

	
HCM

	
COXPD3




	
GTPBP3

	
616198

	
HCM, DCM

	
COXPD23




	
MTO1

	
614702

	
HCM

	
COXPD10




	
ELAC2

	
615440

	
HCM

	
COXPD17




	
Maintenance of mitochondrial integrity




	
TAZ

	
302060

	
DCM, LVNC

	
BTHS (Barth syndrome)




	
AGK

	
212350

	
HCM

	
Sengers syndrome




	
SLC22A5

	
212140

	
HCM, DCM

	
Systemic primary carnitine deficiency




	
ACADVL

	
201475

	
HCM, DCM

	
Very long-chain acyl-CoA dehydrogenase (VLCAD) deficiency




	
HADHA

	
609015

	
DCM

	
Mitochondrial trifunctional protein (MTP) deficiency with myopathy and neuropathy




	
ATAD3A-C dup

	
612316

	
HCM

	




	
Mitochondrial DNA stability




	
SLC25A4

	
615418

	
HCM

	
Mitochondrial DNA depletion syndrome-12




	
QRSL1

	
617209

	
HCM

	
COXPD40




	
KARS

	
619147

	
HCM

	
Infantile-onset progressive leukoencephalopathy with or without deafness




	
TOP3A

	
601243

	
DCM

	




	
Iron homeostasis




	
FXN

	
229300

	
HCM

	
Friedreich ataxia




	
BOLA3

	
614299

	
HCM

	
Multiple mitochondrial dysfunctions syndrome-2 with hyperglycinemia




	
Coenzyme Q10 biosynthesis




	
COQ9

	
614654

	
HCM

	
Coenzyme Q10 deficiency 5




	
COQ4

	
616276

	
HCM

	
Coenzyme Q10 deficiency 7




	
Mitochondrial protein transport




	
DNAJC19

	
610198

	
DCM, LVNC

	
3-methylglutaconic aciduria type V








OMIM, Online Mendelian Inheritance in Man; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; RCM, restrictive cardiomyopathy; LVNC, left ventricular non-compaction; WPW, Wolff–Parkinson–White syndrome. Modified from reference [43,89].
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Table 2. List of mitochondrial diseases analyzed using iPSC-CMs.
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Gene

	
Variants

	
Protein

	
Disease

	
Phenotype

	
Reference






	
TAZ

	
c.517delG

	
Tafazzin

	
Barth syndrome

	
Impaired sarcomere structure and function

	
[16,128,129,130]




	
c.328T > C

	
Increased reactive oxygen species




	
DNAJC19

	
(rs137854888)

	
Mitochondrial import inner membrane translocase subunit TIM14

	
Dilated cardiomyopathy with ataxia syndrome (DCMA)

	
Impaired mitochondria

	
[131]




	
Conduction defects




	




	
FXN

	
Expanded GAA repeats

	
Frataxin

	
Friedreich ataxia (hypertrophic cardiomyopathy)

	
Disorganized mitochondria

	
[132]




	
Impaired Ca2+ handling




	
Increased BNP expression




	
Disrupted iron homeostasis




	
Mitochondrial dysfunction and degeneration

	
[133]




	

	

	

	

	
Decreased mitochondrial membrane potential




	
MT-RNR2

	
m.2336T > C

	
Mitochondrial encoded16S rRNA

	
Hypertrophic cardiomyopathy

	
Mitochondrial dysfunction

	
[126]




	
decreased mitochondrial potential




	
Electrophysiological disturbances
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