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Abstract
Mitochondrial diseases are multi-systemic, heterogeneous groups of diseases that are associated with various 
neuromuscular problems, cardiovascular disorders, metabolic syndrome, cancer, and obesity. Mitochondrial 
diseases are due to mutations in mitochondrial DNA or nuclear DNA that can affect the assembly of the 
mitochondrial components and mitochondrial function. Typically, mitochondrial diseases can be inherited through 
an autosomal dominant, autosomal recessive or X-linked pattern of inheritance. To date, there are more than 100 
mitochondrial diseases identified. However, clinical phenotype heterogeneity is a huge problem for the diagnosis 
of mitochondrial diseases, as patients with the same mutations exhibit different clinical symptoms. Also, the 
heteroplasmy/homoplasmy conditions complicate the diagnosis process. Here, in this review, we discuss these 
challenges and problems in mitochondrial disease diagnosis, focusing on the mutational profile of both primary and 
secondary mitochondrial diseases. We also review the utilization of next-generation technology and multi-omics 
strategy to improve the diagnosis. The discussion addresses the current evidence of those applications and the 
challenges that need some improvement for better diagnosis yield.
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INTRODUCTION
Mitochondrial diseases are caused by mutations in mitochondrial DNA (mtDNA) or nuclear DNA 
(nDNA) that encodes mitochondrial components. Mitochondrial diseases are complex diseases involving 
multiple organ systems, and the symptoms include deafness, blindness, dementia, movement disorders, 
cardiovascular diseases, and renal dysfunction[1]. Neurological and neuromuscular syndromes are the most 
common symptoms of mitochondrial diseases[1,2]. In addition, cardiovascular diseases, endocrine disorders, 
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and cancers may also be associated with mtDNA mutations[3,4]. To date, there are about 350 causal genes for 
mitochondrial diseases[5]. Since mitochondria play a significant role in energy production via the oxidative 
phosphorylation (OXPHOS) system and Krebs cycle, disruptions in their genome and protein functions may 
affect various important cellular processes such as fatty acid metabolism, pyrimidine biosynthesis, calcium 
homeostasis, cell signaling, beta-oxidation and heme biosynthesis[6]. 

Several factors are involved in determining disease onset, clinical symptoms, phenotypic variability, and 
mitochondrial penetrance[7]. One such factor is replicative or mitotic segregation that leads to several 
conditions known as homoplasmy and heteroplasmy, threshold effect, clonal expansion, and the mtDNA 
bottleneck[7]. The ratio of wild type and mutant mtDNA is important in determining disease onset and 
clinical symptoms. The vast majority of mtDNA mutations are present in the heteroplasmy condition, and 
only some mtDNA mutations are homoplasmic and deleterious. Mitochondria are randomly segregated; 
thus, there is a possibility that the daughter cells can shift from wild type to mutant and vice versa. A random 
genetic drift results in clonal expansion, leading to acceleration of mtDNA mutation rate[8]. Rapid segregation 
of mammalian heteroplasmy with homoplasmy mtDNA between generations suggests that the mtDNA 
bottleneck occurs during development. Subsequently, this condition leads to differences in heteroplasmy 
levels in different mature oocytes of a woman[1].

mtDNA diseases have five unique characteristics, based on the mtDNA disease pedigree[1,7]. First, mtDNA 
mutations are inherited maternally. Second, mutations arise as a result of several factors, including lack 
of histone protection, deficiency in DNA repair mechanisms, and increased levels of reactive oxygen 
species (ROS) through OXPHOS activities in the mitochondria. Pathogenic mtDNA mutations comprise 
rearrangement mutations and point mutations in genes affecting mitochondrial protein translation 
and causing specific OXPHOS defects. Moreover, replicative segregation of mitochondria gives rise to 
homoplasmy and heteroplasmy conditions. These conditions cause differential phenotypes in various 
processes such as the transcription, translation, enzyme complex formation, respiratory complexes, 
biochemical levels, and cellular phenotypes[1,6,7,9]. Third, the impact of mtDNA mutations is subject to the 
amount of mitochondrial ATP production. In this case, tissues with the highest requirements for ATP can be 
affected the most, such as the central nervous system (CNS). Fourth, mtDNA repairs occur synonymously 
and replace mutations rapidly, about 5-10 times faster than nuclear OXPHOS genes due to mammalian 
mtDNA genes evolving faster compared to a single copy of nDNA. Finally, aging could result in decreased 
OXPHOS activities as well as mitochondrial dysfunction, which could be due to an accumulation of somatic 
cell mtDNA mutations[10].

The complexity and multi-systemic involvement in mitochondrial diseases render early diagnosis difficult. 
With ongoing advances in next-generation sequencing (NGS), the early diagnosis of mitochondrial diseases 
becomes feasible, and accurate diagnosis can be made even before the symptoms occur. In this review, 
we discuss the mitochondrial diseases, the challenges in their diagnosis, and future recommendations to 
assist in the diagnosis. We also provide the details of several companies that offer NGS services to diagnose 
mitochondrial diseases.

OVERVIEW OF mtDNA AND MITOCHONDRIAL DISEASES
mtDNA
Mitochondria have their own genome, which is known as mtDNA[11]. The first complete sequence of the 
human mitochondrial genome was published in 1981[12]. Following that, in 1999, the mtDNA sequence was 
revised, and its final full genomic sequence was published[13]. In humans, mtDNA spans about 16,500 bp 
and consists of the heavy and light strands[12,13]. The heavy strand is rich in guanine bases and encodes 12 
subunits of the oxidative phosphorylation (OXPHOS) system, two ribosomal RNAs (12S and 16S), and 14 
tRNAs. The light strand encodes one subunit of OXPHOS and eight tRNAs. Altogether, mtDNA contains 
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37 genes encoding two rRNAs, 22 tRNAs, and 13 proteins subunits[12,13]. To date, there are about 1000-2000 
mitochondrial proteins; however, only 600 of these proteins have determined functions. mtDNA is a 
multicopy genome, ranging from just ~100 copies in sperm to > 100,000 copies in mature oocytes[14]. The 
mtDNA genomes can exist either in homoplasmy (all genomes have an identical mtDNA genotype) or 
heteroplasmy (a combination of genomes with different mtDNA genotypes). These conditions can lead 
to various diseases or a normal phenotype, known as the phenotypic threshold effect. The inheritance 
of mtDNA is strictly maternal since mitochondrial endonuclease degrades the mtDNA within paternal 
mitochondria after fertilization[1,7,15].

There are five complexes in the OXPHOS system, namely complexes I (NADH ubiquinone oxidoreductase), 
complex II (succinate ubiquinone oxidoreductase), complex III (ubiquinone-cytochrome c reductase), 
complex IV (cytochrome c oxidase) and complex V (ATP synthase) which is important for energy 
production[6,12]. Embedded in this system are two electron carriers, ubiquinone coenzyme Q and cytochrome 
C, which serve as electron transporters important for energy production. Leakage of electrons from 
complexes I and III in the electron transport chain (ETC) can lead to the formation of ROS and oxidative 
stress conditions[9]. Oxidative stress occurs where there is an imbalance between the production of ROS, 
such as superoxide anion, H2O2, and the antioxidant defense mechanism to remove these radical molecules[9]. 
Uncontrolled oxidative stress may induce various dysfunctions within the mitochondria and cells, which 
could then lead to disease development [Figure 1].

A

B

Figure 1. A: mtDNA mutations affect transcription, translation, enzyme complex, biochemistry, and cellular phenotype at different levels. 
These mutations may give rise to homoplasmy or heteroplasmy conditions, which can result in a disease or normal phenotype, known as 
a phenotypic threshold effect; B: The energy production process via oxidative phosphorylation (OXPHOS) may also lead to the formation 
of reactive oxygen species (ROS) in the electron transport chain. Oxidative stress conditions could further lead to the destruction of 
macromolecules, such as lipids, proteins, and DNA. Modified from a previous publication[16]



Different types of mitochondrial diseases
Mutations of mtDNA or nuclear DNA (nDNA) that encodes mitochondria components lead to an 
ineffective mitochondrial respiratory chain, and hence mitochondrial dysfunction[1,7,15]. The mitochondrial 
respiratory chain is an essential pathway for aerobic metabolism. Tissues and organs that are highly 
dependent on aerobic metabolism are prone to mitochondrial diseases[17]. Mitochondrial diseases can 
affect single or multiple organ systems[1,7,15], thus the association with various disease conditions including 
neurodegenerative conditions, cardiovascular diseases, neurometabolic problems, cancer and metabolic 
diseases such as obesity[3,4,10]. Mitochondrial diseases are considered rare, with a prevalence of 1:1,000,000. 
However, recent epidemiological studies suggested that at least 1 in 5000 individuals are affected by 
mitochondrial diseases[18,19]. Mitochondrial diseases may occur at any age[20], where mutations in mtDNA 
account for about 75% of adult diseases[18] but only about 25% of childhood-onset diseases[21,22]. Initially, it 
was postulated that nDNA abnormalities are present in childhood, while mtDNA abnormalities are only 
present in late childhood. Recently, many mtDNA diseases also present in childhood, and nDNA mutations 
are also present in adult life[23]. Mitochondrial diseases are classified into several categories, including 
primary and secondary mitochondrial diseases (SMD), which are discussed in detail in the next section 
[Figure 2]. 

Primary mitochondrial disease
As the mitochondrial components are inter-dependent of mtDNA and nDNA, most of the primary 
mitochondria diseases are due to these components. About 90% of mitochondrial proteins are from nuclear 
genes, which include the majority of the OXPHOS system. Also, mtDNA replication, transcription, and 
translation are dependent on these nuclear-encoded proteins. Primary mitochondrial diseases (PMD) are 
genetically inherited and diagnosed by identifying mutations in the mtDNA or nDNA[21], which could result 
in mitochondrial dysfunction [Tables 1 and 2]. Such examples are mitochondrial encephalomyopathy, lactic 
acidosis and stroke-like episodes (MELAS), neuropathy, ataxia and retinitis pigmentosa (NARP), Leigh 
syndrome, myoclonic epilepsy with ragged-red fibers (MERRF), Leber hereditary optic neuropathy (LHON), 
Kern-Sayre syndrome (KSS), mitochondrial neurogastrointestinal encephalopathy (MNGIE), and Alpers. 

Figure 2. Common diseases associated with mtDNA mutations and the genes involved[24]. LHON: leber hereditary optic neuropathy; 
CPEO: chronic progressive external ophthalmoplegia; MERRF: myoclonic epilepsy with ragged-red fibers; MND: motor neuron disease; 
MELAS: mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes; PD: Parkinson’s disease
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Table 1. Summary of the most common mtDNA mutations in primary and secondary mitochondrial diseases

Syndrome Locus Disease Allele Nt change AA change Ho He Ref.
Primary mitochondrial disease
Leigh syndrome/dystonia
  Leigh syndrome MTATP6 LS/NARP T8993C T-C L156P - + [48]

  Leigh syndrome MTATP6 NARP T8993G T-G L156R - + [49,50]

  Leigh syndrome MTATP6 LS T9176G T-G L217R + + [51]

  Leigh syndrome MTATP6 LS/FBSN T9176C T-C L217P + + [52,53]

  Leigh syndrome MTATP6 LS/ataxia/NARP-like 
disease

T9185C T-C L220P + + [54]

  Leigh syndrome MTATP6 LS T9191C T-C L222P - + [54]

  Leigh syndrome MTCO3 LS-like C9537insC C-CC Q111 frameshift + - [55]

  Leigh syndrome MTND3 LS T10158C T-C S34P + + [22,56,57]

  Leigh syndrome MTND3 LS/LS-like disease/
ESOC

T10191C T-C S45P - + [58]

  Leigh syndrome MTND3 LS/dystonia/stroke G10197A G-A A-T + + [59,60]

  Leigh syndrome MTND4 LS C11777A C-A R340S - + [61,62]

  Leigh syndrome MTND5 LS T12706C T-C F124L - + [63]

  Dystonia MTND1 Adult-onset dystonia A3796G A-G T164A - + [64]

  Dystonia/Leigh syndrome MTND6 LDYT/LS G14459A G-A A72V + + [65,66]

  Dystonia/Leigh syndrome MTND6 LS/dystonia/Ataxia T14487C T-C M63V - + [67,68]

Leber hereditary optic neuropathy (LHON)

  Leber hereditary optic neuropathy ND1 LHON G3460A G-A A52T - + [69,70]

  Leber hereditary optic neuropathy ND4 LHON G11778A G-A R340H - + [71]

  Leber hereditary optic neuropathy ND6 LHON T14484C T-C M64V - + [69,72,73]

Encephalomyopathy

  Encephalomyopathy, MELAS MTND1 MELAS T3308C T-C M1T - + [74]

  Encephalomyopathy, MELAS MTND1 MELAS/LHON G3376A G-A E24K - + [75]

  Encephalomyopathy, MELAS MTND1 MELAS G3697A G-A G131S - + [60]

  Encephalomyopathy, MELAS MTND1 MELAS G3946A G-A E214K + + [60]

  Encephalomyopathy, MELAS MTND1 MELAS T3949C T-C Y215H - + [60]

  Encephalomyopathy, MELAS MTND4 MELAS A11084G A-G T109A + + [76,77]

  Encephalomyopathy, MELAS MTND5 MELAS A12770G A-G E145G - + [78]

  Encephalomyopathy, MELAS MTND5 MELAS/LHON/LS 
overlap syndrome

A13045C A-C M237L - + [78]

  Encephalomyopathy, MELAS MTND5 MELAS/LS A13084T A-T S250C - + [79]

  Encephalomyopathy, MELAS MTND5 MELAS/LS G13513A G-A D393N - + [80]

  Encephalomyopathy, MELAS MTND5 MELAS A13514G A-G D393G - + [81]

  Encephalomyopathy, MELAS MTND6 MELAS G14453A G-A A74V - + [82]

  Encephalomyopathy, MELAS MTCYB MELAS/PD 14787del4 TTAA-del I14frameshift - + [83]

  Encephalomyopathy, MELAS MTTL1 MELAS A3243G A-G tRNALeu (UUR) - + [84]

  Encephalomyopathy, epilepsy MTCO1 Therapy-resistant 
epilepsy

C6489A C-A L196I - + [85]

  Encephalomyopathy, multisystem disorder MTCO1 Multisystem disorder G6930A G-A G343Ter - + [86]

  Encephalomyopathy, multisystem disorder MTCOI Myopathy and cortical 
lesions

6015del5 Del 5 bp Frameshift, 42 
peptide

+ [87]

  Encephalomyopathy MTCO2 Encephalomyopathy T7587C T-C M1T - + [88]

  Encephalomyopathy, multisystem disorder MTCO2 Multisystem disorder G7896A G-A W104Ter - + [89]

  Encephalomyopathy, lactic acidosis MTCO2 Lactic acidosis 8042del2 AT-del M153Ter - + [90]

  Encephalomyopathy MTCO3 Encephalomyopathy G9952A G-A W248Ter - + [91]

  Encephalomyopathy, MELAS MTCO3 MELAS/PEM/NAION T9957C T-C F251L - + [92]

  Encephalomyopathy, lactic acidosis MTATP6 Lactic acidosis/seizures 9205del2 TA-del Ter227M + - [93]

  Encephalomyopathy, multisystem disorder MTCYB Multisystem disorder A15579G A-G Y278C - + [94]

  Encephalomyopathy, septo-optic dysplasia MTCYB Septo-optic dysplasia T14849C T-C S35P - + [95]

Mitochondrial myopathy

  MM, exercise intolerance MTCYB EXIT G14846A G-A G34S - + [86]

  MM MTCYB MM G15059A G-A G190Ter - + [96]

  MM, exercise intolerance MTCYB EXIT G15084A G-A W113Ter - + [86]

  MM, exercise intolerance MTCYB EXIT G15150A G-A W135Ter - + [97]

  MM, exercise intolerance MTCYB EXIT G15168A G-A W141Ter - + [86]

  MM, exercise intolerance MTCYB EXIT T15197C T-C S151P - + [97]

  MM, exercise intolerance MTCYB EXIT/
encephalomyopathy

G15242A G-A G166Ter - + [98]
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  MM, exercise intolerance MTCYB EXIT G15497A G-A G251S + - [99]

  MM, exercise intolerance MTCYB EXIT 15498del24 24 bp 
deletion-

251GDPDNYTL-
del258

- + [86]

  MM, exercise intolerance MTCYB EXIT G15615A G-A G290D - + [100]

  MM, exercise intolerance MTCYB EXIT G15723A G-A W326Ter - + [86]

  Mitochondrial myopathy MTCYB MM G15762A G-A G339E - + [101]

  MM, CPEO MTND4 CPEO T11232C T-C L140P - + [102]

  MM, exercise intolerance MTND4 EXIT G11832A G-A W358Ter - + [86]

  MM, exercise intolerance MTCO1 EXIT/myoglobinuria G5920A G-A W6Ter - + [103]

  MM MTCO1 MM & rhabdomyolysis G6708A G-A G269Ter - + [104]

  MM MTCO2 MM T7671A T-A M29K - + [105]

  MM, exercise intolerance MTCO2 EXIT/rhabdomyolysis T7989C T-C L135P - + [106]

  MM MTCO3 Myopathy and 
myoglobinuria

9487del15 Del 15 bp Removed 5 aa + [107]

  MM ND4 MM 3902inv7 
bp

Inv 7 bp D199G, 
L200K,A201V

+ - [108]

Secondary mitochondrial diseases
Hypertrophic cardiomyopathy
  Hypertrophic cardiomyopathy MTCYB HCM G15243A G-A G166E - + [109]

  Hypertrophic cardiomyopathy MTCYB HCM G15498A G-A G251D - + [110]

  Diabetes mellitus MTND4 DM A12026G A-G I423V + - [74]

  Idiopathic sideroblastic anemia MTCO1 SIDA T6721C T-C M273T - + [111]

  Idiopathic sideroblastic anemia MTCO1 SIDA T6742C T-C I280T - + [111]

Deafness/sensorineural hearing loss

  Deafness MTCO1 DEAF A7443G A-G Ter514G + - [112]

  Deafness MTCO1 DEAF A7445C A-C Ter514S + - [112]

  Deafness, sensorineural hearing loss MTCO1 SNHL/LHON G7444A G-A Ter514K + - [112]

  Deafness, sensorineural hearing loss MTCO2 SNHL A8108G A-G I175V + - [113]

  Deafness, sensorineural hearing loss MTND6 SNHL C14340T C-T V112M + - [113]

Alzheimer’s and Parkinson’s diseases

  Alzheimer’s & Parkinson’s diseases MTND1 ADPD A3397G A-G M31V + - [114]

  Alzheimer’s & Parkinson’s diseases MTND2 AD G5460A G-A A331T + + [115-117]

  Alzheimer’s & Parkinson’s diseases MTND2 AD G5460T G-T A331S + + [115-117]

AD: Alzheimer’s disease; ADPD: Alzheimer’s plus Parkinson’s diseases; CPEO: chronic progressive ophthalmoplegia; DEAF: deafness, 
sensorineural hearing loss; ESOC: epilepsy, strokes, optic atrophy and cognitive decline; EXIT: exercise intolerance; FBSN: familial bilateral 
striatal necrosis; HCM: hypertrophic cardiomyopathy; LHON: Leber hereditary optic neuropathy; MM: mitochondrial myopathy; MERRF: 
myoclonic epilepsy with ragged-red fibers disease; MELAS: mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes; 
NAION: non-arteritic anterior ischemic optic neuropathy; NARP: neurogenic muscle weakness, ataxia and retinitis pigmentosa; NIDDM: 
non-insulin dependent diabetes mellitus; PEM: progressive encephalopathy; PEO: progressive external ophthalmoplegia; PD: Parkinson’s 
disease; SNHL: sensorineural hearing loss; SIDA: sideroblastic anemia; Ho: homoplasmic; He: heteroplasmic; Rep: reported/provisional 
mutations that have been reported one or a few times in association with disease but are not confirmed as pathogenic; P.M.: (point 
mutation/polymorphism) status indicates that some published reports have determined the mutation to be a non-pathogenic population 
variant

Table 2. Summary of known nuclear DNA mutations causing mitochondrial dysfunctions in primary and secondary mitochondrial 
diseases[118]

Region Gene/Locus OMIM Function Chromosome Inheritance Clinical phenotype
Complex I ACAD9 611103 Assembly and activity 3q26 AR Hypertrophic cardiopathy encephalopathy

FOXRED1 613622 Assembly 11q24.2 AR LS

NUBPL 613621 Assembly 14q12 AR Encephalomyopathy

NDUFA1 300078 HP fraction Xq24 X-linked LS, progressive neurodegenerative disorder

NDUFA2 602137 HP fraction 5q31.2 AR LS

NDUFA9 603834 HP fraction 12p13.32 AR LS

NDUFA10 603835 HP fraction 2q37.3 AR LS

NDUFA11 612638 IP fraction 19p13.3 AR Fatal infantile lactic acidosis, 
encephalocardiomyopathy

NDUFA12 609653 HP fraction 12q22 AR LS

NDUFA13 609435 HP fraction 19p13.11 AR Encephalopathy, optic atrophy

NDUFAF1(CIA30) 606934 Assembly 15q13.3 AR Cardioencephalomyopathy

NDUFAF2 (B17.2L) 609653 Assembly 5q12.1 AR Early-onset progressive encephalopathy

NDUFAF3 612911 Assembly 3p21.31 AR Neonatal encephalopathy

NDUFAF4 (HRPAP2) 611776 Assembly 6q16.1 AR Infantile encephalopathy
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NDUFAF5 (C20orf7) 612360 Assembly 20p12.1 AR LS

NDUFAF6 612392 Assembly 8q22.1 AR LS

NDUFB3 603839 HP fraction 2q31.3 AR Fatal infantile lactic acidosis

NDUFB9 601445 HP fraction 8q24.13 AR Hypotonia, lactic acidosis

NDUFB10 603843 HP fraction 16p13.3 AR Lactic acidosis, cardiomyopathy

NDUFB11 300403 HP fraction Xp11.3 X-linked Intrauterine growth restriction, lactic 
acidosis

NDUFS1 157655 IP fraction 2q33-q34 AR LS

NDUFS2 602985 IP fraction 1q23 AR Encephalopathy, cardiomyopathy

NDUFS3 603846 IP fraction 11p11.11 AR LS

NDUFS4 602694 IP fraction 5q11.1 AR LS

NDUFS6 603848 IP fraction 5pter-p15.33 AR Fatal infantile lactic acidosis

NDUFS7 601825 HP fraction 19p13.3 AR LS

NDUFS8 602141 HP fraction 11q13 AR LS

NDUFV1 161015 FP fraction 11q13 AR LS

NDUFV2 600532 FP fraction 18p11 AR Cardiomyopathy, hypotonia, 
encephalopathy

Complex II SDH-A 600857 FP subunit 5p15 AR LS

SDH-B 185470 IP subunit 1p36.1-p35 AD Phaeochromocytoma and paraganglioma

SDH-C 602413 Membrane subunit 1q21 AD Autosomal dominant paraganglioma type 
3

SDH-D 602690 Membrane subunit 11q23 AD Autosomal dominant paraganglioma type 
1, pheochromocytoma

SDHAF1 612848 Assembly 19q12-q13.2 AR Leukoencephalopathy

SDHAF2 613019 Assembly 11q12.2 AD Autosomal dominant paraganglioma type 
2

Complex III BCS1L 603647 Assembly 2q33 AR Encephalopathy, hepatic failure and 
tubulopathy, LS, GRACILE syndrome, 
Bjornstad syndrome

UQCC2 614461 Assembly 6p21.31 AR Lactic acidosis and renal tubular dysfunction

UQCC3 616097 Assembly 11q12.3 AR Lactic acidosis, hypoglycemia, hypotonia

UQCRB 191330 Electron transfer 8q22 AR Hypoglycemia, lactic acidosis

UQCRQ 612080 Electron transfer 5q31.1 AR Severe neurological phenotype

Complex IV COA3 614775 Assembly 17q21.2 AR Neuropathy, exercise intolerance

COA5 613920 Assembly 2q11.2 AR Cardioencephalomyopathy

COA6 614772 Assembly 1q42.2 AR Cardioencephalomyopathy

COX10 602125 Heme A 
farnesyltransferase

17p12-p11.2 AR Neonatal tubulopathy and encephalopathy, 
LS, cardiomyopathy

COX14 (C12orf62) 614478 COX assembly 12q13.12 AR Neonatal lactic acidosis

COX15 603646 Heme A synthesis 10q24 AR Early-onset hypertrophic cardiomyopathy, 
LS

COX20 614698 Assembly 1q44 AR Ataxia, muscle hypotonia

COX6A1 602072 Cytochrome oxidase 
activity

12q24.31 AR Charcot-Marie-Tooth disease

COX6B1 124089 Cytochrome oxidase 
activity and assembly

19q13.1 AR Encephalomyopathy

COX7B 300885 Cytochrome oxidase 
activity

Xq21.1 X-linked Microphthalmia with linear skin lesions

COX8A 123870 Cytochrome oxidase 
activity

11q13.1 AR LS

FASTKD2 612322 Role in apoptosis 2q33.3 AR Encephalomyopathy

LRPPRC 220111 
607544

Assembly 2p21-p16 AR French-Canadian LS

SCO1 603644 Copper transport 17p13-p12 AR Neonatal hepatic failure and encephalopathy

SCO2 604272 Copper transport 22q13 AR Neonatal cardioencephalomyopathy

SURF1 185620 Assembly 9q34 AR LS

TACO1 612958 Translational activator 
of COX1

17q22-q24.2 AR LS

Complex V ATP5E 606153 ATPase activity 20q13.3 AR Lactic acidosis, mental retardation, 
peripheral neuropathy

ATP5A1 164360 ATPase activity 18q21.1 AR Neonatal encephalopathy

ATP8A2 605870 ATPase activity 13q12.13 AR Cerebellar ataxia, mental retardation

ATPAF2 608918 Assembly 17p11.2 AR Early-onset encephalopathy, lactic acidosis

TMEM70 604273 
612418

Assembly 8q21.11 AR Neonatal encephalopathy, cardiomyopathy
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MtDNA 
maintenance

ANT1 (PEOA2) 609283 Adenine nucleotide 
translocator isoform 1

4q35 AD-AR AD-PEO, multiple mtDNA deletions

C10ORF (PEOA3) 609286 Twinkle helicase 10q24 AD AD-PEO, SANDO syndrome

DGUOK 601465 Deoxyguanosine kinase 
Mitochondrial dNTP 
pool maintenance

2p13 AR Hepatocerebral mtDNA depletion 
syndrome

FBXL4 605654 mtDNA maintenance 6q16.1-q16.2 AR Encephalomyopathy and myopathy, 
mtDNA depletion

MFN2 609260 Mitofusin, 
mitochondrial fusion

1p36-p35 AD Charcot-Marie-Tooth disease-2A2 
(CMT2A2), multiple deletions

MGME1 615084 mtDNA maintenance 20p11.23 AR CPEO and myopathy, mtDNA depletion

MPV17 137960 Regulation of mtDNA 
copy number

2p23-p21 AR Hepatocerebral MDDS

OPA1 165500 Dynamin-related 
protein

3q28-q29 AD AD-optic atrophy, multiple deletions

POLG (PEOA1) 174763 Polymerase gamma 
mtDNA replication

15q25 AD-AR Alpers syndrome, AD-PEO, and AR-PEO, 
male infertility, SANDO* syndrome, SCAE*

POLG2 (PEOA4) 610131 Catalytic subunit of 
DNA polymerase 
gamma

17q23-q24 AD AD-PEO

RRM2B (PEOA5) 604712 Ribonucleotide 
reductase M2 B dNTP 
pool

8q23.1 AR Encephalomyopathy, renal tubulopathy 
MNGIE, AD-PEO

SUCLA2 603921 Succinate-CoA ligase, 
ADP-forming, beta 
subunit

13q12.2-q13 AR Encephalomyopathy with methylmalonic 
aciduria

SUCLG1 611224 Succinate-CoA ligase, 
alpha subunit

2p11.2 AR Encephalomyopathy with methylmalonic 
aciduria

TFAM 600438 Mitochondrial 
transcription factor A

10q21.1 AR Encephalomyopathy, mtDNA depletion

TK2 188250 Thymidine kinase 
Mitochondrial dNTP 
pool maintenance

16q22 AR Myopathic mtDNA depletion

TYMP (ECGF1) 603041 Thymidine 
phosphorylase

22q13.32-
qter

AR MNGIE, mtDNA depletion

Mitochondrial 
import

DNAJC19 608977 Protein import 3q26.3 AR Cardiomyopathy, ataxia

DDP 304700 Protein import Xq22 X-linked Deafness-dystonia or Mohr-Tranebjaerg 
syndrome

Mitochondrial 
protein 
synthesis

AARS2 612035 Alanyl-tRNA 
synthetase

6p21.1 AR Cardiomyopathy, leukoencephalopathy

CARS2 612800 Cysteinyl-tRNA 
synthetase

13q34 AR Myoclonic epilepsy

C12orf65 613541 Mitochondrial 
translation

12q24.31 AR Encephalomyopathy, optic atrophy, axonal 
neuropathy, paraparesis

DARS2 611105 Aspartyl-tRNA 
synthetase

1q25.1 AR Leukoencephalopathy and lactic acidosis

EARS2 612799 Glutamyl tRNA 
synthetase

16p12.2 AR Leukoencephalopathy

EFG1 609060 Elongation factor 
G1 mitochondrial 
translation defect

3q25 AR Severe hepato-encephalopathy and lactic 
acidosis

FARS2 611592 Phenylalanyl-tRNA 
synthetase

6p25.1 AR Alpers syndrome, spastic paraplegia

GARS 600287 Glycyl-tRNA 
synthetase

7p14.3 AD Charcot-Marie-Tooth disease

GFM1 606639 Mitochondrial 
translation elongation

3q25.32 AR Encephalopathy/hepatic failure

GFM2 606544 Mitochondrial 
translation elongation

5q13.3 AR Neurodevelopmental disorder, dysmorphic 
features

GTPBP3 608536 GTP-binding protein 19p13.11 AR Cardiomyopathy, encephalopathy

HARS2 600783 Histidyl-tRNA 
synthetase

5q31.3 AR Perrault syndrome

IARS2 612801 Isoleucyl tRNA-
Synthetase

1q41 AR Cataract, deafness, neuropathy/Leigh 
syndrome

KARS 601421 Lysyl-tRNA synthetase 16q23.1 AR CMT disease/deafness

LARS 615438 Leucine-tRNA 
synthetase

5q32 AR Hepatopathy

LARS2 604544 Leucyl-tRNA 
Synthetase

3p21.31 AR Perrault syndrome
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MRPL3 607118 Mitochondrial 
translation

3q22.1 AR Cardiomyopathy, mental retardation

MRPS7 611974 Mitochondrial 
translation

17q25.1 AR Deafness, hepatic and renal failure

MRPL12 602375 Mitochondrial 
translation

17q25.3 AR Growth retardation, encephalopathy

MRPS16 609204 Mitochondrial 
translation

10q22.1 AR Neonatal lactic acidosis, corpus callosum 
agenesis

MRPS22 605810 Mitochondrial 
translation

3q23 AR Cardiomyopathy, tubulopathy

MRPL44 611849 Mitochondrial 
translation

2q36.1 AR Cardiomyopathy

MTFMT 611766 Mitochondrial 
translation

15q22.31 AR LS

MTO1 614667 tRNA modification 6q13 AR Cardiomyopathy

NARS2 612803 Asparaginyl-tRNA 
synthetase

11q14.1 AR Alpers syndrome/nonsyndromic deafness 
and Leigh syndrome

PARS2 612036 Prolyl- tRNA 
Synthetase

1p32.3 AR Alpers syndrome

RARS2 611523 Arginyl-tRNA 
synthetase

6q16.1 AR Pontocerebellar hypoplasia

RMND1 614917 Mitochondrial 
translation

6q25.1 AR Encephalopathy

SARS2 612804 seryl-tRNA synthetase 19q13.2 AR Hyperuricemia, pulmonary hypertension, 
renal failure

TARS2 612805 Threonyl--tRNA 
synthetase

1q21.2 AR Encephalomyopathy

TSFM 604723 Mitochondrial 
translation elongation

12q13-q14 AR Encephalomyopathy, hypertrophic 
cardiomyopathy

TUFM 602389 Mitochondrial 
translation elongation

16p11.2 AR Leukodystrophy with micropolygyria

TRMT5 611023 Mitochondrial tRNA 
methylation

14q23.1 AR Cardiomyopathy/exercise intolerance

TRMT10C 615423 tRNA 
methyltransferase

3q12.3 AR Hypotonia, feeding difficulties, deafness

TRMU 610230 Mitochondrial 
translation

22q13.31 AR Liver failure, deafness

VARS2 612802 Valyl-tRNA synthetase 6p21.33 AR Encephalomyopathy

YARS2 610957 yrosyl-tRNA synthetase 12p11.21 AR Myopathy, lactic acidosis, and sideroblastic 
anemia-2

Iron 
homeostasis

ABCB7 301310 Iron transport Xq13.1-q13.3 X-linked X-linked sideroblastic anemia with ataxia

BOLA3 613183 Iron-sulfur cluster 
biosynthesis

2p13.1 AR Encephalomyopathy, cardiomyopathy

FDXL1 614585 Iron-sulfur cluster 
biosynthesis

19p13.2 AR Myopathy, lactic acidosis

FRDA (FXN) 606829 Frataxin trinuc.* repeat, 9q13 AR Friedreich ataxia, neuropathy, 
cardiomyopathy, diabetes

GLRX5 205950 Iron-sulfur cluster 
biosynthesis

3p22.1 AR Sideroblastic anemia

IBA57 615316 Iron-sulfur cluster 
biosynthesis

1q42.13 AR Myopathy, encephalopathy

ISCA2 615317 Iron-sulfur cluster 
biosynthesis

14q24.3 AR Leukodystrophy

ISCU 255125 Iron-sulfur cluster 
biosynthesis

12q23.3 AR Myopathy, lactic acidosis, exercise 
intolerance

LYRM4 613311 Iron-sulfur cluster 
biosynthesis

6p25.1 AR Lactic acidosis, Failure to thrive

LYRM7 615831 Iron-sulfur cluster 
biosynthesis

5q23.3-q31.1 AR Encephalopathy, lactic acidosis

NFU1 608100 Iron-sulfur cluster 
biosynthesis

2p13.3 AR Lactic acidosis, multiple respiratory chain 
deficiency

Coenzyme 
Q10 
biogenesis

APTX 606350 CoQ10 deficiency 9p13.3 AR Cerebellar ataxia, Oculomotor apraxia

CABC1 606980 CoQ10 deficiency 1q42.2 AR Cerebellar ataxia, lactic acidosis

COQ2 609825 CoQ10 deficiency 4q21-q22 AR Encephalomyopathy, nephropathy

COQ4 612898 CoQ10 deficiency 9q34.13 AR Encephalomyopathy, mental retardation

COQ5 616359 CoQ10 deficiency 12q24.31 AR Encephalomyopathy, cerebellar ataxia

COQ6 614647 CoQ10 deficiency 14q24.3 AR Nephrotic syndrome, deafness

COQ7 601683 CoQ10 deficiency 16p12.3 AR Hypotonia, cardiac hypertrophy
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MELAS disease is diagnosed by the presence of mitochondrial myopathy, encephalopathy, lactic acidosis, and 
stroke-like episodes. The m.3243A>G mutation in the MT-TL1 gene encoding tRNALEU(UUR) was identified to 
be the cause of MELAS in 1990. This mutation causes translational defects of the OXPHOS protein assembly 
and the lack of complex I (CI), which leads to an accumulation of nicotinamide adenine dinucleotide 
(NAD)+ hydrogen (H) (NADH), increased glycolysis, oxidative stress, and reduced ATP production[25]. 
Similarly, NARP disease is also associated with energy production due to a mutation in the ATP6 gene 
(m.9176 T>G)[26]. This mutation leads to a heterogeneous and complex disease manifestation, from having 
adult-onset NARP to fatal infantile subacute necrotizing encephalomyopathy[27]. A study performed by 
Mordel and colleagues showed that a novel and pathogenic 2-bp microdeletion (m9127-9128 del AT) in the 
ATP6 gene caused NARP[28]. This heteroplasmy mutation was highly abundant in the muscle (82%), followed 
by fibroblasts (50%) and blood (10-20%). Functional studies showed that oligomycin-sensitive ATPase 
hydrolytic activity was reduced at 60%, and ATP synthesis was decreased at 40%[28].  

The most common mitochondrial disease in children is Leigh syndrome, with a prevalence of 1:40,000[29]. The 
diagnosis is based on neuroimaging and characterized by symmetrical lesions in the basal ganglia, thalamus, 
and brain stem. Patients with Leigh syndrome usually present with loss of acquired cognitive, visual as well 
as motor skills. Mutations in both mtDNA and nDNA could lead to mitochondrial dysfunctions in different 
aspects. For example, mutations in NDUFS2 and SURF1 (structural subunits and assembly factors), PHHA1 
(Kreb’s cycle components), MTFMT (mitochondrial protein translation), and ECHSI (valine metabolism), 
are all reported to be associated with Leigh syndrome[30]. Another similar disease is MERRF, which affects 
1 in 400,000 individuals and involves the nervous and skeletal muscle systems. MERRF is characterized by 
myoclonus epilepsy, ataxia, seizures, and myopathy symptoms. The most common mutation is the mtDNA 
tRNALys A8344G, which accounts for about 80%-90% of all MERRF cases[31]. Another common mutation, 
causing LHON disease, occurs 1 in 31,000-50,000 people. Clinically, it is characterized by bilateral loss of 
central vision and some other abnormalities such as movement disorders, dystonia, or multiple sclerosis-
like symptoms. Mutations in the NADH dehydrogenase account for 90% of all LHON cases, and the most 
common mutations are m.11778G>A (ND4), m.14484T>C (ND6) and m.3460G>A (ND1)[32,33]. LHON 
disease can lead to blindness due to the loss of retinal ganglion cells from the mtDNA mutations affecting 
the respiratory complex I (CI) subunits, such as m.3460G>A, m.11778G > A and m.14484 T>C. There is also a 
rare mutation such as m.13094T>C reported in LHON disease[34]. 

COQ9 612837 CoQ10 deficiency 16q13 AR Neonatal lactic acidosis, seizures, 
cardiomyopathy

PDSS1 607429 CoQ10 deficiency 10p12.1 AR Deafness, valvulopathy, mental retardation

PDSS2 610564 CoQ10 deficiency 6q21 AR LS, nephrotic syndrome

Chaperone 
function

HSPD1 118190 Mitochondrial 
chaperone

2q33.1 AR Spastic paraplegia, leukodystrophy

SPG7 607259 Paraplegin ATPase 
protease

16q24.3 AR Spastic paraplegia

Mitochondrial 
integrity

DLP1 603850 Mitochondrial and 
peroxisomal fission

12p11.21 AD Microcephaly, abnormal brain 
development, optic atrophy, lactic acidosis

G4.5 (Tafazzin) 302060 Cardiolipin defect Xq28 X-linked Barth syndrome, X-linked dilated 
cardiomyopathy

RMRP 250250 RNAse Mitochondrial 
RNA processing

9p13-p12 AR Metaphyseal chondrodysplasia or 
cartilage-hair hypoplasia

Mitochondrial 
metabolism

ATAD3 617183 Mitochondrial 
dynamics

1p36.33 AR/AD Neurodevelopmental disorder, 
pontocerebellar hypoplasia, 
encephalopathy

ETHE1 602473 Ethylmalonic acid 
metabolism

19q13 AR Encephalopathy, ethylmalonic aciduria

PDHA1 308930 Pyruvate 
dehydrogenase E1-a 
subunit

Xp22.2-p22.1 X-linked LS

PUS1 600462 Pseudouridine synthase 12q24.33 AR Myopathy, lactic acidosis, and sideroblastic 
anemia

AR: autosomal recessive; AD: autosomal dominant; LS: Leigh syndrome; FP: flavoprotein; HP: hydrophobic; IP: iron-protein; MNGIE: 
mitochondrial neurogastrointestinal encephalopathy; PEO: progressive external ophthalmoplegia
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Another PMD with eye disorder is the Kern-Sayre syndrome (KSS), which is characterized by a progressive 
external ophthalmoplegia, a condition that causes eye muscle paralysis. The patients may also have other 
symptoms such as cardiac conduction defect, ataxia, and abnormalities in protein levels of the cerebrospinal 
fluid. The disease affects 1-3 in 100,000 individuals, and most KSS cases are due to mtDNA mutations. Some 
of the mutations that have been identified in KSS are the deletion of 3,236 bp of mitochondrial chromosome 
from 10,170[35], mtDNA duplication[36], a mtDNA point mutation in the MTTL2 gene[37], and a large mtDNA 
deletion[38]. Mitochondrial neurogastrointestinal encephalopathy (MNGIE) disease affects several parts of the 
body, mostly the digestive and nervous systems[39]. It is caused by a mutation in the thymidine phosphorylase 
gene (TYMP) that leads to decreased enzyme activity and increased thymidine levels[40]. MNGIE is a 
progressive multi-system disorder with various symptoms, including dysphagia, gastroesophageal reflux 
disease, gastroparesis, intestinal pseudo-obstruction, muscle weakness, ptosis, and ophthalmoparesis. 
This condition affects intra-mitochondrial nucleoside levels leading to mtDNA depletion and secondary 
mtDNA mutations[41]. Mutations in the POLG and RRM2B genes have also been described in MNGIE-type 
phenotypes[42,43]. 

Another PMD is Alpers disease, which is a childhood progressive neurological disorder that affects 1 in 
100,000 individuals. The clinical characteristics of Alpers disease include recurrent seizures, mental loss, 
movement disabilities, and liver disease with clinical symptoms of spasticity, seizures, and dementia. 
POLG gene mutations occur in 13% of Alpers cases, resulting in reduced DNA replication, mtDNA depletion, 
and subsequently reduced ATP production[44]. mtDNA depletion syndrome (MDDS) is an autosomal 
recessive disease that is characterized by severe depletion of mtDNA in tissues. MDDS disease is clinically 
heterogeneous, in which affected tissues can be in a single organ or multiple organs, including liver, brain, 
kidney, and muscles. The known cause of MDDS is due to mutations in nuclear genes (nDNA) that affect 
mtDNA maintenance [Table 2]. The known genes are those that encode thymidine kinase 2 (TK2), guanosine 
diphosphate (GDP)-forming succinyl CoA ligase alpha subunit (SUCLG1), adenosine diphosphate (ADP)-
forming succinyl CoA ligase beta subunit (SUCLA2), RRM2B, TYMP and deoxyguanosine kinase (DGUOK). 
All of these genes are responsible for maintaining the mitochondrial dNTP pools during mtDNA synthesis[45]. 
In some cases, mutations in POLG and Twinkle (TWNK) that are involved in mtDNA replication will also 
result in insufficient mtDNA synthesis[45,46]. Similar to MDDS, ataxia neuropathy spectrum (ANS) is also due 
to mutations in nuclear genes (nDNA), namely POLG and TWNK genes. Patients with ANS typically have 
symptoms involving nerve, brain, and muscle dysfunctions. Currently, patients with mitochondrial recessive 
ataxia syndrome (MIRAS) and sensory ataxia neuropathy dysarthria and ophthalmoplegia (SANDO) are 
considered having ANS. Mutations in POLG are often inherited via an autosomal recessive pattern, whereas 
mutations in TWNK are often inherited in an autosomal dominant pattern[47].

Secondary mitochondrial diseases
Secondary mitochondrial diseases (SMD) constitute a group of complex disease manifestations that can 
be caused by genetic as well as environmental factors. From a genetic point of view, SMD could be due to 
pathogenic mutations in other genes that are not related to OXPHOS components, but these mutations 
disrupt mitochondrial function. Also, adverse environmental effects or other factors such as oxidative 
stress, aging, drug mitotoxicity, and inflammation are some of the processes that could alter mitochondrial 
functions. If PMD is inherited, then SMD could be inherited and acquired. Typically, SMD occur after 
conception, which could result in dysfunction in mitochondrial ATP and also non-ATP (mitochondrial 
fission and fusion) producing capabilities. Mitochondria are highly dynamic organelles and undergo 
mitochondrial fission and fusion processes regularly[119]. Fission is a process of making short, rod- or sphere-
shaped mitochondria controlled by DRP1, which is a large GTPase of the dynamin superfamily[119]. In 
contrast, fusion leads to the formation of long and filamentous mitochondria, involving MFN1, MFN2, and 
OPA1[119]. In normal conditions, mitochondrial dynamics are well-maintained; however, oxidative stress 
(intra- and extracellular stresses) could disrupt this balance, generating fragmented mitochondria. 
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Mitochondrial dynamics maintenance is important to preserve mitochondrial shapes, as well as its 
functions, inheritance, quality control, and cellular apoptosis[119]. Inefficient mitochondrial dynamics could 
lead to multifactorial diseases, including diabetes, cancer, and kidney and neurodegenerative diseases[120]. 
Distinguishing whether mitochondrial dysfunction is inherited or acquired is extremely challenging and 
still poorly understood[121]. Also, PMD and SMD can have overlapping phenotypes or symptoms; moreover, 
some patients may not have all the components of mitochondrial disease criteria (MDC). Currently, MDC 
is used to differentiate between PMD and SMD[122]. MDC uses several criteria, including energy production, 
biochemical, clinical, tissue, and molecular characterizations. However, there are no universal guidelines to 
diagnose mitochondrial diseases worldwide. Advances in NGS may assist in the diagnosis of PMD or SMD 
accurately[123]. Comprehensive molecular profiling could determine which genes and pathways are related to 
PMD and SMD, thereby improving the diagnosis of PMD or SMD. 

Mitochondria and diabetes
Energy production through OXPHOS process in the mitochondria may also lead to oxidative stress 
conditions by increasing ROS formation in the cells. ROS may activate pro-inflammatory pathways, reduce 
nitric oxide bioavailability, and could further induce diabetic endothelial dysfunction, subsequently leading 
to the development of diabetes and diabetic kidney disease (DKD)[124]. Diabetes is an endocrine disorder due 
to multiple factors, including genetics, impaired insulin action, obesity, inflammation, impaired autophagy, 
increased oxidative stress, and mitochondrial dysfunction[124]. The relationship of diabetes with oxidative 
stress and mitochondrial dysfunction can partially be explained by the damage-associated molecular pattern 
(DAMPs) that could initiate inflammatory response via various pathways such as T signaling pathways by 
interacting with (1) Toll-like receptors (TLRs), (2) nucleotide-binding oligomerization domain (NOD)-like 
receptor family pyrin domain containing 3 (NLRP3) inflammasome, and (3) cytosolic cyclic GMP-AMP 
synthase (cGAS)-stimulator of interferon genes (STING) DNA-sensing system[120]. Interestingly, Li and 
colleagues have identified that m.15897G>A mutation of tRNAThr, which belongs to the haplogroup D4b1, is 
present in Type 2 diabetes Chinese patients, and this mutation was maternally inherited[125]. The functional 
study of this mutation showed that a decreased efficiency of mitochondrial  tRNAThr  leads to reduced 
efficiency of OXPHOS protein synthesis and assembly and ATP synthesis, and decreased mitochondrial 
membrane potential (MMP)[125]. 

Insulin resistance (IR) is one of the main risk factors for type 2 diabetes, and mitochondrial dysfunction 
is related to IR development. Recent in vivo and ex vivo metabolic studies involving humans and rodents 
showed that mitochondrial dysfunction could lead to ectopic lipid deposition and IR[126]. Pereira and 
colleagues showed that mtDNA could activate the NLRP3 inflammasome, which subsequently causes 
endothelial dysfunction and inflammation in diabetes. Diabetes reduces endothelium-dependent 
vasodilation and escalates vascular ROS generation and caspase-1 and IL-1β activation in streptozotocin 
(STZ)-induced diabetic C57BL/6 mice, but not in those Nlrp3-/-. Deficiency in NLRP3 could prevent 
diabetes-associated vascular inflammatory damage and endothelial dysfunction[127]. Another example of how 
mitochondrial dysfunction is associated with diabetes is via the action of the anti-diabetic drug metformin 
(MF). The protective effect of MF on regulatory networks and integrated stress responses was observed in the 
brain tissue of STZ-induced diabetic mice. STZ-induced diabetic mice treated with MF (20 mg/kg) showed 
a significant decrease in protein carbonylation and oxidation. MF treatment also improved mitochondrial 
function via the increase of the chaperone proteins (HSP60, HSP70, and LonP1)[128]. However, the exact 
mechanisms of how mtDNA causes diabetes are still not fully understood.

Mitochondria and cardiovascular diseases
The role of mtDNA mutations in cardiovascular diseases (CVD) has been discussed extensively[3]. The 
MtDNA control region is important for controlling mtDNA gene expression. Umbria and colleagues studied 
mutations in the mtDNA control region in 154 stroke cases and 211 myocardial infarction (MI) patients[129]. 
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They found that the m.16145 G>A and m.16311 T> C variants could be risk factors for stroke (conditional 
logistic regression, P = 0.038 & P = 0.018, respectively), and that the m.72 T>C and m.73 A>G variants 
may be protective against MI (conditional logistic regression, P = 0.001 & P = 0.009, respectively)[129]. ROS 
molecules are very harmful and may damage macromolecules, such as proteins, lipids and DNA[130]. One 
such mechanism for ROS effects is the accumulation of damage-associated molecular patterns (DAMPs), 
which could activate pathogen recognition receptors (PRRs), triggering chronic inflammation-induced 
oxidative damage[120]. Several pathways associated with DAMPS’ action are the mitochondrial calcium 
handling ROS production, TLRs, NLRP3 inflammasome, cytosolic cyclic GMP-AMP synthase (cGAS)-
stimulator of interferon genes (STING) DNA-sensing system, and nuclear factor kappa B (NF-kB)[120]. 

Another mechanism of how mitochondria could be associated with CVD is via circadian clock regulation[126]. 
Mitochondria are among the organelles that are important in controlling the crosstalk between the circadian 
clock and metabolic pathways, the intestinal microbiota, and the immune system as well. Mitochondria 
regulate circadian rhythmicity through NAD+ production, SIRT1/SIRT3 activation, and mitochondrial 
dynamics[131]. Yang and colleagues suggested that interference of the Clock gene could suppress mitochondrial 
apoptosis pathways by stabilizing mitochondrial membrane potential (MMP) and inhibiting mitochondrial 
membrane permeabilization. These could be due to reduced BAD and BIM proteins that are essential 
for apoptosis, as well as lower expression of mitochondrial apoptosis factors, i.e., AIF, CYCS, APAF-1, 
and SMAC, which suppress the formation of the apoptosome and DNA degradation[132]. The circadian 
clock plays a vital role in transcriptional-translational processes in cellular metabolism and mitochondrial 
activity[133]. Perturbations to circadian rhythm could lead to CVD[134-137], for example, the circadian clock 
genes such as BMAL1 can affect vascular proliferation[138], and CLOCK and ARNTL may be related to MI[139]. 
Zhang and colleagues also showed that the circadian rhythm and clock genes are related to acute coronary 
syndrome (ACS), in which plaque stability was negatively correlated with the expression levels of clock 
genes. The levels of MMP2 and MMP9 were increased in ST-segment elevation myocardial infarction, non-
ST segment elevation myocardial infarction and unstable angina pectoris (UA) compared to the control 
group (P < 0.05)[140]. Also, Wang and colleagues showed that increased mtDNA 8-OHdG could increase the 
odds of having coronary artery disease (CAD) (OR = 1.38), coronary stenosis (OR = 1.29), and higher levels 
of C-reactive protein[141]. Although these findings supported the notion that mitochondrial dysfunction could 
contribute to the development of CVD, the exact mechanism for that association is still unknown.

Mitochondria and cancer
One of the hallmarks of cancer cell development is the metabolic changes known as the “Warburg effect” 
that shows the role of mitochondria in cancer[142,143]. The Warburg effect refers to the situation of cancer 
cells switching their metabolism and energy production from the oxidative phosphorylation (OXPHOS) 
to glycolysis with lactic acid production, despite the presence of oxygen (aerobic glycolysis)[144]. Although 
the glycolysis process produces less energy than OXPHOS, the abundance of the glucose influx in the cells 
can result in more energy production at a faster rate potentially. Initially, the Warburg effect is thought of 
as a result of the mitochondrial defects that inhibit OXPHOS, eventually causing cancer development[144]. 
However, recent findings showed that many cancer cells have functional mitochondria, in which some exhibit 
a high level of OXPHOS activity. Whereas some are more glycolytic but still retain their mitochondrial 
functions[4]. Moreover, the discovery of the oncogenes in cancer explains that this switching of metabolism 
or metabolic re-programming is a complex process and may be due to the activation of oncogenic genes. 

Activation of the oncogenic driver mutations in KRAS, PI3K, AKT, mTOR, and MYC, as well as the loss 
of tumor suppressor expression such as p53, facilitate metabolic switching[145]. One of the most known 
altered pathways is the PI3K/AKT pathway, which can increase glucose uptake and glycolysis in the cells[146]. 
Higher glycolysis leads to more production of pyruvates, which are often converted to acetyl-CoA for ATP 
production and synthesis of other macromolecules such as lipids and amino acids. Mitochondria serve 
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as the only source of the acetyl-CoA conversion from pyruvates via its pyruvate dehydrogenase (PDH) 
complex during the TCA cycle[147]. To transport these acetyl-CoAs to cytoplasm requires an additional step 
of converting acetyl-CoA to citrate by mitochondrial-specific citrate synthase. Transported citrates are then 
converted back to acetyl-CoA via ATP-citrate lyase (ACL) as the resources for lipid and protein synthesis[147]. 
Activated AKT is required for ACL to work, in which AKT phosphorylates ACL for its activation, thus 
producing more acetyl-CoA in the cytoplasm to fulfill the higher needs of cancer cells[148,149]. This AKT/ACL 
interaction is supported by the fact that inhibition of ACL enzyme causes a reduction in cell proliferation 
and tumorigenesis, despite increased glucose uptake[148,149]. Thus, these findings imply that metabolic 
programming via mitochondrial acetyl-CoA and citrate is the main oncogenic action of PI3K/AKT in cancer 
cells.

Another known oncogenic action affecting mitochondrial function is the relationship between the cell 
growth regulators mTOR and hypoxia-inducible factor 1 (HIF-1). mTOR positively influences HIF-1 action 
during hypoxia[150], and HIF-1 is known to increase glycolytic metabolism[151]. Another effect of HIF-1 
is the activation of pyruvate dehydrogenase kinase 1 (PDK1) expression, which inhibits PDH activity in 
mitochondria[152-154]. This suppression of PDH activity limits the conversion of pyruvates to acetyl-CoA 
and shifts the conversion of pyruvates to lactate[152-154]. Similarly, MYC oncogenic action is through the 
mitochondria, in which MYC promotes mitochondrial glutamine metabolism by increasing the expression of 
glutaminase (GLS), an enzyme that deamidates glutamine to glutamate. Glutamate is needed for nucleic acid 
and amino acid synthesis, which are vital for cancer cell proliferation. Supporting these findings, cancer cells  
that express oncogenic MYC, cause growth suppression[155] and prevent the Rho GTPase-induced cancer cell 
transformation and proliferation[156].

Loss of tumor suppressor expression, p53 for example, can also contribute to mitochondrial energy switching. 
In healthy cells, p53 suppresses the expression of glucose transporters (GLUT1 and GLUT4) as a mechanism 
to control glucose uptake by cells[157,158]. p53 protein also suppresses the expression of lactate transporter, 
monocarboxylic acid transporter 1 (MCT1), to inhibit cellular lactate export, and thus controlling the tumor 
microenvironment[159]. p53 also controls the rate of glycolysis by activating the expression of TP53-induced 
glycolysis and apoptosis regulator enzyme (TIGAR)[160] and reducing the expression of the glycolytic enzyme 
phosphoglycerate mutase (PGM)[161]. Loss of p53 expression causes a reduction of OXPHOS activity with 
evidence of low mitochondrial complex IV activity[162]. In another study, reduced p53 expression decreased 
mitochondrial mass and mtDNA copy numbers[163,164]. Importantly, p53 protein is also responsible for 
inhibiting the oncogenic PI3K/AKT and mTOR pathways[144], thus supporting the notion that the loss of p53 
expression can initiate metabolic switching via mitochondrial dysfunction. 

Mitochondria and neurodegenerative diseases
The most common clinical manifestations of mitochondrial diseases are neurological and neuromuscular 
syndromes[165]. There are two theories that can best explain the role of mitochondria in neurodegenerative 
diseases. First, a decrease in energy production leads to neuronal depolarization that activates the excitatory 
amino acid receptors and impairs intracellular Ca2+ homeostasis. This situation is followed by protease 
activation and cell death, which finally leads to neurodegenerative diseases[166]. Second is that mitochondria 
are the source of ROS via the OXPHOS process, particularly from complex I and III of the ETC. Leakage of 
electrons from complex I and III produce mitochondrial superoxide, which could cause further damage to 
macromolecules such as proteins, lipids, and DNA, subsequently leading to a reduced ability of mitochondria 
to perform their functions. ROS could also activate the apoptosis process via the mitochondrial apoptotic 
pathway by releasing cytochrome C (Cyto-C) from mitochondria to the cytosol. Pro-apoptotic signals such 
as Bcl-2 family proteins (Bax and Bak) are translocated into the mitochondria leading to mitochondrial 
transmembrane permeabilization (MMP)[167]. Active Bax and Bak are inserted into the outer mitochondrial 
membrane (OMM), resulting in increased MMP[168]. Subsequently, molecules such as Cyto-C, AIF, Smac/
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DIABLO (second mitochondria-derived activator of caspase/direct inhibitor of apoptosis protein-binding 
protein with low pI) and Omi/HrtA2 are released into the cytoplasm[169-172]. The formation of the caspase-
activating complex or apoptosome composed of Cyto-C, Apaf-1, dATP and procaspase-9, thereby induce the 
activation of the effector caspases required for apoptosis[173].

Oxidative stress and mitochondrial dysfunction are associated with several neurodegenerative diseases 
such as Alzheimer’s, Parkinson’s, Friedreich ataxia, and amyotrophic lateral sclerosis (ALS)[174]. The first 
mtDNA disease was identified in 1988 in a patient with LHON, which is caused by mutations in genes 
encoding OXPHOS subunit I, III, IV, and V[71]. MTND4*LHON11778 is the most common cause of LHON, 
representing about 40%-60% of all LHON cases[71]. SOD1 gene mutations cause ALS with increased cellular 
oxidative stress[175]. SOD1 gene encodes SOD1 protein, which acts as an antioxidant defense mechanism 
for ROS detoxification. Mitochondrial dysfunction such as defective OXPHOS complexes, changes in 
mitochondrial membrane potential (MMP), high level of oxidative stress, and decreased mitophagy 
have been associated with idiopathic Parkinson’s disease (PD)[176]. Antony and colleagues showed that 
mitochondria of idiopathic PD undergo morphological changes and increased resistance to depolarization. 
The basal mitochondrial membrane potential (Ψm) of a skin biopsy from an idiopathic PD patient was 
higher compared to healthy control. The mitochondrial morphology parameters such as node degree, mean 
volume, skeleton size, perimeter, form factor, node count, erosion body count, endpoints, and mitochondria 
count were reduced in idiopathic PD compared to control[177]. Previously, research on the pathogenesis of 
PD has been focusing on oxidative stress, mitochondrial bioenergetics defects, and apoptosis mechanisms. 
Currently, it has been postulated that the crosstalk dysregulation between mitochondria and endoplasmic 
reticulum, as well as lysosome, may lead to mitochondrial dysfunction, including a bioenergetics defect, 
abnormal protein aggregation, and finally neuronal cell death[178]. 

MULTI-OMICS TECHNOLOGIES TO DIAGNOSE MITOCHONDRIAL DISEASE
The main problems in diagnosing mitochondrial disease are the heterogeneity of the individuals in their 
clinical presentation and the incomplete understanding of the disease pathophysiology[1,179]. Advances in 
molecular technologies, particularly the high-throughput omics that can characterize and identify many 
targets in a single run[180], have enabled a more in-depth and accurate diagnosis of mitochondrial diseases 
and their causes. This section intends to summarize the roles of these omic technologies in mitochondrial 
disease diagnosis.

Genomics
Genomics research for mitochondrial diseases started about 30 years ago when a report of the small 
sequence of the mitochondrial genome was published[12,13]. Afterwards, various findings of the novel mtDNA 
mutations associated with diseases were reported, including the early discoveries of mtDNA mutations in 
ragged-red fiber myopathies[181] and LHON[71]. During this time, it was clear that the mtDNA mutations were 
not solely the main culprit, but that other nuclear DNA mutations may play a role in the disease, as in some 
patients, the lack of mtDNA mutations were observed[182]. This situation was evident in OXPHOS deficiency 
when a report of the succinate dehydrogenase-complex flavoprotein subunit A (SDHA) mutations in Leigh 
syndrome (a disease caused by the deficiency of oxidative phosphorylation complex proteins) was published, 
in which the SDHA gene mutations resulted in the deficiency of complex II protein in the patient[183]. Thus, 
identification of mtDNA mutations and any related gene mutations is important for unraveling the disease-
causing or underlying cause of the mitochondrial disease. 

In the early days, there was a limitation in detecting the mutations, as most of the disease-causing mutations 
were identified using the single candidate gene sequencing techniques, and these methods were time- 
and resource-consuming[184]. The most popular methods were Sanger sequencing and Affymetrix’s DNA 
re-sequencing MitoChip[184]. To address the issue with heteroplasmy, several other methods were also 
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developed, including PCR-RFLP analysis[50], allele-specific oligonucleotide dot-blot analysis[185], real-time 
amplification refractory mutation system quantitative PCR[186], and pyrosequencing technique[187]. However, 
these applications could only detect a single or a few candidate mutations. 

The emergence of NGS technologies has rapidly reduced the cost and time spent with a substantial 
improvement in the detection ability that allows for a wide-scale detection of genome changes[180,184]. The 
introduction of whole-exome sequencing (WES) and whole-genome sequencing (WGS) technologies 
increased the mutational detection rate in mitochondrial disease diagnosis. This effect was evidenced by the 
percentage of disease-causing mutations identified during the pre-NGS era (10%-20%) compared to after 
NGS era (30%-50% in some cohorts)[188-190]. Typically, there are two workflows for the detection of mtDNA 
mutations[184,191]: (1) direct analysis (detection of mtDNA sequence from samples that are enriched with 
mtDNA apart from the cellular DNA; and (2) indirect analysis (the mtDNA mutations are obtained as by-
products of the high-throughput sequencing reads).

Direct detection of mtDNA is usually done by adding a technique to purify or isolate the mitochondria 
before the NGS workflow[184,191], such as ultracentrifugation (a density gradients isolation) or the biochemical 
or mechanical isolation of the organelles. Another approach is to use specific probes or primers to isolate 
mtDNA, such as in microarray hybridization and PCR-based enrichment methods[184,192,193]. However, it is 
important to note that using a primer-based method often results in large overlapping regions, and these 
regions must be removed before the variant calling analysis. The main advantage of this direct method 
is the elimination of the DNA regions homologous with mtDNA sequences or those known as nuclear 
mitochondrial DNAs (NUMTs), which exist in various sizes as clones of genuine mtDNA and can be specific 
to some populations[194]. Therefore, the findings from the direct mtDNA analysis are usually more reliable. 

A typical workflow for the indirect mtDNA analysis is through the by-product annotation of the sequencing 
reads from the WES and WGS. From these WES or WGS sequencing reads, the annotation process also 
includes a step to map the reads to the mitochondrial genome. Since the average coverage of this mtDNA 
fraction sequence is higher than the normally targeted gene regions due to the high copy number of 
mtDNA per cells, the mapping results in good quality data[195]. Because of this high-quality data and the 
cost-effectiveness of the NGS technologies, the indirect mtDNA analysis has become a favorite tool for 
mitochondrial disease diagnosis, due to a simple workflow. However, this indirect mtDNA technique has 
one problem with false-positive results due to NUMTs[184,191]. The inability to confirm whether the mtDNA 
reads from the WES or WGS sequences are from the nuclear or mitochondrial genome can cause ambiguity 
of the findings. The simple method to eliminate this issue is to align the raw reads first to the mitochondrial 
genome and filter the non-aligned sequences, though some NUMTs do exist in the mtDNA genome 
database; thus, false heteroplasmy can be introduced[184,191]. New software such as MitoSeek can help to 
address this issue, where this program can extract the mtDNA mutation and heteroplasmy information from 
WES data[196]. Furthermore, the existence of the databases such as MSeqDR[197], MITOMAP[198], HmtVar[199], 
HmtDB 2016[200], Leigh Map[201] and others provide the comprehensive mutation-phenotype relationships 
to allow the interpretation of the WES and WGS analyses and thereby unravel any novel mutations in the 
patients. The mitochondrial disease-specific detection kits or panels are already on the market to improve 
diagnosis[202-205]. By combining the databases and NGS technologies, there is a continuous discovery of many 
mutations responsible for various mitochondrial diseases. 

TRANSCRIPTOMICS
Although genomic NGS techniques are powerful enough to diagnose mitochondrial diseases, the rate of 
detection for disease-causing mutations are only 25%-50% of cases[180,184,192]. To improve this detection rate, an 
approach to employ the whole transcriptome sequencing technologies such as the RNA-seq by prioritizing 
the candidate genes (i.e., those genes that are involved in the oxidative phosphorylation pathways, etc.) to 
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complement the DNA sequencing, can unravel hidden or deep intronic mutations which usually are missed 
from interpretation og WES and WGS data[206]. An example of this RNA-seq approach was in the primary 
muscle samples of the genetic myopathy patients, in which the RNA-seq was able to identify disease-causing 
mutations in 21% of cases[207]. It is important to note that the DNA sequencing technique was unable to 
detect the mutations in these patients[207]. However, the challenges of using RNA-seq are attributed to the 
transcriptomic profiling issues, such as the batch effects, and the requirement of robust filtering pipelines to 
confirm the results[180]. Nevertheless, the fact remains that the RNA-seq technique can detect mutations in 
the patients who are not detected from WES and WGS sequencing.

PROTEOMICS
mtDNA encodes 13 proteins, including the mitochondrial respiratory chain proteins, ribosomal RNAs 
and transfer RNAs. The remaining mitochondrial proteins, which include the TCA cycle components, 
β-oxidation, protein transports, and the other respiratory chain subunits, are from nuclear DNA[208]. 
Therefore, to characterize the proteome profile of mitochondrial diseases can be very challenging. Up until 
now, the number of the mammalian mitochondrial proteins discovered is about 1,100 to 1,900, based on 
the classifications in each database[209-213]. One of the earliest databases for the mitochondrial proteome 
is MITOP, which was released in 1999[210] and followed by the first comprehensive human mitochondrial 
proteome database, the MitoProteome Project[211]. Currently, MitoProteome contains about 1,705 genes and 
3,625 proteins that are associated with mitochondria[211]. After that, various databases with their analysis 
tools have been released, including the MitoP2[212], MitoMiner[213], and MitoCarta[209] databases.  

An example of the mitochondrial dysfunction study using the proteome analysis is the identification 
of C17orf89 (NDUFAF8) mutation in Leigh syndrome, in which mass spectrometry (MS) crosslinking 
interactome analysis was able to show C17orf89/NDUFAF8 as a new candidate for the unresolved cases 
of isolated complex I deficiency[214]. Another study of proteome profiling of the mitochondrial ribosomes 
revealed that in the small ribosomal subunit, MRPS34 mutations were responsible for the destabilization of 
the subunit and impaired monosome assembly in the fibroblasts of Leigh syndrome patients[215]. Importantly, 
the findings[215] were after WES sequencing in those patients, indicating that proteome profiling could also 
complement WES sequencing to improve the diagnostic detection of mitochondrial disease. 

METABOLOMICS
Due to limited publications, the potential of metabolomics tools to diagnose mitochondrial disease is 
uncertain. Lactate and pyruvate have been used as biomarkers for mitochondrial dysfunction, though these 
biomarkers have low sensitivity and specificity[216]. One example is that the lactate stress test was used in the 
diagnosis of mitochondrial myopathy. However, the sensitivity of the lactate stress test was 69%, but it can 
complement the other clinical tests to confirm the diagnosis[217,218]. Advances in technologies allows for the 
application of mass spectrometry-based metabolomics to profile thousands of small metabolites[180]. In a 
study of the specific subgroup of the Leigh syndrome patients with mutations in the LRPPRC gene, analysis 
of the blood and urine metabolites revealed that there were 45 distinct metabolites, including ketones, 
lipids, kynurenine, lactate, and pyruvates[219]. These findings were important in highlighting the role of 
metabolomics in unraveling the physiology of mitochondrial disease. However, whether these 45 signature 
metabolites are specific to the subgroup of Leigh syndrome or applicable to all forms of mitochondrial 
diseases is unknown. Therefore, further works are needed to confirm these findings, especially in a large 
cohort, to establish the relationship and diagnostic capacity of the metabolomic approach in mitochondrial 
disease. 

FUNCTIONAL GENOMICS
Following the WES or WGS analysis, the presence of the rare variants or variants of unknown clinical 
significance (VUS) is challenging to interpret for definitive mitochondrial disease diagnosis[220]. Functional 
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genomics is an area of research of using multiple molecular data to interpret or understanding the impact 
of a DNA sequence variant on complex biological processes in a cell. Typically, functional genomic utilizes 
high-throughput data of multiple omics from a single patient or a disease, to evaluate the impact of these 
genetic variants in transcription and protein translation[220,221]. After that, the validation of these variants is 
achieved by the functional cell- and tissue-based assays, along with animal models to establish the genotype-
phenotypes association as evidence for the pathogenicity. 

Typically, the first step of validation is via the confirmation of VUS pathogenicity in the mitochondrial 
OXPHOS system, which can be done via tissue-based assays (e.g., skeletal muscle biopsy) or cell-based assays 
(e.g., primary fibroblast culture)[222]. An example is the study of genetic myopathy patients, in which the 
RNA-seq approach in the primary muscle samples was used to complement the DNA sequencing technology 
to improve the identification of disease-causing mutations[207]. Importantly, in this study[207], the pathogenicity 
of these two splice site VUS were confirmed by analyzing the results with the tissue expression database 
(Genotype-Tissue Expression (GTEx) Consortium[223]). They found that these splice site VUS are observable 
in the muscles but have very little presence in the cultured dermal fibroblasts[207], thus indicating that a 
correct sampling tissue type does matter to discover the relevant genetic defects. Since the GTEx database 
is freely accessible online, for any mitochondrial study that lacked the tissue biopsy samples, a comparative 
analysis via the proxy tissue sample data could further refine the findings. The confirmation of the protein 
product expression and changes in the tissue and primary cells, via the biochemical assays and protein assays 
such as SDS-PAGE or BN-PAGE, are also used to complement the DNA sequencing analysis[222].

Once the pathogenicity is confirmed, most studies performed the additional assays to discover the disease 
mechanism or molecular effects of the VUS in cell lines or animal models[222]. In most cases, the selected 
genetic variant is introduced into a cell or animal model via the cell-directed mutagenesis or CRISPR-Cas9 
(clustered regularly interspaced short palindromic repeats) technology[220,221]. In a study of patients with 
mitochondrial respiratory chain complex deficiencies, the comprehensive analyses of genetic screening and 
fibroblast biochemical analysis together with functional cell line assays were able to identify multiple three 
novel causative variants, in which all of them were pathogenic based on functional cell-based investigation 
assays[189]. This comprehensive evidence for the pathogenicity of the genetic variants is important to elucidate 
the disease mechanism. Thus, most disease-specific genomic databases will have reported evidence of 
pathogenicity to support the clinical significance of the variants found.

IMAGING TECHNOLOGIES
Another strategy is to complement the NGS data with magnetic resonance imaging (MRI) of the brain 
or muscles to confirm the changes in the proteins and structures[224]. Most mitochondrial diseases are 
heterogeneous in clinical presentation and symptoms, which are often mixed between diseases. Since many 
of the patients exhibit neurological symptoms, the application of MRI can detect these changes. One example 
is to use magnetic resonance spectroscopy (MRS) to evaluate brain chemistry for the detection of metabolic 
and oxidative defects[224]. MRS is a non-invasive in vivo brain imaging to detect biochemical metabolites 
such as N-acetyl aspartate (NAA), lactate, choline, creatine, and myoinositol[224]. Increased lactate levels are 
a common feature in mitochondrial disease patients, and such lactate elevation has been observed in the 
brain[225-227], and muscle[228] of patients. However, the findings in the brain are more consistent compared to 
the muscle[224]. Furthermore, this lactate elevation was evident in the early stage before any abnormalities 
or lesion could be detected in the brain of the mitochondrial disease animal model[229], indicating the 
usefulness of this MRS technique to improve the diagnosis. Interestingly, the phenotypic changes at the brain 
structures can complement the genetic screening analysis. In Leigh syndrome, the MRI scans of patients with 
confirmed SURF1 and COX mutations (nuclear mutations) have T2-abnormalities in the brainstem nuclei, 
whereas the caudate and putamen lesions are seen in patients with mtDNA mutations[230-232]. These findings 
suggest that MRI scans can confirm the genotype-phenotype changes occurring in mitochondrial disease 
and thereby improve diagnostic yield.
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CHALLENGES IN DIAGNOSING MITOCHONDRIAL DISEASES
Even though quite significant publications of disease-causing mutations are available, challenges remain on 
how to improve the diagnosis of these mitochondrial diseases in clinical settings, as the rate of detection 
for disease-causing mutations is only 25%-50% of cases[180,184,192]. Most of the diagnosis approaches are using 
the NGS technologies, in which the first step is to use the WES approach, followed by a muscle biopsy if 
more confirmation is needed for the pathogenicity[180]. Various reasons can explain the failure to detect 
mtDNA mutations in some patients, such as the existence of the difficult-to-detect mutations, including the 
recurrent de novo mutations[233], splice site defects, mutations in deep intronic or repeated sequences, and 
others[180,184,192]. One way to address such limitation is to use trio sequencing of parents and child to allow 
for accurate detections of these difficult-to-detect mutations, as used by the Deciphering Developmental 
Disorders Project[234], and the Genomics England 100,000 Genomes (100K) Project[235]. 

With the problems of heteroplasmic mtDNA mutations, many recommend that sequencing of muscle DNA 
is needed to complement the WES findings, especially with the low mutant load. Since most patients with 
mitochondrial diseases are usually carrying a mixture of wild-type and mutated mtDNA (heteroplasmic), 
their clinical manifestations of the disease also depend on the ratio of the mutated to wild-type mtDNA[236]. 
Some of these low-frequency heteroplasmy variants can turn into deleterious high heteroplasmy variants[237], 
and could thereby further complicate the diagnosis. Integrated analysis of the omics can also help to improve 
the diagnosis, as multiple omic findings could verify the accuracy of the results. An example is a cohort study 
of adult mitochondrial disease patients with the mtDNA mutation m.3243 A à G, in which the combined 
analysis of proteomics and metabolomics of their urine samples showed very distinct alterations in lysosomal 
proteins, calcium-binding proteins, and antioxidant defenses[238]. Importantly, these changes were evident 
in the asymptomatic carriers of m.3243A>G[238], therefore suggesting the plausibility of a new and early 
screening strategy of this type of mutation in the patients and their families. 

Another issue is the presence of the NUMTs that could interfere with WES or WGS data interpretation 
and analysis[194]. The indirect method using the WES/WGS data to identify the mitochondrial mutations 
is a favorable approach due to its cost-effectiveness and high reproducibility. However, the presence of the 
NUMTs gives some ambiguity to the results[184,191]. Thus, some studies have opted for an addition of the 
mitochondrial isolation step in the workflow before RNA extraction and sequencing steps to eliminate 
the NUMTs. However, the resources used are enormous and labor-intensive[191]. Similarly, the proteomic 
approach for the mitochondrial study also faces the challenges of getting pure mitochondrial proteins[208]. 
To enrich these mitochondria, many methods have been developed, including the mechanical or chemical 
disruption method, the differential centrifugation method, and recently introduced magnetic device 
method[239-241]. However, mitochondrial proteins have dynamic ranges; thus, the samples usually undergo 
fractionation to reduce their complexity before the analysis[208], which could increase the cost and time 
spent for each additional procedure. Most studies use sodium dodecyl sulfate (SDS) polyacrylamide gel 
electrophoresis (PAGE), and gel slicing to separate the proteins, followed by high-performance LC-MS 
analysis[208,239,242-244]. Despite the vast potential of these proteomic applications to diagnose mitochondrial 
disease, the problems lie within the diversity and tissue-specific expression of these mitochondrial proteins. 
Currently, only indirect measurements are available to detect them[208]. Moreover, the lack of methods to 
differentiate between the mitochondrial and cytoplasmic functions of these proteins[208] also contribute to 
the problems. In addition, there are also the issues of technical expertise to use the proteome interactome 
analysis tools, and the expensive cost to run the comprehensive proteome profiling[208]. Therefore, innovative 
approaches and advancement of the proteomic applications in the future are needed to solve these issues, 
and hopefully to increase the potential of these proteomic applications in diagnosing mitochondrial diseases. 

Another improvement for the diagnosis of mitochondrial disease using the genetic data is to perform 
periodic reanalysis of WES/WGS data of the patients, using various or newly improved bioinformatic 
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pipelines, until the phenotypes changes[245]. In disease with heterogenous genetic and phenotypes involved, 
the diagnostic yield of using the WES or WGS data ranges from 15% to 50% depending on the options 
used during the inclusion, selection, and stringency criteria of the analysis. The results also depend on the 
status of the knowledge and genetic databases on the time of sampling, as this research area is continually 
expanding[245,246]. Previous studies showed a significant improvement in the diagnostic yield if the patient’s 
genomic data is re-analyzed again with an improved bioinformatics pipeline[247,248]. Therefore, a periodic re-
analysis of the WES or WSG data in one or two years will improve the identification of the disease-causing 
mutations. 

The most important issue is the plausibility and effectiveness of these applications for routine diagnostics of 
mitochondrial disease. To run all these high-throughput technologies needs high expertise and advanced 
machine, which are simply not possible for most of the community clinics. Until there is some development 
on the cutting-edge technologies to deliver the same comprehensive results as the NGS, but with a far less 
expensive machine, this issue remains a challenge. Another associated problem is the clinical interpretation 
of the variants or mutations of unknown significant found from the WES or WGS, which can be confusing 
to the clinicians even with a genetic counseling background. Thus, the existence of the Clinical Genome 
Resource[249] and ClinVar[250] online databases help in terms of the interpretation of the genomic variants for 
the clinicians, which are based on the functional characterization of those variants in various disease models. 
Despite these challenges, NGS tools are already being used to diagnose mitochondrial diseases in many 
laboratories, as the potential for screening and diagnosis outweigh the downsides of these applications. 

MITOCHONDRIAL DNA GENETIC TESTING AVAILABLE ON THE MARKET
Several genetic testing approaches are available on the market nowadays. Here, we discuss the availability 
of genetic testing for mitochondrial diseases. Centogene is one of the rare disease companies that offer 
testing for 6,500 genes, which is facilitated by highly innovative analytical platforms based on genomics, 
proteomics, and metabolomics (https://www.centogene.com). Another company, GeneDX, founded in 
2000 by two researchers from the National Institute of Health (NIH), USA, was known as a world genomic 
leader due to their expertise in a rare and ultra-rare genetic disorder analysis. They offer services for the 
identification of 20,000 genes and hundreds of rare diseases. Also, they offer the chromosomal abnormalities 
test (https://www.genedx.com). Family Tree DNA is based in Houston, Texas. They provide services for 
mitochondrial diseases, for example, the autosomal DNA testing, Y DNA testing, and mtDNA testing (http://
www.familytreedna.com). Genebase is one of the established direct-to-consumer (DTC) personal genomics 
company founded in 2005 based in Vancouver, Canada. Genebase received the world’s prestigious DNA 
laboratory accreditations, such as the American Association of Blood Banks (AABB), College of American 
Pathology (CAP), Clinical Laboratory Improvement Amendments (CLIA), and ISO17025 for their services 
(https://www.genebase.com). 23andMe is also a DTC company, and they offer a simple DNA test from saliva, 
which can be done at home. They provide the test kit for analysis with all the DNA information directly to 
the customers (https://www.23andme.com). YSEQ company was established in 2013 by Thomas and Astrid 
Krahn, which offer several platforms for ancestry study and testing, such as Y-SNPs, Y-STRs, and whole-
genome testing with an application for rare disease (https://www.yseq.net/). FullGenomes is one of the DTC 
company founded in 2013 to make NGS technology possible for the public. They offer products such as 
whole-genome sequencing and interpretation (SNP, STR, and phylogeny) (https://www.fullgenomes.com). 
Living DNA was founded in 2016 by David and Hannah Nicholson to provide a DTC NGS screening kit 
(https://livingdna.com). Oxford Ancestors was founded in 2000 by Prof. Bryan Sykes, and they provide the 
test for mtDNA maternal and yDNA for paternal ancestry (http://www.oxfordancestors.com) [Table 3]. 

CONCLUSION
Mitochondrial diseases are complex and clinically heterogeneous, making early diagnosis difficult. Advances 
in omics technology, particularly genomics, NGS via targeted mtDNA genome of WES and WGS enable 
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a comprehensive detection strategy with high sensitivity and specificity. Early identification of affected 
individuals is important for the patient’s outcome, as early treatment will result in a better prognosis. 
Importantly, with a simple blood sampling, the cascade screening of the family members can be done with 
the same strategy. 
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