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Abstract: Mitochondria are dynamic multitask organelles that function as hubs for many metabolic
pathways. They produce most ATP via the oxidative phosphorylation pathway, a critical pathway
that the brain relies on its energy need associated with its numerous functions, such as synaptic
homeostasis and plasticity. Therefore, mitochondrial dysfunction is a prevalent pathological hallmark
of many neurodevelopmental and neurodegenerative disorders resulting in altered neurometabolic
coupling. With the advent of mass spectrometry (MS) technology, MS-based metabolomics provides
an emerging mechanistic understanding of their global and dynamic metabolic signatures. In this
review, we discuss the pathogenetic causes of mitochondrial metabolic disorders and the recent
MS-based metabolomic advances on their metabolomic remodeling. We conclude by exploring the
MS-based metabolomic functional insights into their biosignatures to improve diagnostic platforms,
stratify patients, and design novel targeted therapeutic strategies.

Keywords: mitochondrial genetics; neurometabolic coupling; mitochondrial neurodevelopmental
disorders; secondary mitochondrial neurodegenerative diseases; mass spectrometry; metabolomics

1. Introduction
1.1. Mitochondria Function as Metabolic Nodes

Mitochondria are ubiquitous double membraned multitask organelles where energy is
generated through aerobic respiration. Mitochondria produce the majority of ATP required
for cellular functions via the oxidative phosphorylation (OXPHOS) pathway, a process
involving a flow of electrons through a series of multisubunit OXPHOS complexes, also
known as the electron transfer chain (ETC) (Figure 1).

OXPHOS is interlinked with the tricarboxylic acid (TCA) cycle that produces the
reducing equivalents, NADH and FADH2, to feed electrons to complex I (NADH dehy-
drogenase) and complex II (succinate dehydrogenase) of the ETC, respectively (Figure 1).
Electrons are then transferred to complex III (ubiquinol cytochrome c oxidoreductase) via
ubiquinone, the reduced form of coenzyme Q (CoQ), and subsequently to complex IV
(cytochrome c oxidoreductase) via the electron carrier cytochrome c where O2 functions as
an electron acceptor to produce water in the presence of hydrogen. The flow of electrons
through the ETC is coupled with the proton motor force formed by complexes I, III, and IV.
This gradient of protons is converted by complex V (ATP synthase) into chemical energy
for ATP synthesis using ADP and inorganic phosphate. Acetyl-CoA occupies a central
and pivotal position as a key metabolic intermediate for mitochondrial energy metabolism.
It is generated by several pathways: (1) oxidation of pyruvate generated during glycol-
ysis; (2) fatty acid oxidation; and (3) oxidative degradation of the amino acids, leucine,
isoleucine, and tryptophan (Figure 1) [1,2]. This convergence of pathways highlights the
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concept of mitochondria operating as hubs for additional biochemical pathways, such as
heme biosynthesis, nucleotide biosynthesis (pyrimidines and purines), steroid hormone
biosynthesis, calcium homeostasis, innate immunity, and cell death programming [3,4].
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Figure 1. The mitochondrial oxidative phosphorylation (OXPHOS) enzymatic machinery and key 
metabolic pathways. The mitochondrion is illustrated with its outer mitochondrial membrane, inner 
mitochondrial membrane, and mitochondrial matrix (yellow) along with the tricarboxylic acid 
(TCA) cycle and the fatty acid beta-oxidation with their functional link via acetyl-CoA. The reducing 
agents, NADH and FADH2, produced by the tricarboxylic acid (TCA) cycle and fatty acid beta-
oxidation, are indicated along with their two points of entry in the OXPHOS pathway. 
Magnification of the OXPHOS enzymatic machinery with electrons transfer via the two-electron 
carriers, coenzyme Q10 (Q) and cytochrome c (c), is shown below. The electron donor, succinate, a 
product of the TCA cycle, is also indicated acting at the level of complex II. Finally, protons 
translocated from complexes I, III, and IV into the intermembrane space (orange) are shown along 
with protons being transferred back into the mitochondrial matrix via complex V, resulting in ATP 
synthesis from ADP and inorganic phosphate (Pi). 
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Figure 1. The mitochondrial oxidative phosphorylation (OXPHOS) enzymatic machinery and key
metabolic pathways. The mitochondrion is illustrated with its outer mitochondrial membrane, inner
mitochondrial membrane, and mitochondrial matrix (yellow) along with the tricarboxylic acid (TCA)
cycle and the fatty acid beta-oxidation with their functional link via acetyl-CoA. The reducing agents,
NADH and FADH2, produced by the tricarboxylic acid (TCA) cycle and fatty acid beta-oxidation,
are indicated along with their two points of entry in the OXPHOS pathway. Magnification of the
OXPHOS enzymatic machinery with electrons transfer via the two-electron carriers, coenzyme Q10
(Q) and cytochrome c (c), is shown below. The electron donor, succinate, a product of the TCA cycle,
is also indicated acting at the level of complex II. Finally, protons translocated from complexes I, III,
and IV into the intermembrane space (orange) are shown along with protons being transferred back
into the mitochondrial matrix via complex V, resulting in ATP synthesis from ADP and inorganic
phosphate (Pi).

1.2. Mitochondrial Inheritance

Mitochondria originate from a symbiotic event during which an archaebacterium
engulfed a proteobacterium resembling a modern-day rod-negative bacterium with aerobic
metabolism capacity via an ETC encoded by its own genome. This event occurred once
1.5 billion years ago and led to the modern-day eukaryotic cells with mitochondria retaining
their own circular genome of limited size (about 16,569 bp) and coding capacity, after a
phenomenon called reductive evolution. The mitochondrial genome contains 37 genes
encoding 2 mitochondrial ribosomal RNAs (mt-rRNAs), 22 mitochondrial tRNAs (mt-
tRNAs) and 13 proteins, all of them required subunits of the OXPHOS complexes I, III, IV,
and V. Thus, the nuclear genome is a required major contributor to mitochondrial functions
via 1158 nuclear-encoded proteins [5–7].

The human mitochondrial genome has an overall uniparental inheritance, with the
maternal genome being the only one passed on to progeny [8]. However, several species,
such as Drosophila, mouse and sheep, exhibit leakage of the paternal mitochondrial
genome [9–12]. Following fertilization of the human oocyte, the paternal mitochondrial
genome is eliminated via elusive mechanisms. Recent studies have provided several break-
throughs in elucidating these molecular mechanisms. In Caenorhabditis elegans, paternal
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mitochondria lose their inner membrane integrity due to the relocation of its mitochon-
drial endonuclease G, CPS-6, from the intermembrane space to the mitochondrial matrix,
resulting in degradation of paternal mitochondrial DNA (mtDNA) [13]. In Drosophila
melanogaster, paternal mtDNA transmission is eliminated through a multistep mecha-
nism [14]. During spermatogenesis, the paternal mitochondrial genome undergoes a
drastic elimination via the action of the nuclear-encoded mitochondrial DNA polymerase
(polγ−α) tamas [15]. After fertilization, sperm-derived mitochondria are degraded through
endocytotic and autophagic processes mediated by the ubiquitin–proteasome system [16].
In humans, the precise mechanism responsible for the active elimination of paternal mtDNA
remains to be elucidated. A recent study has highlighted the leakage of paternal mtDNA
in three unrelated multigeneration families [17]. Despite this paternal leakage, the predom-
inant mitochondrial genome in the fertilized oocyte remains maternal, with the paternal
mitochondrial genome present at extremely low levels that are only detectable by in-depth
sequencing all the copies of the mitochondrial genome [18]. Uniparental inheritance of
mtDNA is postulated to be a protective mechanism by which fertilized oocytes minimize
the introduction of paternal mtDNA variants. During preimplantation stages, the fertilized
oocyte relies on the 100,000 maternally inherited mitochondria to undergo early embryonic
development, as mitochondrial biogenesis only occurs at the onset of organogenesis [19].
This progressive reduction in mitochondrial number until neurogenesis is referred to as
the bottleneck theory, a mechanism that protects cells or individuals against the extensive
burden of mitochondrial variants, underscoring the interest of uniparental mitochondrial
inheritance [20,21]. Lending further support to the theory of “genome compatibility” be-
tween the mitochondrial and nuclear genomes is the phenotype of engineered mouse lines
containing both parental mitochondrial genomes [22]. Their altered metabolism, impaired
cognitive function, and elevated stress levels support the concept of optimal matching
between mitochondrial and nuclear genomes for efficient OXPHOS [22].

1.3. Mitochondrial Copy Number and Heteroplasmy

The mitochondrial genome is present in multiple copies per cell. However, the mtDNA
copy number greatly varies among cell types to adapt to their cellular bioenergetic needs.
The unfertilized oocyte has 500,000 copies of mtDNA, whereas the sperm only has a
few hundred copies [23]. In contrast, the red blood cells have no mtDNA. MtDNA copy
number is a quantifiable biomarker of mitochondrial fitness, as it is directly correlated to
mitochondrial biogenesis, mitochondrial transcription and translation [24]. Suboptimal
mtDNA levels result in decreased OXPHOS and ATP levels, leading to mitochondrial
dysfunctions. Furthermore, the altered mtDNA copy number is often associated with
key pathological changes during aging and disease progression [25]. Thus, mtDNA copy
number is tightly coordinated and regulated in health and disease. However, its precise
underpinning mechanisms remain poorly understood.

The mtDNA copy number is altered by environmental stressors, therapeutic drugs,
and oxidative stress, possibly due to its close proximity to the OXPHOS machinery [26].
The principal source of oxidative stress comes from the OXPHOS process that produces
by-products of reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), hydroxyl
(OH•), and superoxide (O2

−). Enzymatic activities of complexes I and III generate low
levels of O2

−, which is converted into H2O2 via superoxide dismutase (SOD) 1 or 2 in
the intermembrane space and mitochondrial matrix, respectively [27]. MtDNA is not
vulnerable to O2

− or H2O2 but rather to the conversion of H2O2 into a highly reactive
hydroxyl radical HO• through Fenton chemistry in the presence of free iron (Fe2+). When
they are produced at a higher rate than the antioxidant capacity of the cell’s arsenal of ROS
mitochondrial scavenger proteins, oxidative damage occurs, leading to the accumulation
of somatic mitochondrial variants and altered mitochondrial metabolic functions. These
mtDNA lesions can be repaired via the mitochondrial base excision repair system, a repair
system that becomes faulty during aging, resulting in the accumulation of somatic mito-
chondrial variants. Illustrating this phenomenon is our recent study showing that mtDNA
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isolated from a 58-year-old mother exhibits a higher number of somatic mitochondrial
variants than that of her 24-year-old daughter [28]. Regardless of whether they are causal
or correlative, they appear to be strong contributors to the aging phenotype [29].

Somatic or most inherited mitochondrial variants only affect a subset of the multi-copy
mitochondrial genome resulting in heteroplasmy, which is defined as the co-existence of
wild-type (WT) and mutated mtDNA population within a mitochondrion (Figure 2) [30].
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Figure 2. Schematic representation of heteroplasmic threshold. Healthy (functional) mitochondria and wild-type mtDNA
are illustrated in blue, while diseased (dysfunctional) mitochondria and mutant mtDNA are shown in red. When a
population of diseased mitochondria is below a cell-specific heteroplasmic threshold, it ensures normal overall OXPHOS
activity and, therefore, an asymptomatic status. Conversely, when the population of diseased mitochondria exceeds the
heteroplasmic threshold tolerated by a cell, it results in defective OXPHOS, giving rise to a symptomatic status. Thus,
mitochondrial heteroplasmy modulates disease progression.

The amount of mutant mtDNAs dictates the fitness of a mitochondrion: when the
load of mutated mtDNA exceeds a certain threshold where WT mtDNA can no longer
compensate, the mitochondrion becomes dysfunctional due to defective OXPHOS, leading
to severe and debilitating phenotypic manifestations. Below that threshold, the mitochon-
drion remains functional with sufficient OXPHOS capacity. This biochemical threshold
varies among cell and tissue type, as well as organs, and oscillates between 60% to 90%, a
range determined by the bioenergetic need of a cell or organ and by the type of the mito-
chondrial variants. Above that threshold, levels of heteroplasmy broadly correlate with
disease severity. By contrast, homoplasmy refers to a pathogenic mitochondrial variant
present on all the mtDNA copies, which leads to the most severe phenotypic manifestations.
These homoplasmic variants are rare and exhibit a curtailed clinical penetrance.

Factors modulating the penetrance of a pathogenic mitochondrial variant remain
poorly understood [31]. Most of the acquired somatic mitochondrial variants have low
levels of heteroplasmy, which could only be unmasked with the advent of next-generation
sequencing. Long-range PCR followed by massively parallel sequencing accurately and
reliably quantifies low heteroplasmic levels with a high level of confidence by applying
a stringent threshold [32]. Healthy individuals harbor multiple somatic mitochondrial
variants with very low heteroplasmy as a result of lifetime accumulation of somatic oxida-
tive DNA damages and replication errors. Their influence on neurodegenerative diseases
and inherited mitochondrial disorders remains elusive, but their prevalence in healthy
individuals supports the concept of universal mtDNA heteroplasmy [33,34].

2. Genetics of Mitochondrial Diseases

Mitochondrial dysfunction causes diseases spanning from intractable neonatal neu-
rodevelopmental diseases to adult-onset neurodegenerative diseases. Mitochondrial dis-
eases are classified as primary or secondary [35]. Primary mitochondrial diseases are
those with respiratory chain deficiencies resulting in deficient mitochondrial ATP synthesis
caused by mitochondrial and/or nuclear variants. In contrast, secondary mitochondrial
diseases have a mitochondrial etiology due to nuclear variants mapping in genes encoding
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proteins involved in mitochondrial functions other than energy metabolism. They are also
caused by environmental stressors, certain prescription medications, or a natural decrease
in mitochondrial activities due to aging.

2.1. Primary Mitochondrial Diseases

Mitochondrial primary diseases are often referred to as mitochondrial respiratory
disorders (MRDs) due to their OXPHOS defects. Since 6% of the active nuclear genome
is dedicated to mitochondrial functions and their maintenance [36], MRDs exhibit two
patterns of inheritance: maternal inheritance for pathogenic mitochondrial variants and
a Mendelian inheritance for nuclear variants with an autosomal recessive or dominant
pattern, or X-chromosome [37,38]. The prevalence of MRDs caused by nuclear variants is
high compared to that of maternally inherited MRDs, which have an estimated prevalence
of 1 in 5000 [39]. MRDs are severe multi-systemic diseases with a highly variable clinical
heterogeneity and a puzzling genotype–phenotype correlation. Patients harboring the same
pathogenic variant can exhibit distinct phenotypic manifestations since the penetrance of
the mitochondrial variant is under the influence of phenotypic modulators, such as mito-
chondrial haplogroup, nuclear background, and epigenetic background [31]. This results
in a challenging diagnosis and management of the symptoms [40]. MRDs predominantly
affect organs with high-energy demand and dependence on aerobic metabolisms, such as
the nervous system and musculoskeletal system, resulting in a constellation of symptoms.
Single-organ involvement, such as Leber’s hereditary optic neuropathy (LHON), is rare.
The LHON syndrome (OMIM 535000) is caused by one of the three prevalent homoplasmic
mitochondrial variants, m.11778G > A, m.3460G > A, and m.14484T > C, resulting in
complex I deficiency (Table 1) [41].

Table 1. The most frequent primary mitochondrial diseases with maternal or autosomal inheritance.

Name Pattern of
Inheritance Variants Onset Key Clinical Features

KSS Mt Deletion of 4977 bp of mtDNA Late childhood

Progressive ophthalmoplegia,
pigmentary retinopathy,
cerebellar ataxia, cardiac

conduction defects

Leigh Mt or nuclear (AR)

m.10191T > C (ND3)
m.10197G > A (ND3)
m.13573G > A (ND5)
m.14487T > C (ND6)

SURF1
COX10
COX15
SCO2

Infancy or early
childhood

Ataxia, intellectual retardation,
hypotonia, motor delay,

cardiomyopathy, brainstem
dysfunction, and demyelination

LHON Mt
m.11778G > A (ND4)
m.3460G > A (ND1)
m.14484T > C (ND6)

Early adulthood Optic neuropathy with acute or
subacute loss of central vision

MELAS Mt

m.3243A > G (mt-tRNALeu(UUR))
m.1630A > G (mt-tRNAVal)

m.3697G > A (ND1)
m.13514A > G (ND5)
m.14453G > A (ND6)

Childhood or early
adulthood

Encephalopathy, lactic acidosis,
stroke-like episodes, myopathy,

seizures, cognitive deficit,
recurrent migraines,

gastrointestinal dysmotility

MILS Mt
m.8993T > G (ATPase6)

m.4681C > T (ND2)
m.135513G > A (ND5)

Infancy or early
childhood

Encephalopathy, developmental
delay, hypotonia, lactic acidosis,

seizures, ataxia, optic
atrophy, dysphagia

Abbreviations: AR: autosomal recessive; KSS: Kearns–Sayre syndrome; LHON: Leber’s hereditary optic neuropathy; MELAS: mitochondrial
encephalopathy, lactic acidosis and stroke-like episodes; MILS: maternally inherited Leigh syndrome; Mt: maternal; mtDNA: mitochondrial
DNA; mt-tRNA: mitochondrial tRNA.
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Pathogenic mtDNA deletions of mitochondrial single nucleotide variants in genes
involved in mitochondrial protein translation or OXPHOS are associated with the most
frequent MRDs (Table 1) [31]. Presently, they remain intractable, with only palliative
treatments available to patients. The sporadic Kearns–Sayre syndrome (OMIM 530000) is
triggered by a single large-scale deletion of 4977 bp of mtDNA, occurring spontaneously
in the germline cells (Table 1) [42]. Its late childhood onset is accompanied by primary
phenotypic manifestations, such as progressive ophthalmoplegia, pigmentary retinopa-
thy and cardiac conduction defects [43]. Patients can also display secondary clinical
symptoms, including ptosis, myopathy, cerebellar ataxia, growth retardation and several
endocrinopathies. Mitochondrial encephalopathy, lactic acidosis, and stroke-like episode
(MELAS) syndrome (OMIM 540000) is the most common pediatric MRD, which is a pro-
gressive multi-system disease mostly caused by the mitochondrial pathogenic variant
m.3243A > G mapping in the MT-TL2 gene encoding the mt-tRNALys (UUR) (Table 1) [44].
About 20% of patients harbor other rare mitochondrial single nucleotide variants, including
m.1630A > G mapping in the MT-TV gene encoding the mt-tRNAVal [28,45], m.3697G > A,
m.13514A > G, and m. 14453G > A mapping in the ND1, ND5, or ND6 gene (Table 1) [46,47].
These patients exhibit a complex I deficiency triggering phenotypic manifestations before
the age of 20. These include stroke-like episodes, encephalopathy characterized by seizures,
lactic acidosis, and myopathy with or without ragged red fibers [48]. This multi-system
disease is also associated with additional clinical manifestations, such as cardiomyopathy,
gastrointestinal dysmotility, diabetes, neuropathy, hearing impairment, cortical vision
loss, ataxia, peripheral neuropathy, learning disabilities, and hemiparesis. However, the
frequency of these symptoms greatly varies among MELAS patients, resulting in extreme
phenotypic heterogeneity. Maternally inherited Leigh syndrome (MILS; OMIM 516060)
is mainly caused by the pathogenic mitochondrial variant m.8993T > G mapping in the
MT-ATPase6 gene encoding the MT-ATPase6 subunit of complex V, responsible for mito-
chondrial ATP synthesis [49]. This pathogenic variant dysregulates energy reprogramming
due to a defective interplay between OXPHOS and glycolysis, triggering a chronic energy
crisis [50]. The m.4681C > T and m.13515G > A variants engender complex I deficiency in
MILS patients, as they map in the ND2 or ND5 mitochondrial gene, respectively (Table 1).
MILS Patients not only display the characteristic bilateral lesions of the basal ganglia and
brainstem but also a constellation of heterogenous phenotypic manifestations, including
developmental delay, psychomotor regression, ataxia, seizures, peripheral neuropathy, and
optic atrophy [51]. Like MELAS, MILS is characterized by clinical complexity as a result of
excessive clinical heterogeneity.

Mitochondrial diseases due to nuclear variants are the most frequent MRDs, as 1158 hu-
man nuclear genes encode mitochondrial proteins [6]. Among them is the most common
pediatric MRD, Leigh syndrome, which displays an extensive clinical and genetic hetero-
geneity with at least 75 monogenic causes mapping in mitochondrial or nuclear genes
encoding OXPHOS subunits, factors for OXPHOS assembly, and proteins involved in
cofactor biosynthesis and metabolism (Table 1) [43]. OXPHOS deficiency has an early onset
spanning from childbirth to early childhood, which is usually unmasked by a viral infection
triggering an acute metabolic decompensation. In addition to the cardinal neuropathologic
feature of bilateral symmetric lesions in the basal ganglia and brainstem shared by all
the Leigh patients, the neurological clinical manifestations are heterogeneous, including
encephalopathy, seizures, developmental delay, failure-to-thrive, hypotonia, ataxia, and
ophthalmologic abnormalities [44,45]. Such clinical heterogeneity is further exacerbated
by the array of non-neurological symptoms exhibited by patients, which affects multiple
organs, such as the heart, intestines, liver, kidneys.

2.2. Secondary Mitochondrial Diseases

Secondary mitochondrial diseases can be caused by mutations in genes not encod-
ing OXPHOS subunits, environmental stressors, and/or aging, which result in declined
mitochondrial functions [35]. Therefore, impaired mitochondrial dynamics and bioener-
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getics are major hallmarks of secondary mitochondrial neurodegenerative diseases, such
as Parkinson’s disease (PD), Alzheimer’s disease (AD), and Huntington’s disease (HD)
(Figure 3) [52].
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Figure 3. Functional link between mitochondrial dysfunctions and the pathogenesis of secondary mitochondrial neurode-
generative diseases. Mitochondrial homeostasis is regulated by four distinct pathways: biogenesis, dynamics, trafficking,
and mitophagy, while mitochondrial bioenergetics is impaired by defective OXPHOS indicated with complex I in red to
illustrate its deficiency and increased levels of reactive oxygen species (ROS), represented by a star symbol. The key regula-
tors of mitochondrial fusion (OPA1, Mfn1, and Mfn2) and fission (Fis1 and DRP1) are illustrated with symbols, as detailed
in the inset. Impaired mitochondrial trafficking is shown with detached mitochondrion from microtubules via the heavy
kinesin chain and the Miro–Milton adaptor complex and ubiquitin. All the corresponding symbols are shown in the inset.
Mitophagy is represented with the assistance of autophagosomes (red symbol) engulfing a ubiquitinated mitochondrion that
was promoted by Parkin after its recruitment by PINK1 (pink symbol). Mitophagy is impaired in secondary mitochondrial
neurodegenerative disorders, Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington’s disease (HD).

PD is clinically characterized by tremor, rigidity, bradykinesia due to loss of dopamin-
ergic neurons in the substantia nigra of the brain. It has been well demonstrated that
exposure to pesticides and the toxin MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine),
a prodrug to the neurotoxin MPP+, causes parkinsonism by selectively inhibits the activity
of complex I in dopaminergic neurons resulting in complex I deficiency (Figure 3) [53]. Al-
though the majority of PD cases are sporadic, about 10–15% of patients affected with early-
onset parkinsonism have a familial history. These familial cases are linked to pathogenic
variants mapping in several nuclear genes, such as the SNCA, PINK1, Parkin, and LRRK2
genes, all causing complex I deficiency and mitochondrial dysfunction [54]. The mis-
sense variant (A53T) in the α-synuclein gene (SNCA) locus was the first reported genetic
cause of familial PD [55]. Other point mutations and multiplication of the SNCA locus
have since been linked to PD [56–58]. Cytoplasmic inclusions of aggregated α-synuclein
protein, namely Lewy bodies, are also the main pathological hallmark of PD [59]. Alpha-
synuclein protein was shown to interact with mitochondria and subsequently disrupt
mitochondrial morphology, but their precise relationship remains unclear [60,61]. When
mitochondria are damaged, PINK1 accumulates on the outer mitochondrial membrane
(OMM) and phosphorylates ubiquitin and Parkin at serine 65 (pS65-Ub), triggering the
selective autophagic removal of the damaged mitochondria by mitophagy (Figure 3) [62,63].
Loss-of-function mutations in the genes PINK1 and Parkin impair the mitochondrial quality
control system, leading to the accumulation of damaged mitochondria and, eventually, PD
pathogenesis [64]. Mutations in the LRRK2 gene alter autophagy, vesicular trafficking, and
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mitochondrial calcium homeostasis by modulating the autophagy-lysosome pathway [65].
The LRRK2 protein facilitates mitophagy by removing Miro, an OMM protein that anchors
mitochondria to microtubules for mitochondrial mobility (Figure 3) [66,67]. PINK1 was
also found to phosphorylate Miro to activate the proteasomal degradation of Miro [68].
Studies have also linked mitochondrial dysfunction and chronic inflammation in PD due to
damaged mitochondria releasing mtDNA molecules to trigger inflammatory pathways [69].
A recent study from Youle’s group demonstrated the first direct link, where mitochondrial
stress in mice lacking PINK1 or Parkin activates cGAS–STING inflammatory pathway and
PD-like phenotype [70].

Mitochondrial dysfunction also plays an important role in AD [71]. Pathological
hallmarks of AD include deposition of amyloid β plaques and neurofibrillary tangles of
phosphorylated tau protein. Amyloid β and phosphorylated tau affect mitochondrial
function by interfering with the ETC and inducing mitophagy, which leads to energy defect
and loss of mitochondria [72–74]. Another major drive of AD progression is an oxidative
imbalance, which can be induced by ungoverned leakage of ROS from dysfunctional mito-
chondria (Figure 3) [75–77]. Signs of oxidative damage were detected in autoptic brains
from AD patients and AD transgenic mice [24,25]. However, what causes mitochondrial
dysfunctions in AD remains elusive. Like PD, most AD cases are sporadic. Nevertheless,
the heritability of AD genetic risks have been demonstrated in 56–79% of late-onset AD
and over 90% for early-onset AD, which are caused by mutations in the APP gene en-
coding the amyloid precursor protein and the PSEN1 gene encoding presenilin-1 [78–82].
According to the amyloid cascade hypothesis, neuronal deposition of the amyloid β pep-
tide initiates a cascade of events leading to AD pathogenesis [80]. In AD brain tissues,
amyloid β monomers and oligomers were shown to interact with the dynamin-related
protein 1 (Drp1), a key mitochondrial fission regulator, thereby altering mitochondrial
dynamics via an elusive mechanism (Figure 3) [83]. However, recent failures in amyloid
β-based clinical trials have underscored the limitation of the amyloid cascade hypothesis
given that mutations in the APP and PSEN1 genes could only explain less than 1% of
the AD cases [81,84–86]. To identify genetic mutations associated with AD, genome-wide
association studies have brought to light over 50 risk-loci, many related to mitochondrial
functions, such as the PPARGC1A and NDUFAF7 genes [80,87]. The PPARGC1A gene en-
codes the peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α),
a transcriptional coactivator known to regulate mitochondrial energy metabolism [88]. The
NDUFAF7 gene encodes the NADH dehydrogenase complex I assembly factor 7 protein
that assembles and stabilizes the mitochondrial complex I.

The pathogenesis of Huntington’s disease (HD) is characterized by the loss of GABAer-
gic medium spiny neurons in the striatum [89]. HD is mainly caused by an autosomal
dominant mutation in the Interesting Transcript 15 (IT15) gene encoding the huntingtin
(Htt) protein. The mutated Htt protein can directly interact with the OMM, triggering the
loss of mitochondrial membrane potential and permeability [90]. Mutant Htt was also
shown to interact with transcription regulators, p53 and PGC-1α, to induce transcriptional
dysregulation [91,92]. Increased p53 protein level has been detected in several pathological
HD cellular paradigms, murine models, and the brain of HD patients [93]. Upregulation of
the p53 protein facilitates the expression of key proapoptotic members of the Bcl2-family,
most notably the mitochondrial proteins Bax, PUMA, NOXA, and P53AIP, which results in
mitochondrial depolarization and subsequently apoptosis [94,95].

3. MS-Based Metabolomics to Study Mitochondrial Disease
3.1. Introduction of MS-Based Metabolomics

Metabolomics is the systematic study of small molecule metabolites extracted from
a biological sample, such as cells, tissues, and biofluids. Because metabolites represent
the downstream result of endogenous genetic/protein regulations and exogenous influ-
ences, metabolomics is recognized to be closest to the phenotype compared to genomics,
transcriptomics, and proteomics [96]. Due to the diverse classes of metabolites and many
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unannotated small molecules, identifying all metabolites simultaneously from a given
sample is not yet possible. However, mass spectrometry (MS) has become an avant-garde
technology for metabolomic studies with its unbeaten high-throughput, sensitivity, speci-
ficity, and quantitative accuracy. Thousands of metabolites can be identified and quantified
using MS-based analytical platforms coupled with bioinformatics tools to study metabolic
perturbations in human diseases.

Metabolomics can be categorized into untargeted and targeted strategies. The untar-
geted approach aims to obtain the global metabolic profile of a biological system, which
has been widely applied to disease biomarker discovery (Figure 4) [97–102]. Biofluids from
patients, such as blood, urine, and cerebrospinal fluid (CSF), can reflect disease phenotypes
and are common sample sources for metabolomics and biomarker discovery. For example,
MELAS patients exhibit elevated lactate levels in the blood and/or CSF during lactic aci-
dosis and stroke-like episodes [103,104]. CSF most directly reflects metabolic homeostasis
of the central nervous system as it circulates within the ventricular brain system, yet, the
collection process through lumbar puncture is invasive and painful [101]. On the other
hand, blood or urine is less invasive and easier to obtain, but the metabolic profile can
be influenced by the gut microbiome and changes in the whole-body metabolism [105].
Besides patient samples, cellular and animal models are often used to investigate the
molecular mechanisms underlying mitochondrial diseases. Primary patient-derived cells
and human cell lines are most accessible and quickly available for genome editing to model
disease-relevant mutations in immortalized lymphoblastoid cells, cybrid cells, HeLa cells,
HEK293 cells, stem cells, and stem cell-derived neurons [106–108]. Animal models, such as
engineered mice, Drosophila, and Caenorhabditis elegans, provide in vivo platforms to study
the underlying pathogenic mechanisms but fail to recapitulate the clinical symptoms of a
specific syndrome [109]. This is a current challenge in the field of primary mitochondrial
diseases. Therefore, integrating and validating the molecular changes in multiple disease
models and patients is crucial to identify bona fide disease biomarkers and valuable drug
targets to develop disease-modifying therapies for human diseases. Bridging bedside
to bench and back to bedside is critical for advancing the field of neurotherapeutics for
mitochondrial diseases.

For complex biological samples, various separation platforms can be coupled to high-
resolution accurate mass (HRAM) MS instruments, such as liquid chromatography (LC),
gas chromatography (GC), and capillary electrophoresis (CE) (Figure 4) [110–112]. With
these hyphenated MS platforms, thousands of metabolites can be identified and quan-
tified with minimum sample materials. Major challenges for untargeted metabolomics
include the large-scale and multidimensional dataset as well as an incomplete metabolite
library for identification. To facilitate the discovery of metabolite biomarkers, machine
learning algorithms have been used in recent years to analyze metabolomics data and
assess the sensitivity and selectivity of metabolite biomarkers [113,114]. In contrast to the
untargeted approach, targeted metabolomics solely focuses on a handful of metabolites
for confident identification and accurate measurement, which often requires standard
metabolite compounds for absolute quantification. Stable heavy isotope-labeled metabolite
standards can be spiked into samples as internal standards to improve the quantification
accuracy and specificity with targeted MS methods but are often expensive and sometimes
not commercially available. Targeted metabolomics can be conducted following untar-
geted metabolomics to verify the changes of key metabolites and candidate biomarkers
(Figure 4) [115]. In recent years, MS imaging also gained increased popularity to examine
the spatial distribution of metabolites in tissue slices from animal models and patient
biopsies [116–120]. MS imaging can also be combined with single-cell analysis with an
ultrahigh spatial resolution to identify tissue/region-specific phenotypes that characterize
mitochondrial diseases [121,122]. The spatial distribution of neurotransmitters from brain
tissues can also be obtained with various MS imaging techniques [123–126].
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3.2. Mitochondrial Metabolomics

Mitochondria function as hubs for many metabolic pathways. Therefore, mitochon-
drial diseases often involve perturbations at the metabolite level, such as amino acids,
neurotransmitters, fatty acids, lipids, organic acids, and metabolites in the TCA cycle, gly-
colysis, fatty acid oxidation, and other key metabolic pathways [97,127–129]. Mitochondrial
metabolomic studies can be conducted with two distinct strategies: (1) whole-cells, tissues,
or biofluid-based metabolomics followed by metabolic pathway/enrichment analysis to
tease out mitochondrial metabolites; and (2) isolation of intact mitochondrial fractions
followed by metabolomics (Figure 4). Since metabolic pathways are localized in different
compartments of eukaryotic cells, post-data metabolic pathway/enrichment analysis can
assign identified metabolites into the mitochondrial compartment but also suffers from the
high abundant interferences from cytosolic metabolites and metabolite interactions from
different organelles [130,131]. Alternatively, intact mitochondria can be isolated from fresh
cells or tissues to improve specificity and reduce interferences to analyze mitochondrial
metabolites. Differential centrifugation and immunopurification (IP) are the two most
common ways to isolate intact mitochondria [132,133]. The differential centrifugation
method has been used since 1948 and paved the path for many subsequent mitochon-
drial studies [134]. However, differential centrifuge often results in impure mitochondrial
fraction with interferences from other organelles, such as lysosomes and peroxisomes. It
involves time-consuming steps of centrifugations and washes to remove impurities, during
which the mitochondrial metabolite profiles can be altered due to the residual activity of
enzymes and fast diffusion of small molecules [135,136]. In recent years, rapid and specific
IP methods have been developed to isolate intact mitochondria from cells and tissues. The
Sabatini group pioneered this approach by tagging OMM protein with the human influenza
hemagglutinin (HA) epitope to achieve efficient mitochondrial enrichment with anti-HA
antibody-coated beads in both cells and mouse tissues [137–139]. However, the IP method
requires genetic engineering of cells and animals with epitope-tagged mitochondria, which
is not feasible for patient-derived samples.

Stable-isotope metabolic flux analysis (MFA) is another approach to study mitochon-
drial metabolites while reducing interferences from other cellular compartments. Stable
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isotopic tracers, such as 2H, 13C, 15 N, 18O, can be introduced into the metabolic path-
way under physiological conditions to quantify their spatial and temporal dynamics with
MS-based platforms. The most common approach involves directly feeding cells with
heavy isotope-labeled nutrients, such as glucose and amino acids, followed by MS-based
metabolomics [140,141]. MFA can be combined with subcellular fractionation to examine
the metabolic fluxes in mitochondria, cytosol and other organelles to provide molecular
insights into dynamic mitochondrial metabolism [142].

3.3. MS-Based Metabolomics in Primary Mitochondrial Diseases

There are two major aims of MS-based metabolomics studies: to discover disease
biomarkers and to unravel their pathogenic and molecular mechanisms underlying the
disease. Herein, we discuss key biosignatures and metabolic pathways resulted from
MS-based metabolomics studies, as well as their clinical and functional insights for primary
and secondary mitochondrial diseases. As the hallmark of primary mitochondrial disease,
impaired OXPHOS not only causes ATP shortage but also disturbs several metabolic path-
ways, such as TCA cycle, glycolysis, fatty acid/phospholipid metabolism, acylcarnitine
metabolism, and one-carbon metabolism [109,143–146]. Abnormalities in glutamate, pyru-
vate, lactate, acylcarnitines, fatty acids, and amino acids are well recognized, although large
cohort validation still needed to be exclusive from other mitochondrial diseases [147–149].

Redox imbalance is the most instant and direct consequence of uncoupled ETC besides
dropped ATP level. In mitochondria, electrons are diverted in the form of nicotinamide
nucleotides and flavin coenzymes. Under basal conditions, functional complex I and II
rapidly consume NADH and FADH2 and pass on electrons to reduce oxygen to water
in complex IV. In the context of OXPHOS deficit, however, NADH and FADH2 accumu-
late due to complex I (and/or complex II) defect, causing redox imbalance. Imbalanced
redox cofactors regulate over 200 enzymes, such as citrate synthase, isocitrate synthase,
α-ketoglutarate dehydrogenase, etc., [150]. In MELAS syndrome, for example, upregulated
NADH level inhibits pyruvate dehydrogenase and prevents the conversion of pyruvate
to acetyl-CoA, causing pyruvate accumulation. Meanwhile, increased NADH level con-
currently activates lactate dehydrogenase, which shunts the accumulated pyruvate to
lactate, leading to an elevated lactate level [109]. This rationalizes the pathogenesis of lactic
acidosis in MELAS patients.

Interestingly, increasing the pyruvate/lactate ratio by supplying pyruvate has shown
potential to treat myopathy in mitochondrial diseases [151]. The metabolic effects of
pyruvate treatment were uncovered by MS-based metabolomic study in cybrid cells har-
boring MELAS variants [152]. Significantly decreased NAD/NADH ratio and increased
lactate/pyruvate ratio were detected in MELAS cybrid cells, suggesting a NAD short-
age and tendency toward lactic acidosis. In patient-fibroblast-derived induced pluripo-
tent stem cells (iPSCs), pyruvate, lactic acid, malic acid, palmitic acid, stearic acid were
identified as candidate biomarkers for m.10191T > C pathogenic variant associated with
the MELAS/Leigh overlap syndrome [153]. Decreased NAD/NADH ratio and pyru-
vate/lactate ratio have been commonly used to indicate redox imbalance and respiratory
enzyme deficiency in key energy pathways, such as glycolysis and TCA cycle [109,154–159].

TCA cycle is particularly vulnerable to OXPHOS complex deficit because complexes I
and II facilitate two of the TCA intermediary steps (i.e., the conversion of α-ketoglutarate
to succinyl-CoA, and succinate to fumarate, respectively). The impact of OXPHOS deficit
on TCA intermediates was thoroughly reviewed recently [2]. Many pathogenic nuclear and
mitochondrial variants associated with a specific primary mitochondrial disease cause com-
plex I or II deficit, such as Ndufs4, MTND3, and MTND6 [160,161]. MS-based metabolomics
has been instrumental in deciphering the metabolic alterations linked to complex I deficit in
various cellular paradigms, C. elegans and mouse models, which revealed downregulation
of key metabolites in metabolic pathways, including the TCA cycle glycolytic metabolism,
pyruvate metabolism, and glutathione metabolism [147,162–165].
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Oxidative stress is another consequence of OXPHOS deficiency that dramatically alters
cellular metabolism. Uncoupled electron flow compromises the consumption of oxygen in
the mitochondrial matrix, resulting in elevated levels of dissolved oxygen, thereby trig-
gering cellular oxidative stress [166]. It is now recognized that leakage of reactive oxygen
species (ROS) is an adaptive metabolic response, also referred to as innate immunity, to
infection, diseased state, toxin, or nutritional imbalance [166]. ROS signaling oxidizes thiol
groups in metabolites, such as cysteine and glutathione, to form disulfide bonds (e.g., glu-
tathione disulfide (GSSG)) [150]. Iron–sulfur clusters and redox-responsive sites in proteins,
such as NADPH oxidases, are also oxidized [167]. Therefore, mitochondrial release of ROS
constitutes a signal that has three objectives: (1) to eliminate nutrient waste via production
arrest; (2) to stiffen cell membrane for halting the spread of damage; and (3) to ground
potential pathogens [166]. Oxidative stress also disrupts fatty acid metabolism, essentially
by the fatty acid β-oxidation (FAO) pathway, which provides a powerful energy source
in the form of mitochondrial ATP in cells in high-energy demanding organs including
the brain, heart, and skeletal muscles (Figure 1). Diseases caused by specific monogenic
variants targeting fatty acid transport or FAO are classified as mitochondrial fatty acid
β-oxidation disorders (FAODs) [168]. The role of mitochondrial dysfunction and oxidative
stress in these diseases was detailed in a recent review [168]. To undergo FAO in the
mitochondrial matrix, long-chain fatty acids are actively transported across the outer mito-
chondrial membrane using the mitochondrial carnitine shuttle and the enzyme carnitine
palmitoyltransferase I for converting to long-chain acylcarnitines. In the intermembrane
space, acylcarnitines cross the inner mitochondrial membrane via carnitine-acylcarnitine
translocase to reach the mitochondrial matrix, where they are converted to acyl-CoAs
prior to undergoing FAO. When FAO is defective, the reverse process is activated with
acyl-CoAs converted into acylcarnitines and expelled into cytosol. Acylcarnitines have
served as candidate biomarkers for inborn error of fatty acids metabolism with neonatal
screening of blood, facilitating the diagnosis of FAODs [168–170].

3.4. MS-Based Metabolomics in Secondary Mitochondrial Disease

Secondary mitochondrial diseases could be more complex than primary mitochondrial
diseases. Besides nuclear and mitochondrial genetic determinants, non-genetic factors like
age, environmental factors, lifestyle, and nutrition, play an active role in the etiopathogene-
sis of secondary mitochondrial neurodegenerative diseases. These non-genetic risk factors
magnify the challenges of biomarker discovery. In the case of Alzheimer’s disease (AD),
aging is the major risk factor with a doubling rate of incidence every five years after the age
of 60 [171]. AD and aging also share several common metabolic changes in key metabolic
pathways, such as the TCA cycle, the arginine biosynthesis pathway, the proline metabolic
pathway and purine metabolism [172].

Traditional biomarker research for secondary mitochondrial diseases mainly focused
on measuring individual neurotransmitters, such as dopamine, serotonin, epinephrine,
γ-aminobutyric acid (GABA), epinephrine, and norepinephrine. However, recent stud-
ies revealed the multifactorial nature of secondary diseases and the urgency to identify
reliable biomarkers of secondary mitochondrial diseases for early diagnosis, accurate
prognosis, and drug design [35]. While controversial results often arise in metabolomics
studies pertaining to secondary mitochondrial diseases, consensus conclusions may be
drawn when examining metabolic pathways as a whole instead of individual metabo-
lites. High-throughput MS-based metabolomic studies have allowed mapping thousands
of metabolites into key biological processes, including neurotransmission, antioxidation,
anti-inflammation, bioenergetics, and to understand how their perturbations are linked to
secondary mitochondrial diseases [97,173].

An altered neurotransmission system is another cardinal feature of secondary mi-
tochondrial diseases. The monoaminergic system includes the regulation of dopamine,
norepinephrine, serotonin, and other associated metabolites in the central nervous system
(CNS), which modulate neurocognition, memory, and neuropsychiatric symptoms [174].
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The catecholamines, dopamine and norepinephrine, are the two major neurotransmitters
in CNS. The dopaminergic pathway serves as a major target for biomarker discovery of
neurodegenerative diseases. Significant depletion of dopaminergic neurotransmission has
been reported in PD patients and is closely associated with cognitive decline in AD and
Huntington Disease (HD) [175–177]. The dopaminergic neuronal loss in the substantia
nigra pars compacta (SNpc) of patients with PD involves mitochondria-mediated selective
apoptosis [178]. Interestingly, dopaminergic neuronal loss linked to AD exclusively occurs
in the ventral tegmental area (VTA) by a mechanism that remains elusive [179]. Precursors
of dopamine, including L-tyrosine, L-3,4-dihydroxyphenylalanine (L-DOPA), and 3,4-
dihydroxyphenylacetic acid (DOPAC), were also identified as candidate biomarkers in MS-
metabolomics for secondary mitochondrial diseases [180,181]. Norepinephrine scavenges
oxidative stress by producing antioxidants, such as glutathione. In AD, norepinephrine
depletion due to loss of norepinephrinergic neurons in the LC contributes to oxidative
damage and mitochondrial membrane permeabilization. However, excess norepinephrine
also exhibits neurotoxic effects by elevating cytosolic and mitochondrial oxidative stress
through an understudied mechanism [182]. Serotonin (5-hydroxytryptamine, or 5-HT) is a
metabolic product of tryptophan. Serotoninergic metabolism is altered in AD due to mi-
tochondrial membrane permeabilization and mitochondria-mediated caspase-dependent
apoptosis. This leads to ROS accumulation, further contributing to AD progression [183].
In addition, serotonin is associated with melatonin production, which acts as both an an-
tioxidant and anti-inflammatory factor. In AD models, supplementing melatonin rescued
OXPHOS defect [184]. As monoaminergic neurotransmitters are derived from aromatic
amino acids, alternations in amino acids metabolisms are commonly reported in secondary
mitochondrial diseases. Perturbation in tyrosine and tryptophan metabolism and other
neurotransmitter pathways (GABA, glycine, aspartic acid, and glutamic acid) was reported
in patients with AD using the LC-MS or CE-MS platform [101,185–189].

Inflammation is a considerable driving force in secondary mitochondrial diseases,
with cholinergic (acetylcholine and its metabolites) and purinergic neurotransmitters play-
ing instrumental roles. Acetylcholine is the first discovered neurotransmitter [190] and
is linked to various physiological processes, including cognitive function, arousal, blood
pressure and anti-inflammatory process [191,192]. Choline, a precursor of acetylcholine
as well as glycerophosphocholine and phosphocholine, has been identified as a potential
AD biomarker in transgenic mouse models and cerebrospinal fluid (CSF) from patients
with AD [193–195]. On the other hand, purine metabolism is linked to pro-inflammatory
cytokine production as part of the neuroinflammation pathway [196]. Purinergic neuro-
transmitters include purines, such as adenosine, ATP, and AMP. The discovery of ATP as a
neurotransmitter and its role in purinergic signaling in inflammation have been thoroughly
reviewed elsewhere [197,198]. Sensitive quantification of AMP, ADP, ATP, and cyclic AMP
(cAMP) at nanomolar concentrations was achieved using MS platforms [199]. MS imaging
also revealed substantial changes in purine metabolism in an AD transgenic mice model
with upregulation of the pro-inflammatory biomarker uric acid and downregulation of
the anti-oxidant ascorbic acid [200]. In addition, CSF levels of xanthine, a purine com-
pound, and homovanillinic acid, a dopamine catabolite, as well as their ratio, may serve as
potential biomarkers for PD [201].

Signs of oxidative stress are commonly found in secondary mitochondrial diseases
due to associated mitochondrial dysfunction. Decreased levels of antioxidants, such as
uric acid, ascorbic acid, and glutathione, and increased levels of oxidized glutathione were
found in PD and HD as a response to oxidative damage [202–206]. Significantly increased
levels of 8-hydroxy-2-deoxyguanosine (8-OHdG) and 8-hydroxyguanosine (8-OHG) were
detected in patients with PD, both indicators of DNA damage due to ROS damage [207].
Similarly, a reduced level of glutathione scavenges ROS and reduces Aβ-related oxidative
stress in AD [208]. In addition, oxidative stress alters the metabolism of fatty acids and
lipids. Recent MS-based untargeted metabolomics revealed altered sphingolipids and
glycerophospholipids as antioxidative stress responses in PD [209]. Elevated levels of
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acylcarnitines found in CSF from patients with PD were associated with lipid biosynthesis
perturbated by oxidative stress [209].

Considering that CNS mainly relies on aerobic metabolism for energy supply via the
mitochondrial OXPHOS pathway, deficiency in metabolic pathways converging toward OX-
PHOS plays a crucial role in triggering the early pathogenic stages of neurodegeneration. In
secondary mitochondrial diseases, impaired OXPHOS pathways lead to similar metabolic
consequences than in primary mitochondrial diseases. Decreased glucose metabolism
was reported in the early stage of AD preceding symptoms of cognitive deficits [128,129].
Downregulation of glycolysis and TCA cycle was also observed in PD models via MS-based
metabolomics [210,211].

3.5. Metabolomics in Mitochondrial Disease-Specific Induced Pluripotent Stem Cells (iPSCs)

To circumvent the inaccessible patient’s affected tissues, such as the CNS and heart,
patient-derived iPSCs generated from reprogrammed fibroblasts serve as in vitro models
to decipher the metabolic consequences of disease-related pathogenic variants in various
patient-specific somatic cells as well as to identify candidate lineage-specific biomarkers.
In the context of maternally inherited mitochondrial diseases, generating iPSCs is ham-
pered by the bimodal segregation toward a homoplasmic state of WT or mutated mtDNA
during the reprogramming of heteroplasmic patient-derived fibroblasts, which is similar
to the mtDNA bottleneck occurring during epiblast specification [212,213]. Moreover,
the efficiency of fibroblast reprogramming to iPSCs is substantially decreased by specific
mtDNA variants, such as the MELAS variant m.3243A > G [214,215]. Furthermore, high
heteroplasmy of m.3243A > G impairs the cellular fate-determination process by inhibiting
maturation and survival of iPSC-derived cardiac and neuronal lineages [216]. Metabolomic
studies using patient-derived iPSCs with the m.10191T > C pathogenic variant causing
the MELAS/Leigh overlap syndrome identified several candidate biomarkers, such as
pyruvate, lactic acid, malic acid, palmitic acid, and stearic acid [153]. In contrast, Parkin
deficiency does not alter neuronal differentiation of iPSC generated from fibroblasts of
patients with Parkinson’s disease caused by PARK2 mutations [217]. A recent LC-MS
metabolomic study on iPSC-derived neurons with parkin deficiency due to PARK2 mu-
tation reveals increased TCA cycle activity resulting in elevated levels of the TCA cycle
intermediates citrate, isocitrate, alpha-ketoglutarate, succinate fumarate, malate, and ox-
aloacetate [218]. This is accompanied by a dysregulated glucose metabolism characterized
by elevated levels of intermediates, such as fructose-1,6-bisphosphate, and decreased levels
of pyruvate, resulting in a highly elevated level of lactate. Complementary is the dysregu-
lation of carnitine homeostasis, the key to transport medium and long-chain fatty acids
through the outer and inner mitochondrial membranes into the mitochondrial matrix for
fatty acid oxidation and energy production [219].

4. Conclusions and Future Remarks

In recent years, MS-based metabolomics has become a major player to unravel the
molecular mechanisms of primary and secondary mitochondrial diseases. Candidate
biomarkers obtained from metabolomic studies need to be validated by targeted quantifi-
cation and biochemistry assays (Figure 4). However, their clinical validation requires a
large patient cohort for future clinical applications (Figure 4). Combining these powerful
methods results in improved patient care and ultimately personalized medicine.

Despite progress in technology and our understanding of disease processes, current
treatments for most mitochondrial neurological diseases remain palliative in nature and
fail to halt their progression. Currently, several agents, such as electron transfer chain
function supporter (coenzyme-Q10), energy buffer (creatine), and ROS scavengers (vitamin
C, vitamin E, lipoic acid, RP103, and EPI-743) are administered to patients to curtail
the ATP deficit due to OXPHOS defects [220]. Idebenone, a coenzyme Q10 analog with
antioxidant properties and increased permeability to the blood–brain barrier, has been
shown to improve visual acuity in some patients affected with LHON [221].
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Current drug designs primarily aim to prevent or eliminate protein aggregation, such
as α-synuclein in PD or amyloid β in AD [173,222]. However, to the best of our knowledge,
no successful cases have been reported. Alternatively, therapeutic strategies that aim
to restore disturbed metabolism directly by designing pathway activators or inhibitors
may be more effective [173]. Restoring a disturbed redox imbalance, more specifically
NADH levels, is an attractive and promising therapeutic avenue in view of the universal
significance of NADH accumulation in the pathogenesis of mitochondrial diseases. While
ATP shortage reflects the direct consequences of OXPHOS defect, redox imbalance is now
believed to have a more profound impact on cellular metabolism than ATP shortage. In
some pathological paradigms, ATP shortage from deficient OXPHOS could be compensated
by glycolysis. However, removing accumulated NADH in mitochondrial diseases requires
consuming alternative electron acceptors, such as pyruvate that modulates downstream
pathways [165]. One promising approach to reduce NADH levels entails genetically
engineered expression of an NADH oxidase from Lactobacillus brevis (LbNOX) that could
improve cellular growth due to impaired OXPHOS [223].

An alternative strategy consists of inhibiting other NADH-producing processes.
Methylenetetrahydrofolate dehydrogenase 2 (MTHFD2), a metabolic enzyme that facilitates
one-carbon metabolism, was found to be upregulated in mitochondrial diseases [224,225].
(Actually, up-regulation of one-carbon metabolism was often found as an early response
to mitochondrial defects [143,226].) MTHFD2 oxidizes 5,10-methylene-tetrahydrofolate
(THF) to generate the purine precursor 10-formyl-THF and reducing NAD to NADH.
After inhibiting mTORC1, MTHFD2 expression is decreased, and one-carbon metabolism
level is restored, which prolongs the survival of mice with engineered complex I defi-
ciency [225,227]. A recent MS-based study from Yang et al. revealed that serine catabolism
is the primary source of NADH in cells with impaired OXPHOS, and inhibition of mito-
chondrial serine catabolism could ameliorate NADH buildup and the disease progression
in the Leigh syndrome mice model [165].

Mitochondrial diseases predominantly originate from pathogenic gene mutations and
their impact cascading down to all levels of the central dogma of molecular biology. Thus,
multi-omics approaches, such as genomics, transcriptomics, proteomics, metabolomics,
can be combined to achieve a comprehensive understanding and mutual validation of the
molecular processes involved in disease pathogenesis. Meanwhile, the development of
MS-based metabolomics requires multidisciplinary efforts to reveal its full potential in
neurological diseases. Besides the rapid evolution of mass spectrometry, the development
of metabolite databases and computational tools for compound identification and data
interpretation are in urgent need. Adding MS-based metabolomics to the multi-omics
toolkit will benefit the understanding of the molecular mechanisms, biomarker discovery,
and drug design for mitochondrial neurodevelopmental and neurodegenerative diseases.

In conclusion, integrating quantitative analyses from distinct multiparametric metabolic,
genetic and clinical investigations that include MS-based metabolomics from patient-
derived cells, the patient’s functional mitochondrial energy signature, the patient’s genomic
and epigenomic landscape, and the patient’s comprehensive clinical phenotypic manifesta-
tions will enable to generate a metabotypic map for each patient. This will allow for the
precision prescription of therapies rather than the one-size-fits-all approach developed for
the “average patient”. Understanding each patient’s mitochondrial metabotype will result
in a more meaningful classification of patients for clinical trials than the current one solely
based on a specific pathogenic variant.

Author Contributions: Conceptualization: L.H. and A.C.; writing, review and editing: H.L., M.U.,
L.H. and A.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the NIH National Institute of Neurological Disorders and
Stroke (NS085282) and the Department of Defense (W81XWH-20-1-0061) to AC.

Acknowledgments: H.L. acknowledges the Bourdon F. Scribner Fellowship from GW Chemistry
Department. L.H. acknowledges the ORAU Ralph E. Powe Junior Faculty Enhancement Award.



Metabolites 2021, 11, 233 16 of 24

Conflicts of Interest: There are no conflict of interest to disclose.

References
1. Pietrocola, F.; Galluzzi, L.; Bravo-San Pedro, J.M.; Madeo, F.; Kroemer, G. Acetyl coenzyme A: A central metabolite and second

messenger. Cell Metab. 2015, 21, 805–821. [CrossRef] [PubMed]
2. Martínez-Reyes, I.; Chandel, N.S. Mitochondrial TCA cycle metabolites control physiology and disease. Nat. Commun. 2020,

11, 102. [CrossRef] [PubMed]
3. Jeong, S.Y.; Seol, D.W. The role of mitochondria in apoptosis. BMB Rep. 2008, 41, 11–22. [CrossRef] [PubMed]
4. De vos, K.J.; Mórotz, G.M.; Stoica, R.; Tudor, E.L.; Lau, K.F.; Ackerley, S.; Warley, A.; Shaw, C.E.; Miller, C.C.J. VAPB interacts with

the mitochondrial protein PTPIP51 to regulate calcium homeostasis. Hum. Mol. Genet. 2012, 21, 1299–1311. [CrossRef] [PubMed]
5. Pagliarini, D.J.; Calvo, S.E.; Chang, B.; Sheth, S.A.; Vafai, S.B.; Ong, S.E.; Walford, G.A.; Sugiana, C.; Boneh, A.; Chen, W.K.; et al.

A Mitochondrial Protein Compendium Elucidates Complex I Disease Biology. Cell 2008, 134, 112–123. [CrossRef]
6. Calvo, S.E.; Clauser, K.R.; Mootha, V.K. MitoCarta2.0: An updated inventory of mammalian mitochondrial proteins. Nucleic Acids

Res. 2016, 44, D1251–D1257. [CrossRef]
7. Rath, S.; Sharma, R.; Gupta, R.; Ast, T.; Chan, C.; Durham, T.J.; Goodman, R.P.; Grabarek, Z.; Haas, M.E.; Hung, W.H.W.; et al.

MitoCarta3.0: An updated mitochondrial proteome now with sub-organelle localization and pathway annotations. Nucleic Acids
Res. 2021, 49, D1541–D1547. [CrossRef]

8. Wallace, D.C. Why do we still have a maternally inherited mitochondrial DNA? Insights from evolutionary medicine. Annu. Rev.
Biochem. 2007, 76, 781–821. [CrossRef]

9. Sherengul, W.; Kondo, R.; Matsuura, E.T. Analysis of paternal transmission of mitochondrial DNA in Drosophila. Genes Genet.
Syst. 2006, 81, 399–404. [CrossRef]

10. Nunes, M.D.S.; Dolezal, M.; Schlötterer, C. Extensive paternal mtDNA leakage in natural populations of Drosophila melanogaster.
Mol. Ecol. 2013, 22, 2106–2117. [CrossRef]

11. Gyllensten, U.; Wharton, D.; Josefsson, A.; Wilson, A.C. Paternal inheritance of mitochondrial DNA in mice. Nature 1991, 352,
255–257. [CrossRef] [PubMed]

12. Zhao, X.; Li, N.; Guo, W.; Hu, X.; Liu, Z.; Gong, G.; Wang, A.; Feng, J.; Wu, C. Further evidence for paternal inheritance of
mitochondrial DNA in the sheep (Ovis aries). Heredity 2004, 93, 399–403. [CrossRef] [PubMed]

13. Zhou, Q.; Li, H.; Li, H.; Nakagawa, A.; Lin, J.L.J.; Lee, E.S.; Harry, B.L.; Skeen-Gaar, R.R.; Suehiro, Y.; William, D.; et al.
Mitochondrial endonuclease G mediates breakdown of paternal mitochondria upon fertilization. Science 2016, 353, 394–399.
[CrossRef] [PubMed]

14. Patel, M.R. Inheritance: Male mtDNA Just Can’t Catch a Break. Curr. Biol. 2017, 27, R264–R266. [CrossRef] [PubMed]
15. Yu, Z.; O’Farrell, P.H.; Yakubovich, N.; DeLuca, S.Z. The Mitochondrial DNA Polymerase Promotes Elimination of Paternal

Mitochondrial Genomes. Curr. Biol. 2017, 27, 1033–1039. [CrossRef] [PubMed]
16. Song, W.H.; Yi, Y.J.; Sutovsky, M.; Meyers, S.; Sutovsky, P. Autophagy and ubiquitin-proteasome system contribute to sperm

mitophagy after mammalian fertilization. Proc. Natl. Acad. Sci. USA 2016, 113, E5261–E5270. [CrossRef]
17. Luo, S.; Valencia, C.A.; Zhang, J.; Lee, N.C.; Slone, J.; Gui, B.; Wang, X.; Li, Z.; Dell, S.; Brown, J.; et al. Biparental inheritance of

mitochondrial DNA in humans. Proc. Natl. Acad. Sci. USA 2018, 115, 13039–13044. [CrossRef] [PubMed]
18. Ladoukakis, E.D.; Eyre-Walker, A. Evolutionary genetics: Direct evidence of recombination in human mitochondrial DNA.

Heredity 2004, 93–321. [CrossRef]
19. Uittenbogaard, M.; Chiaramello, A. Mitochondrial biogenesis: A therapeutic target for neurodevelopmental disorders and

neurodegenerative diseases. Curr. Pharm. Des. 2014, 20, 5574–5593. [CrossRef]
20. Marlow, F.L. Mitochondrial matters: Mitochondrial bottlenecks, self-assembling structures, and entrapment in the female

germline. Stem Cell Res. 2017, 21, 178–186. [CrossRef]
21. Al Rawi, S.; Louvet-Vallée, S.; Djeddi, A.; Sachse, M.; Culetto, E.; Hajjar, C.; Boyd, L.; Legouis, R.; Galy, V. Postfertilization

autophagy of sperm organelles prevents paternal mitochondrial DNA transmission. Science 2011, 334, 1144–1147. [CrossRef]
[PubMed]

22. Sharpley, M.S.; Marciniak, C.; Eckel-Mahan, K.; McManus, M.; Crimi, M.; Waymire, K.; Lin, C.S.; Masubuchi, S.; Friend, N.; Koike,
M.; et al. Heteroplasmy of mouse mtDNA is genetically unstable and results in altered behavior and cognition. Cell 2012, 151,
333–343. [CrossRef]

23. Wai, T.; Ao, A.; Zhang, X.; Cyr, D.; Dufort, D.; Shoubridge, E.A. The role of mitochondrial DNA copy number in mammalian
fertility. Biol. Reprod. 2010, 83, 52–62. [CrossRef] [PubMed]

24. Scarpulla, R.C. Transcriptional paradigms in mammalian mitochondrial biogenesis and function. Physiol. Rev. 2008, 88, 611–638.
[CrossRef] [PubMed]

25. Castellani, C.A.; Longchamps, R.J.; Sun, J.; Guallar, E.; Arking, D.E. Thinking outside the nucleus: Mitochondrial DNA copy
number in health and disease. Mitochondrion 2020, 53, 214–223. [CrossRef] [PubMed]

26. Lagouge, M.; Larsson, N.G. The role of mitochondrial DNA mutations and free radicals in disease and ageing. J. Intern. Med.
2013, 273, 529–543. [CrossRef]

27. Alexeyev, M.F. Is there more to aging than mitochondrial DNA and reactive oxygen species? FEBS J. 2009, 276, 5768–5787.
[CrossRef]

http://doi.org/10.1016/j.cmet.2015.05.014
http://www.ncbi.nlm.nih.gov/pubmed/26039447
http://doi.org/10.1038/s41467-019-13668-3
http://www.ncbi.nlm.nih.gov/pubmed/31900386
http://doi.org/10.5483/BMBRep.2008.41.1.011
http://www.ncbi.nlm.nih.gov/pubmed/18304445
http://doi.org/10.1093/hmg/ddr559
http://www.ncbi.nlm.nih.gov/pubmed/22131369
http://doi.org/10.1016/j.cell.2008.06.016
http://doi.org/10.1093/nar/gkv1003
http://doi.org/10.1093/nar/gkaa1011
http://doi.org/10.1146/annurev.biochem.76.081205.150955
http://doi.org/10.1266/ggs.81.399
http://doi.org/10.1111/mec.12256
http://doi.org/10.1038/352255a0
http://www.ncbi.nlm.nih.gov/pubmed/1857422
http://doi.org/10.1038/sj.hdy.6800516
http://www.ncbi.nlm.nih.gov/pubmed/15266295
http://doi.org/10.1126/science.aaf4777
http://www.ncbi.nlm.nih.gov/pubmed/27338704
http://doi.org/10.1016/j.cub.2017.02.057
http://www.ncbi.nlm.nih.gov/pubmed/28376332
http://doi.org/10.1016/j.cub.2017.02.014
http://www.ncbi.nlm.nih.gov/pubmed/28318978
http://doi.org/10.1073/pnas.1605844113
http://doi.org/10.1073/pnas.1810946115
http://www.ncbi.nlm.nih.gov/pubmed/30478036
http://doi.org/10.1038/sj.hdy.6800572
http://doi.org/10.2174/1381612820666140305224906
http://doi.org/10.1016/j.scr.2017.03.004
http://doi.org/10.1126/science.1211878
http://www.ncbi.nlm.nih.gov/pubmed/22033522
http://doi.org/10.1016/j.cell.2012.09.004
http://doi.org/10.1095/biolreprod.109.080887
http://www.ncbi.nlm.nih.gov/pubmed/20130269
http://doi.org/10.1152/physrev.00025.2007
http://www.ncbi.nlm.nih.gov/pubmed/18391175
http://doi.org/10.1016/j.mito.2020.06.004
http://www.ncbi.nlm.nih.gov/pubmed/32544465
http://doi.org/10.1111/joim.12055
http://doi.org/10.1111/j.1742-4658.2009.07269.x


Metabolites 2021, 11, 233 17 of 24

28. Uittenbogaard, M.; Wang, H.; Zhang, V.W.; Wong, L.J.; Brantner, C.A.; Gropman, A.; Chiaramello, A. The nuclear background
influences the penetrance of the near-homoplasmic m.1630 A > G MELAS variant in a symptomatic proband and asymptomatic
mother. Mol. Genet. Metab. 2019, 126, 429–438. [CrossRef]

29. Kauppila, T.E.S.; Kauppila, J.H.K.; Larsson, N.G. Mammalian Mitochondria and Aging: An Update. Cell Metab. 2017, 25, 57–71.
[CrossRef]

30. Stewart, J.B.; Chinnery, P.F. The dynamics of mitochondrial DNA heteroplasmy: Implications for human health and disease. Nat.
Rev. Genet. 2015, 16, 530–542. [CrossRef]

31. Uittenbogaard, M.; Chiaramello, A. Maternally inherited mitochondrial respiratory disorders: From pathogenetic principles to
therapeutic implications. Mol. Genet. Metab. 2020, 131, 38–52. [CrossRef]

32. Wong, L.J.C. Challenges of Bringing Next Generation Sequencing Technologies to Clinical Molecular Diagnostic Laboratories.
Neurotherapeutics 2013, 10, 262–272. [CrossRef] [PubMed]

33. Ye, K.; Lu, J.; Ma, F.; Keinan, A.; Gu, Z. Extensive pathogenicity of mitochondrial heteroplasmy in healthy human individuals.
Proc. Natl. Acad. Sci. USA 2014, 111, 10654–10659. [CrossRef] [PubMed]

34. Payne, B.A.I.; Wilson, I.J.; Yu-Wai-Man, P.; Coxhead, J.; Deehan, D.; Horvath, R.; Taylor, R.W.; Samuels, D.C.; Santibanez-Koref, M.;
Chinnery, P.F. Universal heteroplasmy of human mitochondrial DNA. Hum. Mol. Genet. 2013, 22, 384–390. [CrossRef] [PubMed]

35. Niyazov, D.M.; Kahler, S.G.; Frye, R.E. Primary Mitochondrial Disease and Secondary Mitochondrial Dysfunction: Importance of
Distinction for Diagnosis and Treatment. Mol. Syndr. 2016, 7, 122–137. [CrossRef]

36. Suomalainen, A. Mitochondrial roles in disease: A box full of surprises. EMBO Mol. Med. 2015, 7, 1245–1247. [CrossRef]
[PubMed]

37. Vafai, S.B.; Mootha, V.K. Mitochondrial disorders as windows into an ancient organelle. Nature 2012, 491, 374–383. [CrossRef]
[PubMed]

38. Craven, L.; Alston, C.L.; Taylor, R.W.; Turnbull, D.M. Recent Advances in Mitochondrial Disease. Annu. Rev. Genom. Hum. Genet.
2017, 18, 257–275. [CrossRef] [PubMed]

39. Gorman, G.S.; Schaefer, A.M.; Ng, Y.; Gomez, N.; Blakely, E.L.; Alston, C.L.; Feeney, C.; Horvath, R.; Yu-Wai-Man, P.; Chinnery,
P.F.; et al. Prevalence of nuclear and mitochondrial DNA mutations related to adult mitochondrial disease. Ann. Neurol. 2015, 77,
753–759. [CrossRef]

40. Schon, K.R.; Ratnaike, T.; van den Ameele, J.; Horvath, R.; Chinnery, P.F. Mitochondrial Diseases: A Diagnostic Revolution. Trends
Genet. 2020, 36, 702–717. [CrossRef]

41. Man, P.Y.W.; Turnbull, D.M.; Chinnery, P.F. Leber hereditary optic neuropathy. J. Med. Genet. 2002, 39, 162–169. [CrossRef]
42. Holt, I.J.; Harding, A.E.; Morgan-Hughes, J.A. Deletions of muscle mitochondrial DNA in patients with mitochondrial myopathies.

Nature 1988, 331, 717–719. [CrossRef] [PubMed]
43. KEARNS, T.P.; SAYRE, G.P. Retinitis pigmentosa, external ophthalmoplegia, and complete heart block: Unusual syndrome with

histologic study in one of two cases. AMA Arch. Ophthalmol. 1958, 60, 280–289. [CrossRef] [PubMed]
44. Pavlakis, S.G.; Phillips, P.C.; DiMauro, S.; De Vivo, D.C.; Rowland, L.P. Mitochondrial myopathy, encephalopathy, lactic acidosis,

and strokelike episodes: A distinctive clinical syndrome. Ann. Neurol. 1984, 16, 481–488. [CrossRef] [PubMed]
45. Glatz, C.; D’Aco, K.; Smith, S.; Sondheimer, N. Mutation in the mitochondrial tRNA Val causes mitochondrial encephalopathy,

lactic acidosis and stroke-like episodes. Mitochondrion 2011, 11, 615–619. [CrossRef]
46. Moraes, C.T.; Ciacci, F.; Silvestri, G.; Shanske, S.; Sciacco, M.; Hirano, M.; Schon, E.A.; Bonilla, E.; DiMauro, S. Atypical clinical

presentations associated with the MELAS mutation at position 3243 of human mitochondrial DNA. Neuromuscul. Disord. 1993, 3,
43–50. [CrossRef]

47. Ravn, K.; Wibrand, F.; Hansen, F.J.; Horn, N.; Rosenberg, T.; Schwartz, M. An mtDNA mutation, 14453GτA, in the NADH
dehydrogenase subunit 6 associated with severe MELAS syndrome. Eur. J. Hum. Genet. 2001, 9, 805–809. [CrossRef] [PubMed]

48. El-Hattab, A.W.; Adesina, A.M.; Jones, J.; Scaglia, F. MELAS syndrome: Clinical manifestations, pathogenesis, and treatment
options. Mol. Genet. Metab. 2015, 116, 4–12. [CrossRef] [PubMed]

49. Tatuch, Y.; Christodoulou, J.; Feigenbaum, A.; Clarke, J.T.R.; Wherret, J.; Smith, C.; Rudd, N.; Petrova-Benedict, R.; Robinson, B.H.
Heteroplasmic mtDNA mutation (T→G) at 8993 can cause Leigh disease when the percentage of abnormal mtDNA is high. Am.
J. Hum. Genet. 1992, 50, 852–858.

50. Uittenbogaard, M.; Brantner, C.A.; Fang, Z.S.; Wong, L.J.C.; Gropman, A.; Chiaramello, A. Novel insights into the functional
metabolic impact of an apparent de novo m.8993T>G variant in the MT-ATP6 gene associated with maternally inherited form of
Leigh Syndrome. Mol. Genet. Metab. 2018, 124, 71–81. [CrossRef] [PubMed]

51. Rahman, S.; Blok, R.B.; Dahl, H.; Danks, D.M.; Kirby, D.M.; Chow, C.W.; Christodoulou, J.; Thorburn, D.R. Leigh syndrome:
Clinical features and biochemical and DNA abnormalities. Ann. Neurol. 1996, 39, 343–351. [CrossRef] [PubMed]

52. Sun, N.; Youle, R.J.; Finkel, T. The Mitochondrial Basis of Aging. Mol. Cell 2016, 61, 654–666. [CrossRef] [PubMed]
53. Burns, R.S.; LeWitt, P.A.; Ebert, M.H.; Pakkenberg, H.; Kopin, I.J. The clinical syndrome of striatal dopamine deficiency.

Parkinsonism induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). N. Engl. J. Med. 1985, 312, 1418–1421. [CrossRef]
[PubMed]

54. Trinh, J.; Farrer, M. Advances in the genetics of Parkinson disease. Nat. Rev. Neurol. 2013, 9, 445–454. [CrossRef] [PubMed]
55. Polymeropoulos, M.H.; Lavedan, C.; Leroy, E.; Ide, S.E.; Dehejia, A.; Dutra, A.; Pike, B.; Root, H.; Rubenstein, J.; Boyer, R.; et al.

Mutation in the alpha-synuclein gene identified in families with Parkinson’s disease. Science 1997, 276, 2045–2047. [CrossRef]

http://doi.org/10.1016/j.ymgme.2019.01.022
http://doi.org/10.1016/j.cmet.2016.09.017
http://doi.org/10.1038/nrg3966
http://doi.org/10.1016/j.ymgme.2020.06.011
http://doi.org/10.1007/s13311-012-0170-5
http://www.ncbi.nlm.nih.gov/pubmed/23269496
http://doi.org/10.1073/pnas.1403521111
http://www.ncbi.nlm.nih.gov/pubmed/25002485
http://doi.org/10.1093/hmg/dds435
http://www.ncbi.nlm.nih.gov/pubmed/23077218
http://doi.org/10.1159/000446586
http://doi.org/10.15252/emmm.201505350
http://www.ncbi.nlm.nih.gov/pubmed/26194910
http://doi.org/10.1038/nature11707
http://www.ncbi.nlm.nih.gov/pubmed/23151580
http://doi.org/10.1146/annurev-genom-091416-035426
http://www.ncbi.nlm.nih.gov/pubmed/28415858
http://doi.org/10.1002/ana.24362
http://doi.org/10.1016/j.tig.2020.06.009
http://doi.org/10.1136/jmg.39.3.162
http://doi.org/10.1038/331717a0
http://www.ncbi.nlm.nih.gov/pubmed/2830540
http://doi.org/10.1001/archopht.1958.00940080296016
http://www.ncbi.nlm.nih.gov/pubmed/13558799
http://doi.org/10.1002/ana.410160409
http://www.ncbi.nlm.nih.gov/pubmed/6093682
http://doi.org/10.1016/j.mito.2011.04.003
http://doi.org/10.1016/0960-8966(93)90040-Q
http://doi.org/10.1038/sj.ejhg.5200712
http://www.ncbi.nlm.nih.gov/pubmed/11781695
http://doi.org/10.1016/j.ymgme.2015.06.004
http://www.ncbi.nlm.nih.gov/pubmed/26095523
http://doi.org/10.1016/j.ymgme.2018.03.011
http://www.ncbi.nlm.nih.gov/pubmed/29602698
http://doi.org/10.1002/ana.410390311
http://www.ncbi.nlm.nih.gov/pubmed/8602753
http://doi.org/10.1016/j.molcel.2016.01.028
http://www.ncbi.nlm.nih.gov/pubmed/26942670
http://doi.org/10.1056/NEJM198505303122203
http://www.ncbi.nlm.nih.gov/pubmed/2581135
http://doi.org/10.1038/nrneurol.2013.132
http://www.ncbi.nlm.nih.gov/pubmed/23857047
http://doi.org/10.1126/science.276.5321.2045


Metabolites 2021, 11, 233 18 of 24

56. Kruger, R.; Kuhn, W.; Muller, T.; Woitalla, D.; Graeber, M.; Kosel, S.; Przuntek, H.; Epplen, J.T.; Schols, L.; Riess, O. Ala30Pro
mutation in the gene encoding alpha-synuclein in Parkinson’s disease. Nat. Genet. 1998, 18, 106–108. [CrossRef]

57. Singleton, A.B.; Farrer, M.; Johnson, J.; Singleton, A.; Hague, S.; Kachergus, J.; Hulihan, M.; Peuralinna, T.; Dutra, A.; Nussbaum,
R.; et al. alpha-Synuclein locus triplication causes Parkinson’s disease. Science 2003, 302, 841. [CrossRef]

58. Chartier-Harlin, M.C.; Kachergus, J.; Roumier, C.; Mouroux, V.; Douay, X.; Lincoln, S.; Levecque, C.; Larvor, L.; Andrieux, J.;
Hulihan, M.; et al. alpha-synuclein locus duplication as a cause of familial Parkinson’s disease. Lancet 2004, 364, 1167–1169.
[CrossRef]

59. Goedert, M. Alpha-synuclein and neurodegenerative diseases. Nat. Rev. Neurosci. 2001, 2, 492–501. [CrossRef] [PubMed]
60. Zaltieri, M.; Longhena, F.; Pizzi, M.; Missale, C.; Spano, P.; Bellucci, A. Mitochondrial dysfunction and α-synuclein synaptic

pathology in Parkinson’s disease: Who’s on first? Parkinsons Dis. 2015, 2015, 108029. [CrossRef]
61. Di Maio, R.; Barrett, P.J.; Hoffman, E.K.; Barrett, C.W.; Zharikov, A.; Borah, A.; Hu, X.; McCoy, J.; Chu, C.T.; Burton, E.A.; et al.

α-synuclein binds to TOM20 and inhibits mitochondrial protein import in Parkinson’s disease. Sci. Transl. Med. 2016, 8, 342.
[CrossRef] [PubMed]

62. Narendra, D.; Tanaka, A.; Suen, D.F.; Youle, R.J. Parkin is recruited selectively to impaired mitochondria and promotes their
autophagy. J. Cell Biol. 2008, 183, 795–803. [CrossRef] [PubMed]

63. Pickles, S.; Vigié, P.; Youle, R.J. Mitophagy and Quality Control Mechanisms in Mitochondrial Maintenance. Curr. Biol. 2018, 28,
R170–R185. [CrossRef] [PubMed]

64. Pickrell, A.M.; Youle, R.J. The roles of PINK1, parkin, and mitochondrial fidelity in Parkinson’s disease. Neuron 2015, 85, 257–273.
[CrossRef]

65. Tolosa, E.; Vila, M.; Klein, C.; Rascol, O. LRRK2 in Parkinson disease: Challenges of clinical trials. Nat. Rev. Neurol. 2020, 16,
97–107. [CrossRef] [PubMed]

66. Hsieh, C.H.; Shaltouki, A.; Gonzalez, A.E.; Bettencourt da Cruz, A.; Burbulla, L.F.; St. Lawrence, E.; Schüle, B.; Krainc, D.;
Palmer, T.D.; Wang, X. Functional Impairment in Miro Degradation and Mitophagy Is a Shared Feature in Familial and Sporadic
Parkinson’s Disease. Cell Stem Cell 2016, 19, 709–724. [CrossRef]

67. Hsieh, C.H.; Li, L.; Vanhauwaert, R.; Nguyen, K.T.; Davis, M.D.; Bu, G.; Wszolek, Z.K.; Wang, X. Miro1 Marks Parkinson’s Disease
Subset and Miro1 Reducer Rescues Neuron Loss in Parkinson’s Models. Cell Metab. 2019, 30, 1131–1140.e7. [CrossRef]

68. Shlevkov, E.; Kramer, T.; Schapansky, J.; Lavoie, M.J.; Schwarz, T.L. Miro phosphorylation sites regulate Parkin recruitment and
mitochondrial motility. Proc. Natl. Acad. Sci. USA 2016, 113, E6097–E6106. [CrossRef]

69. Joshi, N.; Singh, S. Updates on immunity and inflammation in Parkinson disease pathology. J. Neurosci. Res. 2018, 96, 379–390.
[CrossRef]

70. Sliter, D.A.; Martinez, J.; Hao, L.; Chen, X.; Sun, N.; Fischer, T.D.; Burman, J.L.; Li, Y.; Zhang, Z.; Narendra, D.P.; et al. Parkin and
PINK1 mitigate STING-induced inflammation. Nature 2018, 561, 258–262. [CrossRef]

71. Swerdlow, R.H. Mitochondria and Mitochondrial Cascades in Alzheimer’s Disease. J. Alzheimer’s Dis. 2018, 62, 1403–1416.
[CrossRef]

72. Rhein, V.; Song, X.; Wiesner, A.; Ittner, L.M.; Baysang, G.; Meier, F.; Ozmen, L.; Bluethmann, H.; Dröse, S.; Brandt, U.; et al.
Amyloid-β and tau synergistically impair the oxidative phosphorylation system in triple transgenic Alzheimer’s disease mice.
Proc. Natl. Acad. Sci. USA 2009, 106, 20057–20062. [CrossRef]

73. Spuch, C.; Ortolano, S.; Navarro, C. New insights in the amyloid-beta interaction with mitochondria. J. Aging Res. 2012, 2012.
[CrossRef]

74. Reddy, P.H.; Oliver, D.M.A. Defective Autophagy and Mitophagy in Alzheimer’s Disease. Cells 2019, 8, 488. [CrossRef]
75. Anandatheerthavarada, H.K.; Biswas, G.; Robin, M.A.; Avadhani, N.G. Mitochondrial targeting and a novel transmembrane

arrest of Alzheimer’s amyloid precursor protein impairs mitochondrial function in neuronal cells. J. Cell Biol. 2003, 161, 41–54.
[CrossRef]

76. Wang, X.; Su, B.; Fujioka, H.; Zhu, X. Dynamin-like protein 1 reduction underlies mitochondrial morphology and distribution
abnormalities in fibroblasts from sporadic Alzheimer’s disease patients. Am. J. Pathol. 2008, 173, 470–482. [CrossRef] [PubMed]

77. Swerdlow, R.H.; Kish, S.J. Mitochondrial Function and Dysfunction. Int. Rev. Neurobiol. 2002, 53, 341–385. [CrossRef] [PubMed]
78. Devi, L.; Prabhu, B.M.; Galati, D.F.; Avadhani, N.G.; Anandatheerthavarada, H.K. Accumulation of amyloid precursor protein in

the mitochondrial import channels of human Alzheimer’s disease brain is associated with mitochondrial dysfunction. J. Neurosci.
2006, 26, 9057–9068. [CrossRef] [PubMed]

79. Smith, M.A.; Hirai, K.; Hsiao, K.; Pappolla, M.A.; Harris, P.L.R.; Siedlak, S.L.; Tabaton, M.; Perry, G. Amyloid-β Deposition in
Alzheimer Transgenic Mice Is Associated with Oxidative Stress. J. Neurochem. 2002, 70, 2212–2215. [CrossRef] [PubMed]

80. Sims, R.; Hill, M.; Williams, J. The multiplex model of the genetics of Alzheimer’s disease. Nat. Neurosci. 2020, 23, 311–322.
[CrossRef] [PubMed]

81. Gatz, M.; Reynolds, C.A.; Fratiglioni, L.; Johansson, B.; Mortimer, J.A.; Berg, S.; Fiske, A.; Pedersen, N.L. Role of genes and
environments for explaining Alzheimer disease. Arch. Gen. Psychiatry 2006, 63, 168–174. [CrossRef] [PubMed]

82. Wingo, T.S.; Lah, J.J.; Levey, A.I.; Cutler, D.J. Autosomal recessive causes likely in early-onset Alzheimer disease. Arch. Neurol.
2012, 69, 59–64. [CrossRef] [PubMed]

http://doi.org/10.1038/ng0298-106
http://doi.org/10.1126/science.1090278
http://doi.org/10.1016/S0140-6736(04)17103-1
http://doi.org/10.1038/35081564
http://www.ncbi.nlm.nih.gov/pubmed/11433374
http://doi.org/10.1155/2015/108029
http://doi.org/10.1126/scitranslmed.aaf3634
http://www.ncbi.nlm.nih.gov/pubmed/27280685
http://doi.org/10.1083/jcb.200809125
http://www.ncbi.nlm.nih.gov/pubmed/19029340
http://doi.org/10.1016/j.cub.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/29462587
http://doi.org/10.1016/j.neuron.2014.12.007
http://doi.org/10.1038/s41582-019-0301-2
http://www.ncbi.nlm.nih.gov/pubmed/31980808
http://doi.org/10.1016/j.stem.2016.08.002
http://doi.org/10.1016/j.cmet.2019.08.023
http://doi.org/10.1073/pnas.1612283113
http://doi.org/10.1002/jnr.24185
http://doi.org/10.1038/s41586-018-0448-9
http://doi.org/10.3233/JAD-170585
http://doi.org/10.1073/pnas.0905529106
http://doi.org/10.1155/2012/324968
http://doi.org/10.3390/cells8050488
http://doi.org/10.1083/jcb.200207030
http://doi.org/10.2353/ajpath.2008.071208
http://www.ncbi.nlm.nih.gov/pubmed/18599615
http://doi.org/10.1016/S0074-7742(02)53013-0
http://www.ncbi.nlm.nih.gov/pubmed/12512346
http://doi.org/10.1523/JNEUROSCI.1469-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16943564
http://doi.org/10.1046/j.1471-4159.1998.70052212.x
http://www.ncbi.nlm.nih.gov/pubmed/9572310
http://doi.org/10.1038/s41593-020-0599-5
http://www.ncbi.nlm.nih.gov/pubmed/32112059
http://doi.org/10.1001/archpsyc.63.2.168
http://www.ncbi.nlm.nih.gov/pubmed/16461860
http://doi.org/10.1001/archneurol.2011.221
http://www.ncbi.nlm.nih.gov/pubmed/21911656


Metabolites 2021, 11, 233 19 of 24

83. Manczak, M.; Calkins, M.J.; Reddy, P.H. Impaired mitochondrial dynamics and abnormal interaction of amyloid beta with
mitochondrial protein Drp1 in neurons from patients with Alzheimer’s disease: Implications for neuronal damage. Hum. Mol.
Genet. 2011, 20, 2495–2509. [CrossRef] [PubMed]

84. Karran, E.; Mercken, M.; Strooper, B. De The amyloid cascade hypothesis for Alzheimer’s disease: An appraisal for the
development of therapeutics. Nat. Rev. Drug Discov. 2011, 10, 698–712. [CrossRef]

85. Ostrowitzki, S.; Lasser, R.A.; Dorflinger, E.; Scheltens, P.; Barkhof, F.; Nikolcheva, T.; Ashford, E.; Retout, S.; Hofmann, C.; Delmar,
P.; et al. A phase III randomized trial of gantenerumab in prodromal Alzheimer’s disease. Alzheimer’s Res. Ther. 2017, 9, 1–15.
[CrossRef]

86. Honig, L.S.; Vellas, B.; Woodward, M.; Boada, M.; Bullock, R.; Borrie, M.; Hager, K.; Andreasen, N.; Scarpini, E.; Liu-Seifert, H.;
et al. Trial of solanezumab for mild dementia due to Alzheimer’s disease. N. Engl. J. Med. 2018, 378, 321–330. [CrossRef]

87. Harold, D.; Abraham, R.; Hollingworth, P.; Sims, R.; Gerrish, A.; Hamshere, M.L.; Pahwa, J.S.; Moskvina, V.; Dowzell, K.;
Williams, A.; et al. Genome-wide association study identifies variants at CLU and PICALM associated with Alzheimer’s disease.
Nat. Genet. 2009, 41, 1088–1093. [CrossRef]

88. Baker, E.; Sims, R.; Leonenko, G.; Frizzati, A.; Harwood, J.C.; Grozeva, D.; Morgan, K.; Passmore, P.; Holmes, C.; Powell, J.; et al.
Gene-based analysis in HRC imputed genome wide association data identifies three novel genes for Alzheimer’s disease. PLoS
ONE 2019, 14, e0218111. [CrossRef]

89. Bates, G.P.; Dorsey, R.; Gusella, J.F.; Hayden, M.R.; Kay, C.; Leavitt, B.R.; Nance, M.; Ross, C.A.; Scahill, R.I.; Wetzel, R.; et al.
Huntington disease. Nat. Rev. Dis. Prim. 2015, 1, 15005. [CrossRef]

90. Choo, Y.S.; Johnson, G.V.W.; MacDonald, M.; Detloff, P.J.; Lesort, M. Mutant huntingtin directly increases susceptibility of
mitochondria to the calcium-induced permeability transition and cytochrome c release. Hum. Mol. Genet. 2004, 13, 1407–1420.
[CrossRef] [PubMed]

91. Steffan, J.S.; Kazantsev, A.; Spasic-Boskovic, O.; Greenwald, M.; Zhu, Y.Z.; Gohler, H.; Wanker, E.E.; Bates, G.P.; Housman, D.E.;
Thompson, L.M. The Huntington’s disease protein interacts with p53 and CREB-binding protein and represses transcription.
Proc. Natl. Acad. Sci. USA 2000, 97, 6763–6768. [CrossRef] [PubMed]

92. Cui, L.; Jeong, H.; Borovecki, F.; Parkhurst, C.N.; Tanese, N.; Krainc, D. Transcriptional Repression of PGC-1α by Mutant
Huntingtin Leads to Mitochondrial Dysfunction and Neurodegeneration. Cell 2006, 127, 59–69. [CrossRef] [PubMed]

93. Bae, B.; Xu, H.; Igarashi, S.; Fujimuro, M.; Agrawal, N.; Taya, Y.; Hayward, S.D.; Moran, T.H.; Montell, C.; Ross, C.A.; et al. p53
mediates cellular dysfunction and behavioral abnormalities in Huntington’s disease. Neuron 2005, 47, 29–41. [CrossRef]

94. Vogelstein, B.; Lane, D.; Levine, A.J. Surfing p53 Network. Nature 2000, 408, 307–310. [CrossRef] [PubMed]
95. Nakano, K.; Vousden, K.H. PUMA, a novel proapoptotic gene, is induced by p53. Mol. Cell 2001, 7, 683–694. [CrossRef]
96. Patti, G.J.; Yanes, O.; Siuzdak, G. Metabolomics: The apogee of the omics trilogy. Nat. Rev. Mol. Cell Biol. 2012, 13, 263–269.

[CrossRef]
97. Havelund, J.F.; Heegaard, N.H.H.; Færgeman, N.J.K.; Gramsbergen, J.B. Biomarker research in parkinson’s disease using

metabolite profiling. Metabolites 2017, 7, 42. [CrossRef]
98. Monteiro, M.S.; Carvalho, M.; Bastos, M.L.; Guedes de Pinho, P. Metabolomics Analysis for Biomarker Discovery: Advances and

Challenges. Curr. Med. Chem. 2013, 20, 257–271. [CrossRef] [PubMed]
99. Huan, T.; Tran, T.; Zheng, J.; Sapkota, S.; MacDonald, S.W.; Camicioli, R.; Dixon, R.A.; Li, L. Metabolomics Analyses of Saliva

Detect Novel Biomarkers of Alzheimer’s Disease. J. Alzheimer’s Dis. 2018, 65, 1401–1416. [CrossRef] [PubMed]
100. Hao, L.; Greer, T.; Page, D.; Shi, Y.; Vezina, C.M.; Macoska, J.A.; Marker, P.C.; Bjorling, D.E.; Bushman, W.; Ricke, W.A.; et al.

In-depth characterization and validation of human urine metabolomes reveal novel metabolic signatures of lower urinary tract
symptoms. Sci. Rep. 2016, 6, 30869. [CrossRef] [PubMed]

101. Hao, L.; Wang, J.; Page, D.; Asthana, S.; Zetterberg, H.; Carlsson, C.; Okonkwo, O.C.; Li, L. Comparative Evaluation of MS-based
Metabolomics Software and Its Application to Preclinical Alzheimer’s Disease. Sci. Rep. 2018, 8, 9291. [CrossRef] [PubMed]

102. Wei, P.; Hao, L.; Thomas, S.; Buchberger, A.R.; Steinke, L.; Marker, P.C.; Ricke, W.A.; Li, L. Urinary Amine Metabolomics
Characterization with Custom 12-Plex Isobaric DiLeu Labeling. J. Am. Soc. Mass Spectrom. 2020, 31, 1854–1860. [CrossRef]
[PubMed]

103. Castillo, M.; Kwock, L.; Green, C. MELAS syndrome: Imaging and proton MR spectroscopic findings. Am. J. Neuroradiol. 1995, 16,
233–239. [PubMed]

104. Möller, H.E.; Kurlemann, G.; Pützler, M.; Wiedermann, D.; Hilbich, T.; Fiedler, B. Magnetic resonance spectroscopy in patients
with MELAS. J. Neurol. Sci. 2005, 229–230, 131–139. [CrossRef] [PubMed]

105. Wikoff, W.R.; Anfora, A.T.; Liu, J.; Schultz, P.G.; Lesley, S.A.; Peters, E.C.; Siuzdak, G. Metabolomics analysis reveals large effects
of gut microflora on mammalian blood metabolites. Proc. Natl. Acad. Sci. USA 2009, 106, 3698–3703. [CrossRef] [PubMed]

106. Hu, S.Y.; Zhuang, Q.Q.; Qiu, Y.; Zhu, X.F.; Yan, Q.F. Cell models and drug discovery for mitochondrial diseases. J. Zhejiang Univ.
Sci. B 2019, 20, 449–456. [CrossRef]

107. Frankenfield, A.M.; Fernandopulle, M.S.; Hasan, S.; Ward, M.E.; Hao, L. Development and Comparative Evaluation of Endolyso-
somal Proximity Labeling-Based Proteomic Methods in Human iPSC-Derived Neurons. Anal. Chem. 2020, 92. [CrossRef]

108. Zhong, X.; Hao, L.; Lu, J.; Ye, H.; Zhang, S.C.; Li, L. Quantitative analysis of serotonin secreted by human embryonic stem
cells-derived serotonergic neurons via pH-mediated online stacking-CE-ESI-MRM. Electrophoresis 2016, 37, 1027–1030. [CrossRef]

http://doi.org/10.1093/hmg/ddr139
http://www.ncbi.nlm.nih.gov/pubmed/21459773
http://doi.org/10.1038/nrd3505
http://doi.org/10.1186/s13195-017-0318-y
http://doi.org/10.1056/NEJMoa1705971
http://doi.org/10.1038/ng.440
http://doi.org/10.1371/journal.pone.0218111
http://doi.org/10.1038/nrdp.2015.5
http://doi.org/10.1093/hmg/ddh162
http://www.ncbi.nlm.nih.gov/pubmed/15163634
http://doi.org/10.1073/pnas.100110097
http://www.ncbi.nlm.nih.gov/pubmed/10823891
http://doi.org/10.1016/j.cell.2006.09.015
http://www.ncbi.nlm.nih.gov/pubmed/17018277
http://doi.org/10.1016/j.neuron.2005.06.005
http://doi.org/10.1038/35042675
http://www.ncbi.nlm.nih.gov/pubmed/11099028
http://doi.org/10.1016/S1097-2765(01)00214-3
http://doi.org/10.1038/nrm3314
http://doi.org/10.3390/metabo7030042
http://doi.org/10.2174/092986713804806621
http://www.ncbi.nlm.nih.gov/pubmed/23210853
http://doi.org/10.3233/JAD-180711
http://www.ncbi.nlm.nih.gov/pubmed/30175979
http://doi.org/10.1038/srep30869
http://www.ncbi.nlm.nih.gov/pubmed/27502322
http://doi.org/10.1038/s41598-018-27031-x
http://www.ncbi.nlm.nih.gov/pubmed/29915347
http://doi.org/10.1021/jasms.0c00110
http://www.ncbi.nlm.nih.gov/pubmed/32678615
http://www.ncbi.nlm.nih.gov/pubmed/7726067
http://doi.org/10.1016/j.jns.2004.11.014
http://www.ncbi.nlm.nih.gov/pubmed/15760631
http://doi.org/10.1073/pnas.0812874106
http://www.ncbi.nlm.nih.gov/pubmed/19234110
http://doi.org/10.1631/jzus.B1900196
http://doi.org/10.1021/acs.analchem.0c03107
http://doi.org/10.1002/elps.201500496


Metabolites 2021, 11, 233 20 of 24

109. Esterhuizen, K.; van der Westhuizen, F.H.; Louw, R. Metabolomics of mitochondrial disease. Mitochondrion 2017, 35, 97–110.
[CrossRef]

110. Kuehnbaum, N.L.; Britz-McKibbin, P. New Advances in Separation Science for Metabolomics: Resolving Chemical Diversity in a
Post-Genomic Era. Chem. Rev. 2013, 113, 2437–2468. [CrossRef]

111. Ramautar, R.; Somsen, G.W.; de Jong, G.J. CE-MS for metabolomics: Developments and applications in the period 2010–2012.
Electrophoresis 2013, 34, 86–98. [CrossRef]

112. Hao, L.; Zhong, X.; Greer, T.; Ye, H.; Li, L. Relative quantification of amine-containing metabolites using isobaric N,N-dimethyl
leucine (DiLeu) reagents via LC-ESI-MS/MS and CE-ESI-MS/MS. Analyst 2015, 140, 467–475. [CrossRef] [PubMed]

113. Johnson, C.H.; Ivanisevic, J.; Benton, H.P.; Siuzdak, G. Bioinformatics: The next frontier of metabolomics. Anal. Chem. 2015, 87,
147–156. [CrossRef] [PubMed]

114. Sugimoto, M.; Kawakami, M.; Robert, M.; Soga, T.; Tomita, M. Bioinformatics Tools for Mass Spectroscopy-Based Metabolomic
Data Processing and Analysis. Curr. Bioinform. 2012, 7, 96–108. [CrossRef] [PubMed]

115. Griffiths, W.J.; Koal, T.; Wang, Y.; Kohl, M.; Enot, D.P.; Deigner, H.P. Targeted metabolomics for biomarker discovery. Angew.
Chem. Int. Ed. 2010, 49, 5426–5445. [CrossRef] [PubMed]

116. Stauber, J.; Lemaire, R.; Franck, J.; Bonnel, D.; Croix, D.; Day, R.; Wisztorski, M.; Fournier, I.; Salzet, M. MALDI imaging of
formalin-fixed paraffin-embedded tissues: Application to model animals of parkinson disease for biomarker hunting. J. Proteome
Res. 2008, 7, 969–978. [CrossRef]

117. Pierson, J.; Norris, J.L.; Aerni, H.R.; Svenningsson, P.; Caprioli, R.M.; Andrén, P.E. Molecular Profiling of Experimental Parkinson’s
Disease: Direct Analysis of Peptides and Proteins on Brain Tissue Sections by MALDI Mass Spectrometry. J. Proteome Res. 2004, 3,
289–295. [CrossRef]

118. Stoeckli, M.; Staab, D.; Staufenbiel, M.; Wiederhold, K.H.; Signor, L. Molecular imaging of amyloid β peptides in mouse brain
sections using mass spectrometry. Anal. Biochem. 2002, 311, 33–39. [CrossRef]

119. Matsumoto, J.; Sugiura, Y.; Yuki, D.; Hayasaka, T.; Goto-Inoue, N.; Zaima, N.; Kunii, Y.; Wada, A.; Yang, Q.; Nishiura, K.; et al.
Abnormal phospholipids distribution in the prefrontal cortex from a patient with schizophrenia revealed by matrix-assisted laser
desorption/ionization imaging mass spectrometry. Anal. Bioanal. Chem. 2011, 400, 1933–1943. [CrossRef]

120. Acquadro, E.; Caron, I.; Tortarolo, M.; Bucci, E.M.; Bendotti, C.; Corpillo, D. Human SOD1-G93A specific distribution evidenced
in murine brain of a transgenic model for amyotrophic lateral sclerosis by MALDI imaging mass spectrometry. J. Proteome Res.
2014, 13, 1800–1809. [CrossRef]

121. Angelini, R.; Vitale, R.; Patil, V.A.; Cocco, T.; Ludwig, B.; Greenberg, M.L.; Corcelli, A. Lipidomics of intact mitochondria by
MALDI-TOF/MS. J. Lipid Res. 2012, 53, 1417–1425. [CrossRef]

122. Boggio, K.J.; Obasuyi, E.; Sugino, K.; Nelson, S.B.; Agar, N.Y.R.; Agar, J.N. Recent advances in single-cell MALDI mass
spectrometry imaging and potential clinical impact. Expert Rev. Proteom. 2012, 8, 591–604. [CrossRef]

123. Sugiura, Y.; Zaima, N.; Setou, M.; Ito, S.; Yao, I. Visualization of acetylcholine distribution in central nervous system tissue
sections by tandem imaging mass spectrometry. Anal. Bioanal. Chem. 2012, 403, 1851–1861. [CrossRef]

124. Gemperline, E.; Chen, B.; Li, L. Challenges and recent advances in mass spectrometric imaging of neurotransmitters. Bioanalysis
2014, 6, 525–540. [CrossRef]

125. Cao, Q.; Wang, Y.; Chen, B.; Ma, F.; Hao, L.; Li, G.; Ouyang, C.; Li, L. Visualization and Identification of Neurotransmitters in
Crustacean Brain via Multifaceted Mass Spectrometric Approaches. ACS Chem. Neurosci. 2019, 10. [CrossRef]

126. Jiang, S.; Liang, Z.; Hao, L.; Li, L. Investigation of signaling molecules and metabolites found in crustacean hemolymph via
in vivo microdialysis using a multifaceted mass spectrometric platform. Electrophoresis 2016, 37, 1031–1038. [CrossRef]

127. Li, N.J.; Liu, W.T.; Li, W.; Li, S.Q.; Chen, X.H.; Bi, K.S.; He, P. Plasma metabolic profiling of Alzheimer’s disease by liquid
chromatography/mass spectrometry. Clin. Biochem. 2010, 43, 992–997. [CrossRef]

128. Haxby, J.V.; Grady, C.L.; Friedland, R.P.; Rapoport, S.I. Neocortical metabolic abnormalities precede nonmemory cognitive
impairments in early dementia of the Alzheimer type: Longitudinal confirmation. J. Neural Transm. Suppl. 1987, 24, 49–53.
[PubMed]

129. Maurer, I.; Zierz, S.; Möller, H.J. A selective defect of cytochrome c oxidase is present in brain of Alzheimer disease patients.
Neurobiol. Aging 2000, 21, 455–462. [CrossRef]

130. Wishart, D.S.; Tzur, D.; Knox, C.; Eisner, R.; Guo, A.C.; Young, N.; Cheng, D.; Jewell, K.; Arndt, D.; Sawhney, S.; et al. HMDB:
The human metabolome database. Nucleic Acids Res. 2007, 35, 521–526. [CrossRef] [PubMed]

131. Peisl, B.Y.L.; Schymanski, E.L.; Wilmes, P. Dark matter in host-microbiome metabolomics: Tackling the unknowns–A review.
Anal. Chim. Acta 2018, 1037, 13–27. [CrossRef]

132. Frezza, C.; Cipolat, S.; Scorrano, L. Organelle isolation: Functional mitochondria from mouse liver, muscle and cultured filroblasts.
Nat. Protoc. 2007, 2, 287–295. [CrossRef]

133. Chen, W.W.; Freinkman, E.; Sabatini, D.M. Rapid immunopurification of mitochondria for metabolite profiling and absolute
quantification of matrix metabolites. Nat. Protoc. 2017, 12, 2215–2231. [CrossRef] [PubMed]

134. HOGEBOOM, G.H. Isolation of inatct mitochondria from rat liver; some biochemical properties of mitochondria and submicro-
scopic particulate material. J. Biol. Chem. 1947, 177, 847–858. [CrossRef]

135. Matuszczyk, J.C.; Teleki, A.; Pfizenmaier, J.; Takors, R. Compartment-specific metabolomics for CHO reveals that ATP pools in
mitochondria are much lower than in cytosol. Biotechnol. J. 2015, 10, 1639–1650. [CrossRef]

http://doi.org/10.1016/j.mito.2017.05.012
http://doi.org/10.1021/cr300484s
http://doi.org/10.1002/elps.201200390
http://doi.org/10.1039/C4AN01582G
http://www.ncbi.nlm.nih.gov/pubmed/25429371
http://doi.org/10.1021/ac5040693
http://www.ncbi.nlm.nih.gov/pubmed/25389922
http://doi.org/10.2174/157489312799304431
http://www.ncbi.nlm.nih.gov/pubmed/22438836
http://doi.org/10.1002/anie.200905579
http://www.ncbi.nlm.nih.gov/pubmed/20629054
http://doi.org/10.1021/pr070464x
http://doi.org/10.1021/pr0499747
http://doi.org/10.1016/S0003-2697(02)00386-X
http://doi.org/10.1007/s00216-011-4909-3
http://doi.org/10.1021/pr400942n
http://doi.org/10.1194/jlr.D026203
http://doi.org/10.1586/epr.11.53
http://doi.org/10.1007/s00216-012-5988-5
http://doi.org/10.4155/bio.13.341
http://doi.org/10.1021/acschemneuro.8b00730
http://doi.org/10.1002/elps.201500497
http://doi.org/10.1016/j.clinbiochem.2010.04.072
http://www.ncbi.nlm.nih.gov/pubmed/3479529
http://doi.org/10.1016/S0197-4580(00)00112-3
http://doi.org/10.1093/nar/gkl923
http://www.ncbi.nlm.nih.gov/pubmed/17202168
http://doi.org/10.1016/j.aca.2017.12.034
http://doi.org/10.1038/nprot.2006.478
http://doi.org/10.1038/nprot.2017.104
http://www.ncbi.nlm.nih.gov/pubmed/29532801
http://doi.org/10.1016/S0021-9258(18)57030-7
http://doi.org/10.1002/biot.201500060


Metabolites 2021, 11, 233 21 of 24

136. Bowsher, C.G.; Tobin, A.K. Compartmentation of metabolism within mitochondria and plastids. J. Exp. Bot. 2001, 52, 513–527.
[CrossRef] [PubMed]

137. Chen, W.W.; Freinkman, E.; Wang, T.; Birsoy, K.; Sabatini, D.M. Absolute Quantification of Matrix Metabolites Reveals the
Dynamics of Mitochondrial Metabolism. Cell 2016, 166, 1324–1337.e11. [CrossRef] [PubMed]

138. Corcelli, A.; Saponetti, M.S.; Zaccagnino, P.; Lopalco, P.; Mastrodonato, M.; Liquori, G.E.; Lorusso, M. Mitochondria isolated in
nearly isotonic KCl buffer: Focus on cardiolipin and organelle morphology. Biochim. Biophys. Acta Biomembr. 2010, 1798, 681–687.
[CrossRef]

139. Bayraktar, E.C.; Baudrier, L.; Özerdem, C.; Lewis, C.A.; Chan, S.H.; Kunchok, T.; Abu-Remaileh, M.; Cangelosi, A.L.; Sabatini,
D.M.; Birsoy, K.; et al. MITO-Tag Mice enable rapid isolation and multimodal profiling of mitochondria from specific cell types
in vivo. Proc. Natl. Acad. Sci. USA 2019, 116, 303–312. [CrossRef]

140. Sauer, U. Metabolic networks in motion: 13C-based flux analysis. Mol. Syst. Biol. 2006, 2, 62. [CrossRef]
141. Llufrio, E.M.; Cho, K.; Patti, G.J. Systems-level analysis of isotopic labeling in untargeted metabolomic data by X(13)CMS. Nat.

Protoc. 2019, 14, 1970–1990. [CrossRef]
142. Lee, W.D.; Mukha, D.; Aizenshtein, E.; Shlomi, T. Spatial-fluxomics provides a subcellular-compartmentalized view of reductive

glutamine metabolism in cancer cells. Nat. Commun. 2019, 10, 1351. [CrossRef]
143. Nikkanen, J.; Forsström, S.; Euro, L.; Paetau, I.; Kohnz, R.A.; Wang, L.; Chilov, D.; Viinamäki, J.; Roivainen, A.; Marjamäki, P.; et al.

Mitochondrial DNA Replication Defects Disturb Cellular dNTP Pools and Remodel One-Carbon Metabolism. Cell Metab. 2016,
23, 635–648. [CrossRef] [PubMed]

144. Kühl, I.; Miranda, M.; Atanassov, I.; Kuznetsova, I.; Hinze, Y.; Mourier, A.; Filipovska, A.; Larsson, N.G. Transcriptomic and
proteomic landscape of mitochondrial dysfunction reveals secondary coenzyme Q deficiency in mammals. Elife 2017, 6, e30952.
[CrossRef] [PubMed]

145. Schober, F.A.; Moore, D.; Atanassov, I.; Moedas, M.F.; Clemente, P.; Végvári, Á.; Fissi, N.E.; Filograna, R.; Bucher, A.-L.; Hinze, Y.;
et al. The one-carbon pool controls mitochondrial energy metabolism via complex I and iron-sulfur clusters. Sci. Adv. 2021, 7.
[CrossRef] [PubMed]

146. Scolamiero, E.; Cozzolino, C.; Albano, L.; Ansalone, A.; Caterino, M.; Corbo, G.; Di Girolamo, M.G.; Di Stefano, C.; Durante, A.;
Franzese, G.; et al. Targeted metabolomics in the expanded newborn screening for inborn errors of metabolism. Mol. Biosyst.
2015, 11, 1525–1535. [CrossRef] [PubMed]

147. Chao De La Barca, J.M.; Simard, G.; Amati-Bonneau, P.; Safiedeen, Z.; Prunier-Mirebeau, D.; Chupin, S.; Gadras, C.; Tessier, L.;
Gueguen, N.; Chevrollier, A.; et al. The metabolomic signature of Leber’s hereditary optic neuropathy reveals endoplasmic
reticulum stress. Brain 2016, 139, 2864–2876. [CrossRef] [PubMed]

148. Ren, C.; Liu, J.; Zhou, J.; Liang, H.; Zhu, Y.; Wang, Q.; Leng, Y.; Zhang, Z.; Yuan, Y.; Wang, Z.; et al. Lipidomic profiling of plasma
samples from patients with mitochondrial disease. Biochem. Biophys. Res. Commun. 2018, 500, 124–131. [CrossRef] [PubMed]

149. Ruiz, M.; Cuillerier, A.; Daneault, C.; Deschênes, S.; Frayne, I.R.; Bouchard, B.; Forest, A.; Legault, J.T.; Vaz, F.M.; Rioux, J.D.;
et al. Lipidomics unveils lipid dyshomeostasis and low circulating plasmalogens as biomarkers in a monogenic mitochondrial
disorder. JCI Insight 2019, 4, 14. [CrossRef]

150. Naviaux, R.K. Metabolic features of the cell danger response. Mitochondrion 2014, 16, 7–17. [CrossRef]
151. Tanaka, M.; Nishigaki, Y.; Fuku, N.; Ibi, T.; Sahashi, K.; Koga, Y. Therapeutic potential of pyruvate therapy for mitochondrial

diseases. Mitochondrion 2007, 7, 399–401. [CrossRef]
152. Kami, K.; Fujita, Y.; Igarashi, S.; Koike, S.; Sugawara, S.; Ikeda, S.; Sato, N.; Ito, M.; Tanaka, M.; Tomita, M.; et al. Metabolomic

profiling rationalized pyruvate efficacy in cybrid cells harboring MELAS mitochondrial DNA mutations. Mitochondrion 2012, 12,
644–653. [CrossRef] [PubMed]

153. Hattori, T.; Hamazaki, T.; Kudo, S.; Shintaku, H. Metabolic Signature of MELAS/Leigh Overlap Syndrome in Patient-specific
Induced Pluripotent Stem Cells Model. Osaka City Med. J. 2016, 62, 69–76.

154. Nunnari, J.; Suomalainen, A. Mitochondria: In sickness and in health. Cell 2012, 148, 1145–1159. [CrossRef]
155. Cantó, C.; Menzies, K.J.; Auwerx, J. NAD+ Metabolism and the Control of Energy Homeostasis: A Balancing Act between

Mitochondria and the Nucleus. Cell Metab. 2015, 22, 31–53. [CrossRef] [PubMed]
156. Srivastava, S. Emerging therapeutic roles for NAD + metabolism in mitochondrial and age-related disorders. Clin. Transl. Med.

2016, 5, 1–11. [CrossRef] [PubMed]
157. Voet, D.; Voet, J.G. Biochemistry, 2nd ed.; Wiley: New York, NY, USA, 1995; Volume 613, p. 21205.
158. Munnich, A.; Rötig, A.; Chretien, D.; Cormier, V.; Bourgeron, T.; Bonnefont, J.P.; Saudubray, J.M.; Rustin, P. Clinical presentation

of mitochondrial disorders in childhood. J. Inherit. Metab. Dis. 1996, 19, 521–527. [CrossRef] [PubMed]
159. Munnich, A.; Rötig, A.; Chretien, D.; Saudubray, J.M.; Cormier, V.; Rustin, P. Clinical presentations and laboratory investigations

in respiratory chain deficiency. Eur. J. Pediatr. 1996, 155, 262–274. [CrossRef] [PubMed]
160. Esteitie, N.; Hinttala, R.; Wibom, R.; Nilsson, H.; Hance, N.; Naess, K.; Teär-Fahnehjelm, K.; Von Döbeln, U.; Majamaa, K.; Larsson,

N.G. Secondary metabolic effects in complex I deficiency. Ann. Neurol. 2005, 58, 544–552. [CrossRef]
161. Terburgh, K.; Lindeque, Z.; Mason, S.; van der Westhuizen, F.; Louw, R. Metabolomics of Ndufs4−/− skeletal muscle: Adaptive

mechanisms converge at the ubiquinone-cycle. Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 98–106. [CrossRef]
162. Gielisch, I.; Meierhofer, D. Metabolome and proteome profiling of complex i deficiency induced by rotenone. J. Proteome Res.

2015, 14, 224–235. [CrossRef] [PubMed]

http://doi.org/10.1093/jexbot/52.356.513
http://www.ncbi.nlm.nih.gov/pubmed/11373301
http://doi.org/10.1016/j.cell.2016.07.040
http://www.ncbi.nlm.nih.gov/pubmed/27565352
http://doi.org/10.1016/j.bbamem.2010.01.005
http://doi.org/10.1073/pnas.1816656115
http://doi.org/10.1038/msb4100109
http://doi.org/10.1038/s41596-019-0167-1
http://doi.org/10.1038/s41467-019-09352-1
http://doi.org/10.1016/j.cmet.2016.01.019
http://www.ncbi.nlm.nih.gov/pubmed/26924217
http://doi.org/10.7554/eLife.30952
http://www.ncbi.nlm.nih.gov/pubmed/29132502
http://doi.org/10.1126/sciadv.abf0717
http://www.ncbi.nlm.nih.gov/pubmed/33608280
http://doi.org/10.1039/C4MB00729H
http://www.ncbi.nlm.nih.gov/pubmed/25689098
http://doi.org/10.1093/brain/aww222
http://www.ncbi.nlm.nih.gov/pubmed/27633772
http://doi.org/10.1016/j.bbrc.2018.03.160
http://www.ncbi.nlm.nih.gov/pubmed/29627572
http://doi.org/10.1172/jci.insight.123231
http://doi.org/10.1016/j.mito.2013.08.006
http://doi.org/10.1016/j.mito.2007.07.002
http://doi.org/10.1016/j.mito.2012.07.113
http://www.ncbi.nlm.nih.gov/pubmed/22884939
http://doi.org/10.1016/j.cell.2012.02.035
http://doi.org/10.1016/j.cmet.2015.05.023
http://www.ncbi.nlm.nih.gov/pubmed/26118927
http://doi.org/10.1186/s40169-016-0104-7
http://www.ncbi.nlm.nih.gov/pubmed/27465020
http://doi.org/10.1007/BF01799112
http://www.ncbi.nlm.nih.gov/pubmed/8884575
http://doi.org/10.1007/BF02002711
http://www.ncbi.nlm.nih.gov/pubmed/8777918
http://doi.org/10.1002/ana.20570
http://doi.org/10.1016/j.bbadis.2018.10.034
http://doi.org/10.1021/pr500894v
http://www.ncbi.nlm.nih.gov/pubmed/25361611


Metabolites 2021, 11, 233 22 of 24

163. Schrier Vergano, S.; Rao, M.; McCormack, S.; Ostrovsky, J.; Clarke, C.; Preston, J.; Bennett, M.J.; Yudkoff, M.; Xiao, R.; Falk, M.J.
In vivo metabolic flux profiling with stable isotopes discriminates sites and quantifies effects of mitochondrial dysfunction in C.
elegans. Mol. Genet. Metab. 2014, 111, 331–341. [CrossRef] [PubMed]

164. Morgan, P.G.; Higdon, R.; Kolker, N.; Bauman, A.T.; Ilkayeva, O.; Newgard, C.B.; Kolker, E.; Steele, L.M.; Sedensky, M.M.
Comparison of proteomic and metabolomic profiles of mutants of the mitochondrial respiratory chain in Caenorhabditis elegans.
Mitochondrion 2015, 20, 95–102. [CrossRef]

165. Yang, L.; Garcia Canaveras, J.C.; Chen, Z.; Wang, L.; Liang, L.; Jang, C.; Mayr, J.A.; Zhang, Z.; Ghergurovich, J.M.; Zhan, L.; et al.
Serine Catabolism Feeds NADH when Respiration Is Impaired. Cell Metab. 2020, 31, 809–821. [CrossRef]

166. Naviaux, R.K. Oxidative shielding or oxidative stress? J. Pharmacol. Exp. Ther. 2012, 342, 608–618. [CrossRef]
167. Jiang, F.; Zhang, Y.; Dusting, G.J. NADPH oxidase-mediated redox signaling: Roles in cellular stress response, stress tolerance,

and tissue repair. Pharmacol. Rev. 2011, 63, 218–242. [CrossRef]
168. Ribas, G.S.; Vargas, C.R. Evidence that Oxidative Disbalance and Mitochondrial Dysfunction are Involved in the Pathophysiology

of Fatty Acid Oxidation Disorders. Cell. Mol. Neurobiol. 2020. [CrossRef]
169. Violante, S.; Ijlst, L.; Ruiter, J.; Koster, J.; van Lenthe, H.; Duran, M.; de Almeida, I.T.; Wanders, R.J.A.; Houten, S.M.; Ventura, F.V.

Substrate specificity of human carnitine acetyltransferase: Implications for fatty acid and branched-chain amino acid metabolism.
Biochim. Biophys. Acta Mol. Basis Dis. 2013, 1832, 773–779. [CrossRef]

170. McCann, M.R.; De la Rosa, M.V.G.; Rosania, G.R.; Stringer, K.A. L-carnitine and acylcarnitines: Mitochondrial biomarkers for
precision medicine. Metabolites 2021, 11, 51. [CrossRef] [PubMed]

171. Mayeux, R.; Stern, Y. Epidemiology of Alzheimer disease. Cold Spring Harb. Perspect. Med. 2012, 2. [CrossRef]
172. Xie, K.; Qin, Q.; Long, Z.; Yang, Y.; Peng, C.; Xi, C.; Li, L.; Wu, Z.; Daria, V.; Zhao, Y.; et al. High-Throughput Metabolomics for

Discovering Potential Biomarkers and Identifying Metabolic Mechanisms in Aging and Alzheimer’s Disease. Front. Cell Dev. Biol.
2021, 9, 602887. [CrossRef]

173. Shao, Y.; Le, W. Recent advances and perspectives of metabolomics-based investigations in Parkinson’s disease. Mol. Neurodegener.
2019, 14, 3. [CrossRef]

174. Trillo, L.; Das, D.; Hsieh, W.; Medina, B.; Moghadam, S.; Lin, B.; Dang, V.; Sanchez, M.M.; De Miguel, Z.; Ashford, J.W.; et al.
Ascending monoaminergic systems alterations in Alzheimer’s disease. Translating basic science into clinical care. Neurosci.
Biobehav. Rev. 2013, 37, 1363–1379. [CrossRef]

175. Goldstein, D.S.; Holmes, C.; Sharabi, Y. Cerebrospinal fluid biomarkers of central catecholamine deficiency in Parkinson’s disease
and other synucleinopathies. Brain 2012, 135, 1900–1913. [CrossRef]

176. Martorana, A.; Koch, G. Is dopamine involved in Alzheimer’s disease? Front. Aging Neurosci. 2014, 6, 252. [CrossRef]
177. Cepeda, C.; Murphy, K.P.S.; Parent, M.; Levine, M.S. The Role of Dopamine in Huntington’s Disease, 1st ed.; Elsevier: Amsterdam,

The Netherlands, 2014; Volume 211.
178. Xie, A.; Gao, J.; Xu, L.; Meng, D. Shared mechanisms of neurodegeneration in alzheimer’s disease and parkinson’s disease. Biomed

Res. Int. 2014, 2014. [CrossRef]
179. Nobili, A.; Latagliata, E.C.; Viscomi, M.T.; Cavallucci, V.; Cutuli, D.; Giacovazzo, G.; Krashia, P.; Rizzo, F.R.; Marino, R.; Federici,

M.; et al. Dopamine neuronal loss contributes to memory and reward dysfunction in a model of Alzheimer’s disease. Nat.
Commun. 2017, 8. [CrossRef]

180. Fridjonsdottir, E.; Shariatgorji, R.; Nilsson, A.; Vallianatou, T.; Odell, L.R.; Schembri, L.S.; Svenningsson, P.; Fernagut, P.O.;
Crossman, A.R.; Bezard, E.; et al. Mass spectrometry imaging identifies abnormally elevated brain l-DOPA levels and extrastriatal
monoaminergic dysregulation in l-DOPA-induced dyskinesia. Sci. Adv. 2021, 7. [CrossRef] [PubMed]

181. Herman, S.; Niemelä, V.; Emami Khoonsari, P.; Sundblom, J.; Burman, J.; Landtblom, A.M.; Spjuth, O.; Nyholm, D.; Kultima, K.
Alterations in the tyrosine and phenylalanine pathways revealed by biochemical profiling in cerebrospinal fluid of Huntington’s
disease subjects. Sci. Rep. 2019, 9, 4129. [CrossRef] [PubMed]

182. Schraml, E.; Quan, P.; Stelzer, I.; Fuchs, R.; Skalicky, M.; Viidik, A.; Schauenstein, K. Norepinephrine treatment and aging lead to
systemic and intracellular oxidative stress in rats. Exp. Gerontol. 2007, 42, 1072–1078. [CrossRef] [PubMed]

183. Wong, K.Y.; Roy, J.; Fung, M.L.; Heng, B.C.; Zhang, C.; Lim, L.W. Relationships between mitochondrial dysfunction and
neurotransmission failure in Alzheimer’s disease. Aging Dis. 2020, 11, 1291–1316. [CrossRef]

184. Hardeland, R. Melatonin and the electron transport chain. Cell. Mol. Life Sci. 2017, 74, 3883–3896. [CrossRef] [PubMed]
185. Shariatgorji, M.; Strittmatter, N.; Nilsson, A.; Källback, P.; Alvarsson, A.; Zhang, X.; Vallianatou, T.; Svenningsson, P.; Goodwin,

R.J.A.; Andren, P.E. Simultaneous imaging of multiple neurotransmitters and neuroactive substances in the brain by desorption
electrospray ionization mass spectrometry. Neuroimage 2016, 136, 129–138. [CrossRef] [PubMed]

186. Luan, H.; Liu, L.; Meng, N.; Tang, Z.; Chua, K.; Chen, L.; Song, J. LC-MS-Based Urinary Metabolite Signatures in Idiopathic
Parkinson’s Disease. J. Proteome Res. 2015, 14, 467–478. [CrossRef] [PubMed]

187. Muguruma, Y.; Tsutsui, H.; Noda, T.; Akatsu, H.; Inoue, K. Widely targeted metabolomics of Alzheimer’s disease postmortem
cerebrospinal fluid based on 9-fluorenylmethyl chloroformate derivatized ultra-high performance liquid chromatography tandem
mass spectrometry. J. Chromatogr. B 2018, 1091, 53–66. [CrossRef] [PubMed]

188. Eckstein, J.A.; Ammerman, G.M.; Reveles, J.M.; Ackermann, B.L. Analysis of glutamine, glutamate, pyroglutamate, and GABA
in cerebrospinal fluid using ion pairing HPLC with positive electrospray LC/MS/MS. J. Neurosci. Methods 2008, 171, 190–196.
[CrossRef]

http://doi.org/10.1016/j.ymgme.2013.12.011
http://www.ncbi.nlm.nih.gov/pubmed/24445252
http://doi.org/10.1016/j.mito.2014.12.004
http://doi.org/10.1016/j.cmet.2020.02.017
http://doi.org/10.1124/jpet.112.192120
http://doi.org/10.1124/pr.110.002980
http://doi.org/10.1007/s10571-020-00955-7
http://doi.org/10.1016/j.bbadis.2013.02.012
http://doi.org/10.3390/metabo11010051
http://www.ncbi.nlm.nih.gov/pubmed/33466750
http://doi.org/10.1101/cshperspect.a006239
http://doi.org/10.3389/fcell.2021.602887
http://doi.org/10.1186/s13024-018-0304-2
http://doi.org/10.1016/j.neubiorev.2013.05.008
http://doi.org/10.1093/brain/aws055
http://doi.org/10.3389/fnagi.2014.00252
http://doi.org/10.1155/2014/648740
http://doi.org/10.1038/ncomms14727
http://doi.org/10.1126/sciadv.abe5948
http://www.ncbi.nlm.nih.gov/pubmed/33523980
http://doi.org/10.1038/s41598-019-40186-5
http://www.ncbi.nlm.nih.gov/pubmed/30858393
http://doi.org/10.1016/j.exger.2007.08.003
http://www.ncbi.nlm.nih.gov/pubmed/17851010
http://doi.org/10.14336/AD.2019.1125
http://doi.org/10.1007/s00018-017-2615-9
http://www.ncbi.nlm.nih.gov/pubmed/28785805
http://doi.org/10.1016/j.neuroimage.2016.05.004
http://www.ncbi.nlm.nih.gov/pubmed/27155126
http://doi.org/10.1021/pr500807t
http://www.ncbi.nlm.nih.gov/pubmed/25271123
http://doi.org/10.1016/j.jchromb.2018.05.031
http://www.ncbi.nlm.nih.gov/pubmed/29852382
http://doi.org/10.1016/j.jneumeth.2008.02.019


Metabolites 2021, 11, 233 23 of 24

189. Go, Y.-M.; Uppal, K.; Walker, D.I.; Tran, V.; Dury, L.; Strobel, F.H.; Baubichon-Cortay, H.; Pennell, K.D.; Roede, J.R.; Jones, D.P.
Mitochondrial metabolomics using high-resolution Fourier-transform mass spectrometry. In Mass Spectrometry in Metabolomics;
Springer: Berlin/Heidelberg, Germany, 2014; pp. 43–73.

190. Fishman, M.C. Sir Henry Hallett Dale and acetylcholine story. Yale J. Biol. Med. 1972, 45, 104–118.
191. Rosas-Ballina, M.; Tracey, K.J. Cholinergic control of inflammation. J. Intern. Med. 2009, 265, 663–679. [CrossRef]
192. Zhang, M.Y.; Hughes, Z.A.; Kerns, E.H.; Lin, Q.; Beyer, C.E. Development of a liquid chromatography/tandem mass spectrometry

method for the quantitation of acetylcholine and related neurotransmitters in brain microdialysis samples. J. Pharm. Biomed. Anal.
2007, 44, 586–593. [CrossRef]

193. Peng, J.; Guo, K.; Xia, J.; Zhou, J.; Yang, J.; Westaway, D.; Wishart, D.S.; Li, L. Development of isotope labeling liquid chromatogra-
phy mass spectrometry for mouse urine metabolomics: Quantitative metabolomic study of transgenic mice related to Alzheimer’s
disease. J. Proteome Res. 2014, 13, 4457–4469. [CrossRef] [PubMed]

194. Ibáñez, C.; Simó, C.; Martín-Álvarez, P.J.; Kivipelto, M.; Winblad, B.; Cedazo-Mínguez, A.; Cifuentes, A. Toward a predictive
model of Alzheimer’s disease progression using capillary electrophoresis-mass spectrometry metabolomics. Anal. Chem. 2012, 84,
8532–8540. [CrossRef]

195. Walter, A.; Korth, U.; Hilgert, M.; Hartmann, J.; Weichel, O.; Hilgert, M.; Fassbender, K.; Schmitt, A.; Klein, J. Glycerophospho-
choline is elevated in cerebrospinal fluid of Alzheimer patients. Neurobiol. Aging 2004, 25, 1299–1303. [CrossRef]

196. Martinon, F. Mechanisms of uric acid crystal-mediated autoinflammation. Immunol. Rev. 2010, 233, 218–232. [CrossRef] [PubMed]
197. Burnstock, G. Purinergic signalling. Br. J. Pharmacol. 2006, 147, 172–181. [CrossRef] [PubMed]
198. Eltzschig, H.K.; Sitkovsky, M.V.; Robson, S.C. Purinergic Signaling during Inflammation. N. Engl. J. Med. 2012, 367, 2322–2333.

[CrossRef] [PubMed]
199. Bustamante, S.; Gilchrist, R.B.; Richani, D. A sensitive method for the separation and quantification of low-level adenine

nucleotides using porous graphitic carbon-based liquid chromatography and tandem mass spectrometry. J. Chromatogr. B 2017,
1061–1062, 445–451. [CrossRef]

200. Esteve, C.; Jones, E.A.; Kell, D.B.; Boutin, H.; McDonnell, L.A. Mass spectrometry imaging shows major derangements in
neurogranin and in purine metabolism in the triple-knockout 3×Tg Alzheimer mouse model. Biochim. Biophys. Acta Proteins
Proteomics 2017, 1865, 747–754. [CrossRef]

201. Lewitt, P.; Schultz, L.; Auinger, P.; Lu, M. CSF xanthine, homovanillic acid, and their ratio as biomarkers of Parkinson’s disease.
Brain Res. 2011, 1408, 88–97. [CrossRef]

202. Trezzi, J.P.; Galozzi, S.; Jaeger, C.; Barkovits, K.; Brockmann, K.; Maetzler, W.; Berg, D.; Marcus, K.; Betsou, F.; Hiller, K.; et al.
Distinct metabolomic signature in cerebrospinal fluid in early parkinson’s disease. Mov. Disord. 2017, 32, 1401–1408. [CrossRef]

203. De Lau, L.M.L.; Koudstaal, P.J.; Hofman, A.; Breteler, M.M.B. Serum uric acid levels and the risk of Parkinson disease. Ann.
Neurol. 2005, 58, 797–800. [CrossRef] [PubMed]

204. Ascherio, A.; LeWitt, P.A.; Watts, A.; Kieburtz, K.; Rudolph, A.; Schwid, S.R.; PSG DATA TOP invertigators. CSF as well as
serum urate are predictors of Parkinson’s disease progression. In Proceedings of the 10th International Conference of Parkinson’s
Disease and Movement Disorders, Kyoto, Japan, 28 October–2 November 2006.

205. Younes-Mhenni, S.; Frih-Ayed, M.; Kerkeni, A.; Bost, M.; Chazot, G. Peripheral blood markers of oxidative stress in Parkinson’s
disease. Eur. Neurol. 2007, 58, 78–83. [CrossRef]

206. Graham, S.F.; Kumar, P.; Bahado-Singh, R.O.; Robinson, A.; Mann, D.; Green, B.D. Novel metabolite biomarkers of Huntington’s
disease as detected by high-resolution mass spectrometry. J. Proteome Res. 2016, 15, 1592–1601. [CrossRef]

207. Gmitterova, K.; Heinemann, U.; Gawinecka, J.; Varges, D.; Ciesielczyk, B.; Valkovic, P.; Benetin, J.; Zerr, I. 8-OHdG in cerebrospinal
fluid as a marker of oxidative stress in various neurodegenerative diseases. Neurodegener. Dis. 2009, 6, 263–269. [CrossRef]
[PubMed]

208. Schulz, J.B.; Lindenau, J.; Seyfried, J.; Dichgans, J. Glutathione, oxidative stress and neurodegeneration. Eur. J. Biochem. 2000, 267,
4904–4911. [CrossRef] [PubMed]

209. Stoessel, D.; Schulte, C.; Teixeira dos Santos, M.C.; Scheller, D.; Rebollo-Mesa, I.; Deuschle, C.; Walther, D.; Schauer, N.; Berg, D.;
Nogueira da Costa, A.; et al. Promising metabolite profiles in the plasma and CSF of early clinical Parkinson’s disease. Front.
Aging Neurosci. 2018, 10, 5. [CrossRef] [PubMed]

210. Anandhan, A.; Lei, S.; Levytskyy, R.; Pappa, A.; Panayiotidis, M.I.; Cerny, R.L.; Khalimonchuk, O.; Powers, R.; Franco, R. Glucose
Metabolism and AMPK Signaling Regulate Dopaminergic Cell Death Induced by Gene (α-Synuclein)-Environment (Paraquat)
Interactions. Mol. Neurobiol. 2017, 54, 3825–3842. [CrossRef]

211. Lei, S.; Zavala-Flores, L.; Garcia-Garcia, A.; Nandakumar, R.; Huang, Y.; Madayiputhiya, N.; Stanton, R.C.; Dodds, E.D.; Powers,
R.; Franco, R. Alterations in energy/redox metabolism induced by mitochondrial and environmental toxins: A specific role for
glucose-6-phosphate-dehydrogenase and the pentose phosphate pathway in paraquat toxicity. ACS Chem. Biol. 2014, 9, 2032–2048.
[CrossRef] [PubMed]

212. Hämäläinen, R.H.; Manninen, T.; Koivumäki, H.; Kislin, M.; Otonkoski, T.; Suomalainen, A. Tissue-and cell-type–specific
manifestations of heteroplasmic mtDNA 3243A> G mutation in human induced pluripotent stem cell-derived disease model.
Proc. Natl. Acad. Sci. USA 2013, 110, E3622–E3630. [CrossRef]

213. Teslaa, T.; Teitell, M.A. Pluripotent stem cell energy metabolism: An update. EMBO J. 2015, 34, 138–153. [CrossRef]

http://doi.org/10.1111/j.1365-2796.2009.02098.x
http://doi.org/10.1016/j.jpba.2007.02.024
http://doi.org/10.1021/pr500828v
http://www.ncbi.nlm.nih.gov/pubmed/25164377
http://doi.org/10.1021/ac301243k
http://doi.org/10.1016/j.neurobiolaging.2004.02.016
http://doi.org/10.1111/j.0105-2896.2009.00860.x
http://www.ncbi.nlm.nih.gov/pubmed/20193002
http://doi.org/10.1038/sj.bjp.0706429
http://www.ncbi.nlm.nih.gov/pubmed/16402102
http://doi.org/10.1056/NEJMra1205750
http://www.ncbi.nlm.nih.gov/pubmed/23234515
http://doi.org/10.1016/j.jchromb.2017.07.044
http://doi.org/10.1016/j.bbapap.2017.04.002
http://doi.org/10.1016/j.brainres.2011.06.057
http://doi.org/10.1002/mds.27132
http://doi.org/10.1002/ana.20663
http://www.ncbi.nlm.nih.gov/pubmed/16240356
http://doi.org/10.1159/000103641
http://doi.org/10.1021/acs.jproteome.6b00049
http://doi.org/10.1159/000237221
http://www.ncbi.nlm.nih.gov/pubmed/19955696
http://doi.org/10.1046/j.1432-1327.2000.01595.x
http://www.ncbi.nlm.nih.gov/pubmed/10931172
http://doi.org/10.3389/fnagi.2018.00051
http://www.ncbi.nlm.nih.gov/pubmed/29556190
http://doi.org/10.1007/s12035-016-9906-2
http://doi.org/10.1021/cb400894a
http://www.ncbi.nlm.nih.gov/pubmed/24937102
http://doi.org/10.1073/pnas.1311660110
http://doi.org/10.15252/embj.201490446


Metabolites 2021, 11, 233 24 of 24

214. Yokota, M.; Hatakeyama, H.; Okabe, S.; Ono, Y.; Goto, Y. Mitochondrial respiratory dysfunction caused by a heteroplasmic
mitochondrial DNA mutation blocks cellular reprogramming. Hum. Mol. Genet. 2015, 24, 4698–4709. [CrossRef]

215. Iannetti, E.F.; Prigione, A.; Smeitink, J.A.M.; Koopman, W.J.H.; Beyrath, J.; Renkema, H. Live-imaging readouts and cell models
for phenotypic profiling of mitochondrial function. Front. Genet. 2019, 10, 131. [CrossRef] [PubMed]

216. Yokota, M.; Hatakeyama, H.; Ono, Y.; Kanazawa, M.; Goto, Y. Mitochondrial respiratory dysfunction disturbs neuronal and
cardiac lineage commitment of human iPSCs. Cell Death Dis. 2018, 8, e2551. [CrossRef]

217. Okarmus, J.; Bogetofte, H.; Schmidt, S.I.; Ryding, M.; García-López, S.; Ryan, B.J.; Martínez-Serrano, A.; Hyttel, P.; Meyer, M.
Lysosomal perturbations in human dopaminergic neurons derived from induced pluripotent stem cells with PARK2 mutation.
Sci. Rep. 2020, 10, 10278. [CrossRef]

218. Okarmus, J.; Havelund, J.F.; Ryding, M.; Schmidt, S.I.; Bogetofte, H.; Færgeman, N.J.; Hyttel, P.; Meyer, M. Identification of
bioactive metabolites in human iPSC-derived dopaminergic neurons with PARK2 mutation: Altered mitochondrial and energy
metabolism. bioRxiv 2020. [CrossRef]

219. Longo, N.; Frigeni, M.; Pasquali, M. Carnitine transport and fatty acid oxidation. Biochim. Biophys. Acta BBA Mol. Cell Res. 2016,
1863, 2422–2435. [CrossRef] [PubMed]

220. El-Hattab, A.W.; Suleiman, J.; Almannai, M.; Scaglia, F. Mitochondrial dynamics: Biological roles, molecular machinery, and
related diseases. Mol. Genet. Metab. 2018, 125, 315–321. [CrossRef]

221. Amore, G.; Romagnoli, M.; Carbonelli, M.; Barboni, P.; Carelli, V.; La Morgia, C. Therapeutic Options in Hereditary Optic
Neuropathies. Drugs 2020, 81, 57–86. [CrossRef]

222. Bu, X.L.; Rao, P.P.N.; Wang, Y.J. Anti-amyloid Aggregation Activity of Natural Compounds: Implications for Alzheimer’s Drug
Discovery. Mol. Neurobiol. 2016, 53, 3565–3575. [CrossRef] [PubMed]

223. Titov, D.V.; Cracan, V.; Goodman, R.P.; Peng, J.; Grabarek, Z.; Mootha, V.K. Complementation of mitochondrial electron transport
chain by manipulation of the NAD+/NADH ratio. Science 2016, 352, 231–235. [CrossRef]

224. Ben-Sahra, I.; Hoxhaj, G.; Ricoult, S.J.H.; Asara, J.M.; Manning, B.D. mTORC1 induces purine synthesis through control of the
mitochondrial tetrahydrofolate cycle. Science 2016, 351, 728–733. [CrossRef] [PubMed]

225. Khan, N.A.; Nikkanen, J.; Yatsuga, S.; Jackson, C.; Wang, L.; Pradhan, S.; Kivelä, R.; Pessia, A.; Velagapudi, V.; Suomalainen, A.
mTORC1 Regulates Mitochondrial Integrated Stress Response and Mitochondrial Myopathy Progression. Cell Metab. 2017, 26,
419–428.e5. [CrossRef] [PubMed]

226. Bao, X.R.; Ong, S.E.; Goldberger, O.; Peng, J.; Sharma, R.; Thompson, D.A.; Vafai, S.B.; Cox, A.G.; Marutani, E.; Ichinose, F.; et al.
Mitochondrial dysfunction remodels one-carbon metabolism in human cells. Elife 2016, 5, e10575. [CrossRef] [PubMed]

227. Zheng, X.; Boyer, L.; Jin, M.; Kim, Y.; Fan, W.; Bardy, C.; Berggren, T.; Evans, R.M.; Gage, F.H.; Hunter, T. Alleviation of neuronal
energy deficiency by mtor inhibition as a treatment for mitochondria-related neurodegeneration. Elife 2016, 5, e13378. [CrossRef]
[PubMed]

http://doi.org/10.1093/hmg/ddv201
http://doi.org/10.3389/fgene.2019.00131
http://www.ncbi.nlm.nih.gov/pubmed/30881379
http://doi.org/10.1038/cddis.2016.484
http://doi.org/10.1038/s41598-020-67091-6
http://doi.org/10.1101/2020.07.10.151902
http://doi.org/10.1016/j.bbamcr.2016.01.023
http://www.ncbi.nlm.nih.gov/pubmed/26828774
http://doi.org/10.1016/j.ymgme.2018.10.003
http://doi.org/10.1007/s40265-020-01428-3
http://doi.org/10.1007/s12035-015-9301-4
http://www.ncbi.nlm.nih.gov/pubmed/26099310
http://doi.org/10.1126/science.aad4017
http://doi.org/10.1126/science.aad0489
http://www.ncbi.nlm.nih.gov/pubmed/26912861
http://doi.org/10.1016/j.cmet.2017.07.007
http://www.ncbi.nlm.nih.gov/pubmed/28768179
http://doi.org/10.7554/eLife.10575
http://www.ncbi.nlm.nih.gov/pubmed/27307216
http://doi.org/10.7554/eLife.13378
http://www.ncbi.nlm.nih.gov/pubmed/27008180

	Introduction 
	Mitochondria Function as Metabolic Nodes 
	Mitochondrial Inheritance 
	Mitochondrial Copy Number and Heteroplasmy 

	Genetics of Mitochondrial Diseases 
	Primary Mitochondrial Diseases 
	Secondary Mitochondrial Diseases 

	MS-Based Metabolomics to Study Mitochondrial Disease 
	Introduction of MS-Based Metabolomics 
	Mitochondrial Metabolomics 
	MS-Based Metabolomics in Primary Mitochondrial Diseases 
	MS-Based Metabolomics in Secondary Mitochondrial Disease 
	Metabolomics in Mitochondrial Disease-Specific Induced Pluripotent Stem Cells (iPSCs) 

	Conclusions and Future Remarks 
	References

