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Metabolomics in the Study of Human 
Mitochondrial Diseases

Rajaa Sebaa, Mary-Ellen Harper, Ruqaiah Al-Tassan, Mohammed Al-Owain, 
and Anas M. Abdel Rahman

Abstract  Mitochondria are dynamic cellular organelles playing many biological 
roles that are fundamentally required for cellular functions. The primary role of 
mitochondria is ATP production through oxidative phosphorylation (OXPHOS). 
Mitochondria are found in nearly all cell types, and their number within cells varies 
in a tissue−/organ-dependent manner. Tissues/organs characterized by high-energy 
demands contain abundant mitochondria, and these tissues/organs are most fre-
quently affected when their mitochondria are dysfunctional. The resulting patholo-
gies can be generally referred to as mitochondrial diseases (MDs). MDs can be 
caused by nuclear or mitochondrial DNA mutations in genes encoding mitochon-
drial proteins, including OXPHOS proteins. Also, MDs can be developed through 
nongenetic mechanisms such as those involving environmental factors, mitotoxicity 
drugs, oxidative stress, and aging. MDs can appear over the entire life span. Patients 
with particular MDs present a wide range of heterogeneous phenotypes with differ-
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ent levels of disease severity. The wide variety of leading causes and heterogenous 
phenotypes of MDs make diagnosing MDs notoriously challenging. Despite these 
challenges, multiple diagnostic examinations and tools, including family history, 
phenotypic examinations, neurological imaging, biochemical tests, and genetic 
analyses, have collectively enhanced the diagnosis of MDs. As a result of the diag-
nostic limitations and drawbacks, there have been demands for developing new 
diagnostic approaches capable of detecting metabolic perturbations of MDs used as 
metabolic biosignatures. For that reason, the metabolomic approach, the study of 
small metabolites ≤1500 daltons, has recently garnered attention. While metabolo-
mics offers significant advances, it is recommended that data sets be integrated with 
other diagnostic approaches. This chapter reviews the application of metabolomic 
analyses in studying human MDs.

Keywords  Mitochondria · Mitochondrial diseases · Mass spectrometry · Nuclear 
Magnetic Resonance (NMR) Spectroscopy · Untargeted metabolomics · Targeted 
metabolomics · Metabolic biosignatures

Abbreviations
ANT	 Adenine nucleotide translocase
ATP	 Adenosine triphosphate
BAT	 Brown adipose tissue
CAT	 Catalase
CE-MS	 Capillary electrophoresis-coupled mass spectrometry
CIL	 Chemical isotope labeling
CPEO	 Chronic progressive external ophthalmoplegia
DRP1	 Dynamin-related protein-1
ETF	 Electron transfer flavoprotein
FIS1	 Fission protein-1
GC-MS	 Gas chromatography-coupled mass spectrometry
GPxs	 Glutathione peroxidases
GSH	 Glutathione
IMM	 Inner mitochondrial membrane
IMS	 Intermembrane space
KSS	 Kearns-Sayre syndrome
LC-MS	 Liquid chromatography-coupled mass spectrometry
LHON	 Leber hereditary optic neuropathy
MDs	 Mitochondrial diseases
MELAS	 Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like 

episodes
MERRF	 Myoclonic epilepsy with ragged-red fibers
MFF	 Mitochondrial fission factor
MFN1	 Mitofusins-1
MFN2	 Mitofusins-2
MiD49	 Mitochondrial dynamic proteins of 49 kDa
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MiD51	 Mitochondrial dynamic proteins of 51 kDa
MNGIE	 Mitochondrial neurogastrointestinal encephalopathy
MS	 Mass spectrometry
mtDNA	 Mitochondrial DNA
NAC	 N-acetylcysteine
NARP	 Neuropathy, ataxia, and retinitis pigmentosa
nDNA	 Nuclear DNA
NMR	 Nuclear magnetic resonance
OMM	 Outer mitochondrial membrane
OPA1	 Optic atrophy-1
OXPHOS	 Oxidative phosphorylation
PMF	 Proton motive force
PMS	 Pearson marrow pancreas syndrome
ROS	 Reactive oxygen species
rRNA	 Ribosomal RNA
SOD	 Superoxide dismutase
SPG7	 Hereditary spastic paraplegia 7
TCA	 Tricarboxylic acid cycle
TFAM	 Transcription factor A of mitochondria
TFB2M	 Mitochondrial transcription factor B2
tRNA	 Transfer RNA
Trx	 Thioredoxin
UCP1	 Uncoupling protein-1
VUS	 Variants of uncertain significance
WES	 Whole exome sequencing
WGS	 Whole genome sequencing

1 � Introduction

Mitochondria are organelles most commonly referred to as the powerhouses of cells 
due to their fundamental function of ATP production to fuel the energy-demanding 
process in cells. Mitochondria transduce energy substrates into adenosine triphos-
phate (ATP) in key metabolic tissues [1]. Mitochondria are found in nearly all cell 
types, although their numbers vary in a tissue−/organ-dependent manner. Tissues 
characterized by high energy demands have many mitochondria, but those with less 
energy demand have fewer mitochondria to match their cellular energy require-
ments [2]. Despite the variations in mitochondrial content across different tissues, 
certain factors can increase or decrease the mitochondrial number in adaptive pro-
cesses when cells undergo physiological changes such as exercise, dietary energy 
surfeit or deficit, tissue growth or atrophy, and aging [3, 4]. The role of mitochon-
dria in energy transduction is widely understood. However, mitochondria are also 
involved in other vital biological functions, including reactive oxygen species 
(ROS) production, redox signaling, Ca+2 hemostasis, and cellular apoptosis [5, 6]. 
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Moreover, mitochondrial functions are influenced by certain properties such as 
mitochondrial morphology, ultrastructure, and dynamics [7, 8].

Depending on cell type and physiological and energetic status, mitochondria 
present diverse lengths from 0.5 to 10 μm and shapes, but they share the main struc-
tural components [9]. Mitochondria have five main compartments, including the 
outer mitochondrial membrane (OMM), inner mitochondrial membrane (IMM), 
intermembrane space (IMS), cristae, and matrix. The OMM and IMM are mainly 
composed of phospholipids and proteins to support the function of these mem-
branes, with the IMM having a far greater membrane protein density than the 
OMM. The specific compositions of phospholipids and proteins in the OMM and 
IMM determine the degree of the integrity and permeability of these membranes. 
The OMM is relatively permeable, transporting low molecular metabolites, solutes, 
and ions from the cytoplasm into the IMS. The IMM is highly selectively imperme-
able to most solutes and metabolites as this structural feature of the IMM is impor-
tant to allow OXPHOS to occur.

Furthermore, the IMM is associated with a wide range of transporters and protein 
shuttles to support the many mitochondrial metabolic and bioenergetic pathways [10, 
11]. Aqueous regions defined by the membranes are the IMS and matrix. While IMS 
is present between OMM and IMM, the matrix is defined and enveloped by the 
IMM. Both the IMS and matrix are important for metabolic events and pathways. The 
matrix contains many enzymes involved in metabolic pathways such as the tricarbox-
ylic acid cycle, fatty acid β-oxidation, ketogenesis, amino acid metabolism, urea 
cycle, hormone synthesis, etc. Also, the matrix houses the circular mitochondrial 
DNA (mtDNA), which exclusively encodes mitochondrial components and its genetic 
machinery elements such as ribosomes and RNA (more details mentioned below). 
The fifth mitochondrial compartment is the cristae, defined as the folds of IMM into 
the matrix to increase the surface area of IMM for enhancing mitochondrial metabolic 
activity and ATP production and to allow important protein-protein interactions [12]. 
The mitochondrial structure is illustrated in (Fig. 1).

Concerning mitochondrial morphology, mitochondria exist in many morpholo-
gies, such as short oval or spherical tubules, long elongated tubules, or reticular 
networks. Mitochondrial morphology is distinctively different across cell/tissue 
types. Moreover, multiple morphologies of mitochondria can be seen with one cell 

Fig. 1  Mitochondrial 
structure consists of outer 
mitochondrial membrane 
(OMM), inner 
mitochondrial membrane 
(IMM), intermembrane 
space (IMS), matrix, 
cristae, and circular 
mitochondrial genome 
(mtDNA)
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type [13–15]. Under various physiological and pathological conditions, mitochon-
dria continuously remodel their morphology to allow the cells to adapt [16, 17].

Mitochondria are highly dynamic and continuously undergo events of fission and 
fusion. Mitochondrial dynamics maintain mitochondrial health, morphology, size, 
and numbers [18, 19]. The morphological changes are induced when cells are trig-
gered by certain stressors or undergo energetic changes and are required during 
cellular adaptation [9, 19]. Mitochondrial dynamics is under the control of GTPase 
proteins that mediate the events of fission and fusion. Mitochondrial fission is the 
fragmentation of one mitochondrion into two or more mitochondria. It requires the 
recruitment of a cytosolic protein called dynamin-related protein-1 (DRP1) through 
the action of dynamic proteins, including mitochondrial fission protein-1 (FIS1), 
mitochondrial fission factor (MFF), and mitochondrial dynamic proteins of 49 and 
51 kDa (MiD49 and MiD51). Mitochondrial fission is important for quality control 
as the fragmented, damaged mitochondria are removed. This is referred to as 
mitophagy, the selective removal of damaged mitochondria by autophagy [20–22]. 
In contrast to mitochondrial fission, mitochondrial fusion promotes the joining of 
two separate mitochondria by merging OMM, IMM, and matrix to make one elon-
gated organelle. Mitochondrial fusion needs the action of several GTPase proteins, 
including mitofusin (MFN1) and mitofusin-2 (MFN2), to promote OMM fusion 
and optic atrophy-1 (OPA1) protein for IMM fusion [23, 24]. Fission and fusion 
should be balanced to maintain a healthy mitochondrial reticulum in cells; other-
wise, mitochondrial dysfunction occurs and contributes to the development of mito-
chondrial diseases (MDs).

From the genetic aspect, mitochondria have the exceptional feature of being the 
only cellular organelle possessing DNA beyond that found in the nucleus. mtDNA 
is maternally inherited since paternal sperm mitochondria are targeted and destroyed 
after egg fertilization during embryogenesis. mtDNA is circular, and there are 
100–10,000 copies per cell. mtDNA contains 37 genes encoding only 13 mitochon-
drial protein subunits involved in OXPHOS, 2 ribosomal RNA (rRNA), and 22 
transfer RNA (tRNA) for intra-mitochondrial protein synthesis [25, 26]. In contrast, 
approximately 1500 mitochondrial proteins are encoded by nuclear DNA (nDNA), 
translated into the cytoplasm, and imported to the mitochondria [27]. As mitochon-
dria have their transcriptional machinery, mtDNA is colocalized with transcriptional 
factors, which are nuclear-encoded, such as transcription factor A of mitochondria 
(TFAM) and mitochondrial transcription factor B2 (TFB2M), to initiate and regu-
late mtDNA transcription and eventually synthesize OXPHOS subunits [28]. 
mtDNA is particularly susceptible to mutations compared to nDNA due to the lim-
ited repair mechanisms and the high exposure to ROS emission in mitochondria. 
Mutations in mitochondrial protein-encoding genes lead to dysfunctional mitochon-
dria and various MDs (mentioned below).
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2 � Mitochondrial Metabolic Pathways

Mitochondria are hubs of cellular metabolism. They are involved in many crucial 
metabolic pathways, including the tricarboxylic acid cycle (TCA), fatty acid 
β-oxidation, acyl-carnitine metabolism, urea cycle, amino acid degradation, keto-
genesis/ketolysis, steroidogenesis, and OXPHOS as shown in (Fig. 2). These path-
ways produce small molecular weight intermediate molecules called metabolites, 
which are also important for cellular proliferation, signaling, survival, and function. 
Defects in mitochondrial metabolism are associated with alterations in the level of 
metabolites, which can directly or indirectly affect the physiology of tissues/organs 
in the body [12, 29].

The OXPHOS system in the IMM consists of NADH dehydrogenase (complex 
I), succinate dehydrogenase (complex II), cytochrome c reductase (complex III), 
cytochrome c oxidase (complex IV), and ATP synthase (complex V) [30]. In detail, 
in the presence of oxygen, mitochondria convert chemical energy stored in energy 
substrates, such as pyruvate, acyl-CoA, ketone bodies, etc., into ATP through cou-
pled OXPHOS systems mediated via complex V.  These energetic metabolites 
undergo oxidative reactions producing reducing agents such as nicotinamide ade-
nine dinucleotide hydrogen (NADH + H) and flavin adenine dinucleotide dihydro-
gen (FADH2). These reduced coenzymes then provide electrons either to certain 
OXPHOS complexes, including complex I and complex II or other IMM-bounded 

Fig. 2  Simplified illustration of various metabolic pathways taking place in mitochondria
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proteins in conjunction with OXPHOS, such as electron transfer flavoprotein (ETF). 
When electrons are accepted by complex I, complex II, or ETF, they are subse-
quently passed to coenzyme Q, a mobile fat-soluble electron carrier found in the 
IMM.  Then, coenzyme Q transfers the electrons to complex III, which are then 
transferred to complex IV through cytochrome C. Ultimately, the electrons reduce 
oxygen to produce water. While electron flow happens along complexes I–IV, pro-
tons are pumped from the matrix to IMS through complex I, complex III, and com-
plex IV, contributing to the generation of an electrochemical gradient called proton 
motive force (PMF) located across the IMM. Subsequently, free energy stored in 
PMF drives protons back to the mitochondria matrix through complex V, resulting 
in the production of ATP, as shown in (Fig. 3) [30–33].

The coupling of electron flow (and oxygen consumption) from ATP production 
is far from perfect. A certain amount of uncoupling occurs through proton leaks in 
all cell types [34]. However, one highly metabolic tissue called brown adipose tissue 
(BAT) that uncoupled OXPHOS has the physiological function of heat production 
(thermogenesis) instead of ATP production. BAT has low levels of ATP synthase but 
high amounts of uncoupling protein 1 (UCP1). UCP1 belongs to a gene family of 
UCPs, and in BAT, it mediates proton leak for thermoregulatory functions. When 
UCP1 is activated, oxidative reactions upstream of UCP1 support a high influx of 
reducing equivalents (i.e., electrons) into the electron transfer system in complexes 
I–IV. This thereby results in proton pumping from the matrix into IMS, causing the 
formation of PMF, which is rapidly dissipated through UCP1-mediated proton leak 

Fig. 3  Mitochondrial-coupled OXPHOS pathways
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activity. Thermogenesis results from the upstream oxidative reactions [35]. This is 
depicted in (Fig. 4). Interestingly, there are other uncoupling proteins named UCP2 
and UCP3, which protect against oxidative damage and facilitate fatty acid oxida-
tion in the tissues/cells [36]. UCP2 is found in most tissue types, while UCP3 is 
predominantly found in the skeletal muscle and BAT, but their levels of expression 
are approximately two orders of magnitude lower than the expression of UCP1 in 
BAT [37, 38]. Adenine nucleotide translocase (ANT), which normally exchanges 
cytosolic ADP for mitochondrial ATP, has been shown to cause proton leak across 
the IMM and thereby possibly protect against oxidative damage [38–42].

During coupled or uncoupled OXPHOS pathways, ROS, which are byproducts 
of aerobic metabolism, can be formed. ROS include superoxide anion (O2

−), hydro-
gen peroxide (H2O2), and hydroxyl radicals (OH·). The last are reactive molecules 
and free radicals derived from molecular oxygen produced in mitochondria. 
Although they are needed at certain physiological levels to support cellular signal-
ing and transduction, increased and uncontrolled levels of ROS are detrimental, 
causing pathological effects on cells/tissues such as proteins, lipids, and DNA [43–
45]. Therefore, cells/tissues have antioxidant systems that neutralize excessive 
amounts of ROS.  The antioxidant systems can be enzymatic and nonenzymatic 
based. The enzymatic antioxidant system contains several enzymes, including 
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidases (GPxs), and 

Fig. 4  Mitochondrial uncoupled OXPHOS pathways
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thioredoxin (Trx). Nonenzymatic-based antioxidant systems include reduced gluta-
thione (GSH), GSH precursors and reducers, such as N-acetylcysteine (NAC), and 
vitamins such as vitamins C, A, and E and their derivatives. Accordingly, the anti-
oxidant systems are fundamental as a protective cellular mechanism against oxida-
tive damage. Thus, impairments in the antioxidant mechanisms can lead to oxidative 
stress due to the imbalance between ROS and antioxidant systems. Oxidative stress 
can lead to pathological conditions, including MDs [46–49].

3 � Mitochondrial Diseases

As described above, MDs can be developed because of defects in mitochondrial 
properties, including mitochondrial genome, metabolism, structure, and dynamics. 
MDs are heterogeneous and complex diseases sharing the common feature of mito-
chondrial dysfunction. MDs are mainly caused directly by inherited mutations in 
genes encoding mitochondrial OXPHOS proteins, regardless of whether genes in 
nDNA or mtDNA encode the proteins. MDs can also develop because of inherited 
alterations in non-OXPHOS mitochondrial proteins, which are essentially required 
for mitochondrial function. In addition, nongenetic factors such as environmental 
stressors, myotoxicity drugs, oxidative stress, and aging can progressively cause 
dysfunctional mitochondria leading to eventually MDs during a lifetime [50].

Examples of MDs developed by either genetic or nongenetic causes are mito-
chondrial encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS), 
chronic progressive external ophthalmoplegia (CPEO), neuropathy, ataxia, and reti-
nitis pigmentosa (NARP), myoclonic epilepsy with ragged-red fibers (MERRF), 
Leber hereditary optic neuropathy (LHON), Kern-Sayre syndrome (KSS), Pearson 
marrow pancreas syndrome (PMS), mitochondrial neurogastrointestinal encepha-
lopathy (MNGIE), Leigh syndrome, Alpers-Huttenlocher Syndrome, Barth 
Syndrome, Parkinson’s disease, Alzheimer’s disease, autism, Huntington’s disease, 
amyotrophic lateral sclerosis, Wilson’s disease, Charcot-Marie-Tooth type 2  K, 
hereditary spastic paraplegia 7 (SPG7), Friedreich’s ataxia, schizophrenia, sepsis, 
cardiovascular diseases, cancers, diabetes, and metabolic syndromes [51–55]. 
Expectedly, new MDs are about to develop and continue to be discovered. The prev-
alence of MDs is not accurately recorded. It has been challenging to precisely deter-
mine the prevalence of MDs due to the following reasons: First, the identification of 
MDs accounted only for diagnostic patients who have undergone molecular testing 
for the monogenic MDs, which does not account for other unidentified and/or sus-
pected individuals of MDs, especially for those who had mitochondrial defect with-
out developing obvious symptoms of MD during their lifetimes. Second, one 
particular MD can show heterogenous phenotypes and symptoms in different 
patients, which makes the symptoms of that particular MD not firm. Third, MDs can 
develop from different factors, including genetic and nongenetic factors, and for 
nongenetic factors, there is a possibility that new factors might arise with time.
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Thus, the current prevalence of MDs is probably underestimated. A better esti-
mate of the true prevalence of MDs will lead to increased efforts to diagnose and 
effectively treat the diseases accurately. To do so, there have been increasing global 
efforts from the research and clinical community to develop clinical approaches for 
diagnosing patients with MDs, contributing to the correction of underestimated MD 
prevalence.

Currently, studies have reported that MDs observed in children account for 
approximately 5 individuals per 100,000 population [56]. Another study reported 
that the prevalence of MDs in adults is estimated to be one individual per 5000 [57]. 
MDs are currently more common than previously thought, requiring an early diag-
nosis to enhance the health outcomes of patients at an early stage and provide them 
with proper therapeutic interventions.

4 � Diagnostic Tools for MDs

Various clinical approaches are utilized for diagnosing MDs, ranging from simple 
to sophisticated methods. Suspected MD patients undergo a series of examinations 
and tests. Examinations are extensive and include investigations of a patient’s fam-
ily medical history, clinical phenotypes, biochemical parameters, molecular genetic 
tests, tissue biopsies, and neurological abnormalities. All these examinations have 
usually been considered in diagnosing MDs because they give a comprehensive 
picture of pathological status at distinct levels. Consensus-based recommendations 
written by the Mitochondrial Medicine Society mention the optimal diagnostic 
tools that can be used for MDs involving biochemical tests, genetic analyses, tissue 
biopsy examinations, and neuroimaging as they explained the purposes of each 
approach to verify the diagnosis of MDs [58].

Following the initial investigation of the medical family history and clinical phe-
notypes of the suspected MD patients, biochemical tests are usually performed on 
biological fluids such as blood, urine, and CFS samples to measure the levels of 
certain metabolites commonly disrupted in MDs, including pyruvate, lactate, acyl-
carnitines, ketone bodies, amino acids, and organic acids [58]. Lactate levels and the 
ratio of lactate/pyruvate are commonly increased when mitochondria are defective 
as pyruvate utilization by the mitochondria decreases. Moreover, ketone bodies are 
often perturbed in MD patients. In addition, there are alterations in the level of 
amino acids and organic acids in MD patients acting as an indication of mitochon-
dria dysfunction [59]. All the biochemical analyses mentioned above are not spe-
cific and exclusive to MDs because these alterations are a common feature in most 
MDs and also could be seen in non-MDs.

Thus, supportive and specific analyses are needed to perform in addition to the 
biochemical tests to improve the diagnostic investigation of MDs, involving neuro-
logical imaging of the central nervous system and collecting tissue biopsies from 
MD patients for enzymatic analyses of OXPHOS and other mitochondrial proteins. 
These methods show their great ability to inform about alterations in mitochondria 
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in MDs cases; however, these methods have certain pitfalls as neurological imaging 
detect abnormalities in the brain and nerve system developed only in particular, but 
not all, MD patients [58]. In addition, enzymatic assays provide valuable functional 
analyses of mitochondria, although they require an invasive tissue biopsy procedure.

In addition, genetic testing has been extensively included in the diagnostic 
criteria of MDs since most MDs are inherited diseases. Genetic testing discovers 
the genetic mutations leading to MDs. The implication of genetic testing has been 
done for MDs through testing for common pathogenic variants in nDNA or 
mtDNA genes associated with MDs by sequencing the whole mtDNA or nDNA 
via whole genome sequencing (WGS) and/or whole exome sequencing (WES). 
MDs that were identified by multiple genetic testing approaches include those 
MDs developed by various pathogenic variants in genes coding for the following 
proteins, NADH dehydrogenase, pyruvate dehydrogenase complex component X 
(PDHX), ethylmalonic encephalopathy 1 protein (ETHE1), mitochondrial inner 
membrane protein (MPV17), mitochondrial carnitine/acylcarnitine carrier protein 
(SLC25A20), mitochondrial fission factor (MFF), F-Box and leucine-rich repeat 
protein 4 (FBXL4), elaC ribonuclease Z 2 (ELAC2), protein PET100 (PET100), 
iron-sulfur cluster assembly 2 (ISCA2), mitochondrial-processing peptidase sub-
unit alpha (PMPCA), metal cation symporter ZIP8 (SLC39A8), mitochondrial 
coenzyme A transporter (SLC25A42), ATP-dependent zinc metalloprotease 
(YME1L1), mitochondrial intermediate peptidase (MIPEP), mitochondrial cal-
cium uptake protein 2 (MICU2), cytochrome c oxidase subunit 5A (COX5A), 
ubiquinone biosynthesis methyltransferase COQ5 (COQ5), and nundid hydrolase 
2 (NUDT2) [60–74].

Regardless of the substantial implications of genetic approaches in identifying 
MDs, the genetic approaches have certain diagnostic downsides. Specifically, these 
genetic tests require reading out an unlimited number of genes, and the roles of 
many genes are still not fully understood. Finding mutations in metabolism-related 
genes that are functionally unknown, called variants of uncertain significance 
(VUS), could be misleading in the context of MDs because it is not fully understood 
if these unknown mutations affect health. Furthermore, mutations identified by 
genetic tests might be secondary findings of other diseases not discovered or devel-
oped yet and unrelated to MDs of interest, which is considered a false-positive dis-
covery. In addition, genetic testing cannot be used for those MDs that are developed 
by nongenetic factors over a patient’s lifetime [75, 76].

Consequently, based on the previous issues associated with the genetic 
approaches, there is still a definitive need to perform alternative functional analyses 
of suspected VUS found in metabolism-related genes to ensure whether these 
genetic mutations truly cause MDs. Also, these alternative functional analyses could 
help examine the pathogenic effects of nongenetic factors leading to MDs. Since 
mitochondria work as a hub of metabolism and as metabolite producers, metabolo-
mics, which detect small metabolites ≤1500 Daltons through high-throughput mass 
spectrometry, can predict mitochondrial status in health and disease. Metabolomics 
has recently gained great attention because of its high potential to be used as a diag-
nostic tool for all types of MDs, either genetic or nongenetic MDs. The strengths of 
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using metabolomics as a diagnostic tool are as follows: First, metabolomics mea-
sures intermediates or products of ongoing metabolic pathways, and their measure-
ments directly reflect the snapshot readouts of physiological conditions, which 
make metabolomics more real functional analyses of metabolism compared to other 
omic approaches. Thus, if there are any metabolic perturbations, as seen in MDs, 
they could be detected by the metabolomic approach. Second, metabolomics shows 
high sensitivity with extraordinary capabilities for identifying distinct metabolic 
biosignatures/profiles of MDs, reflecting the disrupted metabolic pathways in MD 
conditions. Third, metabolomic data analysis is easier than other omic data because 
of the limited number of metabolites that currently can be accurately measured 
compared to the huge numbers of genes or proteins that can be accurately measured. 
Fourth, compared to other approaches, metabolomics is not expensive, requires 
relatively little time, and provides comprehensive biological measurements. All 
these reasons encourage researchers and scientists to focus on applying metabolo-
mics to MDs.

5 � Metabolomics of MDs

Several metabolomic studies have been conducted to ultimately identify diagnostic 
biomarkers/biosignatures of MDs using different biological samples with various 
mass spectrometry (MS) machines. Herein, we mentioned examples of these metab-
olomic studies conducted for MDs (Table 1). For instance, a study performed gas 
chromatography-coupled mass spectrometry (GC-MS)-based metabolomic analy-
ses on plasma samples and skeletal muscle fibers collected from patients diagnosed 
with mitochondrial myopathy/progressive external ophthalmoplegia disease show-
ing elevated levels of certain metabolites such as cystathionine, glutamic acid, ser-
ine, and arachidyl carnitine compared to the samples collected from the controls 
[77]. Also, GC-MS-based metabolomic analyses of urine samples collected from 
children diagnosed with deficiencies in OXPHOS proteins revealed increased levels 
of organic acids, including fumaric acid, glutaric acid, lactic acid, malic acid, and 
others, compared to the control children [78]. Another study used a metabolomic 
approach as a pre-screening tool to identify metabolic biosignatures of MD patients 
who need to undergo tissue biopsies. In this way, MD patients who do not need a 
tissue biopsy do not need to undergo the invasive procedure [79]. Their study would 
help to select the proper MD patient who needs to undergo tissue biopsies. Smuts 
et al. identified biosignatures in urine samples collected from patients with deficient 
OXPHOS to be used as indicators before the tissue biopsies. They performed untar-
geted nuclear magnetic resonance (NMR). They targeted GC-MS on OXPHOS-
deficient patients’ urine samples. They found six organic acids (lactic, succinic, 
2-hydroxybutyric, 3-hydroxybutyric, 3-hydroxyisovaleric, and 3-hydroxy-3-
methylglutaric acids), six amino acids (alanine, glycine, glutamic acid, serine, tyro-
sine, and α-aminoadipic acid), and creatine as biosignatures of these patients that 
need to undergo tissue biopsies for the validation of MDs [79].
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Table 1  Examples of metabolomic studies done to screen metabolomic biosignatures of MDs by 
using various biological samples and metabolomic approaches

MD name
Biological 
specimen Major findings Technique Ref.

Mitochondrial 
myopathy/
progressive 
external 
ophthalmoplegia 
disease

Plasma 
samples 
and 
skeletal 
muscle 
fibers

Elevated levels of certain 
metabolites such as 
cystathionine, glutamic acid, 
serine, and 
arachidoyl-carnitine

GC-MS Nikkanen 
et al. [77]

Deficiencies in 
OXPHOS 
proteins

Urine 
samples

Increased levels of organic 
acids, including fumaric acid, 
glutaric acid, lactic acid, malic 
acid, and others

GC-MS Reinecke 
et al. [78]

Deficient 
OXPHOS in 
muscles

Urine 
samples

Altered six organic acids 
(lactic, succinic, 
2-hydroxybutyric, 
3-hydroxyisobutyric, 
3-hydroxyisovaleric and 
3-hydroxy-3-methylglutaric 
acids), six amino acids 
(alanine, glycine, glutamic 
acid, serine, tyrosine, and 
α-aminoadipic acid), and 
creatine

Untargeted 
NMR and 
targeted GC-MS

Smuts et al. 
[79]

French-Canadian 
Leigh syndrome

Urine and 
plasma 
samples

Altered 45 metabolite markers, 
including alanine, asparagine, 
ketones, acylcarnitines, 
succinate, kynurenine, lactate, 
and pyruvates

Targeted 
GC-MS and 
LC-MS

Thompson 
Legault 
et al. [80]

MELAS Plasma 
samples

Elevated levels of pyruvate, 
lactate, malate, alanine, 
α-hydroxybutyrate, N-lactoyl-
amino acids, β-hydroxy 
acylcarnitines, and β-hydroxy 
fatty acids

Targeted and 
untargeted MS

Sharma 
et al. [81]

MELAS and 
MIDD with renal 
dysfunction

Urine 
samples

Lower levels of 4-cresyl 
sulfate, S-methyl-cysteine-
sulfoxide, 
N-methylnicotinamide, and 
hippuric acid

NMR 
spectroscopy

Hall et al. 
[82]

LHON Fibroblasts Decreases in amino acids, 
spermidine, putrescine, 
isovaleryl-carnitine, propionyl-
carnitine, and five 
sphingomyelin species but 
increases in ten 
phosphatidylcholine species

Targeted LC-MS Chao de la 
Barca et al. 
[83]

(continued)
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Table 1  (continued)

MD name
Biological 
specimen Major findings Technique Ref.

Barth syndrome Plasma 
samples

Perturbations in creatinine, 
fatty acids, methionine, and 
proline

NMR 
spectroscopy

Sandlers 
et al. [84]

Alterations in acylcarnitines, 
bigeneric amines, PC/lysoPC, 
and amino acids

Targeted LC-MS

KSS Urine 
samples

Increased levels of pyruvate, 
fumarate, and 
3-hydroxybutyrate

Targeted 
GC-MS

Semeraro 
et al. [85]

PMS Urine 
samples

Increased levels of lactate, 
3-hydroxybutyrate, 
3-hydroxyisobutyrate, 
fumarate, pyruvate, 
2-hydroxybutyrate, 2-methyl-
2,3-dihydroxybutyrate, 
3-methylglutarate, 2-ethyl-3-
hydroxypropionate, 
3-methylglutaconate, malate, 
and tiglylglycine

MELAS Urine 
samples

Increases in caproic/caprylic 
acid, 2-hydroxyglutaric acid, 
butyric/valeric/2-
hydroxybutyric/3-methyl-2-
oxovaleric acid, 4-pentenoic 
acid, acetylcarnitine, 
propionylcarnitine, taurine, 
acetic acid but decreased 
metabolites pyruvic acid, 
glycerol, carbamate, 
2,5-furandicarboxylic acid, 
fumaric acid, pseudouridine, 
glycolic acid, and arabinose

Targeted 
LC-MS/MS and 
untargeted 
GC–MS and 
NMR 
spectroscopy

Esterhuizen 
et al. [86]

MIDD Urine 
samples

Increases in myoinositol, 
2-hydroxyglutaric acid, 
4-pentenoic acid, glucuronic 
acid, 2-hydroxyisovaleric acid, 
glucose, 2-ethylhydracrylic 
acid, and 3-hydroxyisobutyric 
acid. Metabolites’ decrease 
includes glycolic acid, 
sarcosine, 1,2-ethandiol, 
3-methylphenol, 
2,5-furandicarboxylic acid, 
homocysteine, arabinose, and 
pseudouridine

Myopathy Urine 
samples

Increases in 2-hydroxyglutaric 
acid, 4-pentenoic acid, 
3-methylphenol, 
2-ethylhydracrylic acid, and 
creatine but decreased glycolic 
acid
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Table 1  (continued)

MD name
Biological 
specimen Major findings Technique Ref.

Parkinson’s 
disease

Plasma and 
CSF 
samples

Altered pattern of metabolites 
involved in the metabolism of 
glycerophospholipid, 
sphingolipid, acylcarnitine, 
and amino acids

Untargeted 
LC-MS and MS/
MS

Stoessel 
et al. [87]

Parkinson’s 
disease

Urine 
samples

Altered metabolites related to 
tryptophan and tyrosine 
metabolism

Untargeted 
LC-MS

Luan et al. 
[88]

Alzheimer’s 
disease

CSF 
samples

Altered patterns of choline, 
dimethylarginine, arginine, 
valine, proline, serine, 
histidine, creatine, carnitine, 
and suberylglycine

Untargeted 
capillary 
electrophoresis 
mass 
spectrometry 
(CE-MS)

Ibáñez et al. 
[89]

Medium-chain 
acyl-coenzyme A 
dehydrogenase 
deficiency 
disease

Dried 
blood spots

Altered levels of certain amino 
acids and acylcarnitines

Targeted LC-MS Scolamiero 
et al. [90]

Long-chain 
acyl-coenzyme A 
dehydrogenase 
deficiency 
disease

Dried 
blood spots 
and serum 
samples

Decreases in lysine, valine, 
glycerol, and niacinamide but 
increases in glutamine succinic 
acid and guanosine

Targeted 
LC-MS/MS

Jacob et al. 
[91]

Type 2 diabetes 
(T2D)

Urine 
samples

Decreases in 
t3-hydroxyundecanoyl-
carnitine

Targeted LC-MS Salihovic 
et al. [92]

Insulin resistance Serum 
samples

Insulin resistance altered 
amino acids such as amino 
acids (Asn, Gln, and his), 
methionine (met) sulfoxide, 
2-methyl-3-hydroxy-5-
formylpyridine-4-carboxylate, 
serotonin, L-2-amino-3-
oxobutanoic acid, and 
4,6-dihydroxyquinoline

Chemical isotope 
labeling (CIL) 
liquid 
chromatography-
mass 
spectrometry 
(LC-MS)

Gu et al. 
[93]

Type 2 diabetes Distinct amino acids, amino 
acid metabolites, and 
dipeptides for T2D
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A cohort of French-Canadian Leigh syndrome patients with mutations in the 
LRPPRC gene causing defects in one of the OXPHOS proteins was involved in a 
metabolomic study. Urine and plasma samples were collected from the Leigh syn-
drome patients and were analyzed using targeted GC-MS and liquid chromatography-
coupled mass spectrometry (LC-MS). As a result, they found 45 outstanding 
metabolic biomarkers, including alanine, asparagine, ketones, acylcarnitines, suc-
cinate, kynurenine, lactate, and pyruvates, altered compared to controls (Thompson 
[80]). Additionally, another research group recruited mitochondrial encephalomy-
opathy lactic acidosis and stroke-like episode (MELAS) syndrome and maternally 
inherited diabetes and deafness (MIDD) patients with renal dysfunction for identi-
fication of urinary metabolic markers via NMR spectroscopy-based metabolomics 
and found that these patients distinguished from controls by having lower levels of 
4-cresyl sulfate, S-methyl-cysteine-sulfoxide, N-methylnicotinamide, and hippuric 
acid [82]. Recently, Sharma et al. performed metabolomic analyses on plasma sam-
ples collected from MELAS and controls by using targeted and untargeted MS, 
revealing that elevated levels of pyruvate, lactate, malate, alanine, α-hydroxybutyrate, 
N-lactoyl-amino acids, β-hydroxy acylcarnitines, and β-hydroxy fatty acids [81]. 
Another example of metabolomic study is those conducted for Barth syndrome. 
They identified dysregulated metabolic markers and pathways underlying Barth 
syndrome using human plasma samples showing perturbations in creatinine, fatty 
acids, methionine, and proline detected by NMR. At the same time, LC-MS revealed 
metabolic alterations found in acylcarnitines, bigeneric amines, PC/lysoPC, and 
amino acids in patients compared to controls [84].

Furthermore, a targeted LC-MS-based metabolomic approach was applied to 
fibroblasts taken from LHON patients to uncover metabolites affected in this dis-
ease used as biomarkers, including decreases in amino acids, spermidine, putres-
cine, isovaleryl-carnitine, propionyl-carnitine, and five sphingomyelin species but 
increases in ten phosphatidylcholine species [83]. Also, metabolomic studies of 
PMS and KSS were performed recently using a targeted GC-MS approach on urine 
samples collected from PMS and KSS patients. Semeraro et al.’s study revealed that 
abnormal alterations in urinary organic acids were detected in both PMS and 
KSS. Still, the alterations are more pronounced in PMS patients than in KSS. They 
found that urine samples from KSS had increased levels of pyruvate, fumarate, and 
3-hydroxybutyrate, while urinary metabolites detected in PMS patients indicated 
elevated levels in lactate, 3-hydroxybutyrate, 3-hydroxyisobutyrate, fumarate, pyru-
vate, 2-hydroxybutyrate, 2-methyl-2,3-dihydroxybutyrate, 3-methylglutarate, 
2-ethyl-3-hydroxypropionate, 3-methylglutaconate, malate, and tiglylglycine [85].

Very recently, Esterhuizen et al. attempted to clinically distinguish between three 
types of MDs, including MELAS, MIDD, and myopathy, by identifying disease-
specific metabolic profiles. They used combined multi-metabolomic approaches of 
targeted LC-MS/MS, untargeted GC-MS, and NMR spectroscopy to comprehen-
sively investigate metabolites in urine samples collected from MELAS, MIDD, and 
myopathy patients compared to individual disease-matched controls. Although they 
found some metabolic similarities in identified metabolites shared in the three dis-
eases, their metabolomic data shows that each of the three diseases has certain 
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unique metabolites compared to their controls. Compared to controls, MELAS 
patients showed increased caproic/caprylic acid, 2-hydroxyglutaric acid, butyric/
valeric/2-hydroxybutyric/3-methyl-2-oxovaleric acid, 4-pentenoic acid, acetylcar-
nitine, propionylcarnitine, taurine, and acetic acid but decreased metabolites pyru-
vic acid, glycerol, carbamate, 2,5-furandicarboxylic acid, fumaric acid, 
pseudouridine, glycolic acid, and arabinose. Furthermore, MIDD patients showed 
increased myoinositol, 2-hydroxyglutaric acid, 4-pentenoic acid, glucuronic acid, 
2-hydroxyisovaleric acid, glucose, 2-ethylhydracrylic acid, 3-hydroxyisobutyric 
acid although decreased metabolites were shown including glycolic acid, sarcosine, 
1,2-ethandiol, 3-methylphenol, 2,5-furandicarboxylic acid, homocysteine, arabi-
nose, pseudouridine. Lastly, they showed that myopathy patients revealed increased 
2-hydroxyglutaric acid, 4-pentenoic acid, 3-methylphenol, 2-ethylhydracrylic acid, 
and creatine but decreased glycolic acid [86].

In addition to the previous studies, Stoessel et  al. focused on the metabolic 
changes in Parkinson’s disease, in which they performed untargeted LC/MS and 
MS/MS analysis to profile metabolic changes in plasma and CSF samples collected 
from Parkinson’s disease patients. They uncovered a perturbed pattern of metabo-
lites involved in the metabolism of glycerophospholipid, sphingolipid, acylcarni-
tine, and amino acids as Parkinson’s disease biosignatures [87]. In concordance 
with the previous Parkinson’s disease study, another research group studied 
Parkinson’s disease and discovered alterations in metabolites related to tryptophan 
and tyrosine metabolism and other pathways using untargeted LC-MS approaches 
applied to urine samples from Parkinson’s disease patients [88]. Moreover, Ibáñez 
et  al. used untargeted metabolomic profiling based on capillary electrophoresis-
coupled mass spectrometry (CE-MS) to identify Alzheimer’s disease biosignatures 
in CSF samples collected from Alzheimer’s disease patients for the prediction of the 
disease and its progression at distinct stages. They found choline, dimethylarginine, 
arginine, valine, proline, serine, histidine, creatine, carnitine, and suberylglycine as 
potential Alzheimer’s disease progression markers [89]. Also, Scolamiero et al. ana-
lyzed dried blood spots (DBS) from patients diagnosed with medium chain acyl-
coenzyme A dehydrogenase deficiency disease via targeted LC-MS to identify 
metabolic profiling associated with the disease condition. Their results showed that 
the level of certain acylcarnitine (C2, C6, C8, and C10) was perturbed distinctively 
in these affected patients compared to the controls, potentially used as diagnostic 
markers [90]. In addition, another research group performed a metabolomic study 
on patients diagnosed with long-chain acyl-coenzyme A dehydrogenase deficiency 
disease by performing targeted LC-MS analyses on dried blood spots and serum 
samples collected from the patients showing that there were alterations in metabo-
lites in patients’ samples compared to the controls. Examples of altered metabolites 
are decreases in lysine, valine, glycerol, and niacinamide but increases in glutamine 
succinic acid and guanosine [91].

Furthermore, diabetes was extensively studied in different biological samples 
with different MS approaches; thus, example studies are mentioned. A recent study 
conducted nontargeted LC-MS-based metabolomics to profile urine metabolites in 
patients diagnosed with type 2 diabetes (T2D), resulting in the discovery of a 
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promising biomarker t3-hydroxyundecanoyl-carnitine, which was decreased with 
T2D [92]. In addition, another study done by another research group revealed 
metabolite biosignatures related to insulin resistance and T2D. This study collected 
serum samples from normal, obese T2D participants for metabolic profiling using 
chemical isotope labeling (CIL) and LC-MS. Their results showed that certain bio-
markers associated with insulin resistance, such as amino acids (asparagine, gluta-
mine, histidine), methionine sulfoxide, 
2-methyl-3-hydroxy-5-formylpyridine-4-carboxylate, serotonin, L-2-amino-3-
oxobutanoic acid, and 4,6-dihydroxyquinoline and other biomarkers for T2D, 
including amino acids, amino acid metabolites, and dipeptides [93].

Last but not least, there is a growing body of recent studies demonstrating the 
application of metabolomic technologies in sepsis [94–96], cardiovascular diseases 
[97, 98], and cancers [99–102].

6 � Conclusion

The application of metabolomics can be promising for the diagnosis and prognosis 
of MDs in humans. However, it has been reported that metabolomic analyses have 
certain challenges and limitations that need to be considered. For instance, metabo-
lomic analyses can be conducted by multiple mass spectrometry approaches, includ-
ing NMR, GC-MS, and LC-MS. All of them are used for various purposes due to 
their different functionalities, metabolite coverage, and experimental design. Each 
approach has advantages and disadvantages. For example, NMR is suitable for sig-
nificant volume samples, is nondestructive to samples, does not require sample 
preparations, and gives reproducible data. However, NMR is not as sensitive as 
other techniques, such as GC-MS and LC-MS, which can detect a large range of 
metabolites with very tiny amounts of sample. GC-MS and LC-MS function based 
on the polarity of metabolites, as GC-MS is mainly used more for nonpolar metabo-
lites. Thus LC-MS is the preferable approach for polar metabolites.

Nevertheless, MS approaches have certain drawbacks, such as lower reproduc-
ibility, higher-cost expensive techniques, and time-consuming sample preparation 
steps. Thus, no single approach can comprehensively detect all metabolites with 
various chemical and physical properties in biological samples within one analyti-
cal run. Other limitations are related to metabolomic data preprocessing and spec-
tral library databases. Examples of issues during metabolomic data processing 
missing data can be seen, and that is due to several reasons, such as the concentra-
tion of metabolites being either lower or higher than the detection limit of the 
machine. Another limitation of metabolomics is the availability of metabolite spec-
tral libraries for data analyses and interpretation. NMR and LC-MS approaches 
have limited libraries compared to GC-MS libraries.

Many of the challenges associated with metabolomics can be overcome by com-
bining various approaches to detect and cover a comprehensive range of metabo-
lites. Furthermore, metabolomics shows the powerful capability and potential in 
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diagnosing MDs as it represents real perturbations associated with MDs. 
Nonetheless, it is best to integrate metabolomic diagnostic data with other diagnos-
tic approaches (i.e., patient and family histories, physical examinations, clinical bio-
chemical and histological tests, and enzymatic assays). Finally, research in this area 
and the corresponding field development will improve with the involvement of 
larger patient cohorts. Increased global collaborations between many clinical com-
munities will strengthen and validate the finding of metabolic biosignatures of 
human MDs and improve diagnostic platforms.
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