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Abstract: (1) Objectives: Mitochondrial disorders (MIDs) are a genetically and phenotypically
heterogeneous group of slowly or rapidly progressive disorders with onset from birth to senescence.
Because of their variegated clinical presentation, MIDs are difficult to diagnose and are frequently
missed in their early and late stages. This is why there is a need to provide biomarkers, which can be
easily obtained in the case of suspecting a MID to initiate the further diagnostic work-up. (2) Methods:
Literature review. (3) Results: Biomarkers for diagnostic purposes are used to confirm a suspected
diagnosis and to facilitate and speed up the diagnostic work-up. For diagnosing MIDs, a number of
dry and wet biomarkers have been proposed. Dry biomarkers for MIDs include the history and clinical
neurological exam and structural and functional imaging studies of the brain, muscle, or myocardium by
ultrasound, computed tomography (CT), magnetic resonance imaging (MRI), MR-spectroscopy (MRS),
positron emission tomography (PET), or functional MRI. Wet biomarkers from blood, urine, saliva,
or cerebrospinal fluid (CSF) for diagnosing MIDs include lactate, creatine-kinase, pyruvate, organic acids,
amino acids, carnitines, oxidative stress markers, and circulating cytokines. The role of microRNAs,
cutaneous respirometry, biopsy, exercise tests, and small molecule reporters as possible biomarkers
is unsolved. (4) Conclusions: The disadvantages of most putative biomarkers for MIDs are that they
hardly meet the criteria for being acceptable as a biomarker (missing longitudinal studies, not validated,
not easily feasible, not cheap, not ubiquitously available) and that not all MIDs manifest in the brain,
muscle, or myocardium. There is currently a lack of validated biomarkers for diagnosing MIDs.
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1. Introduction

Mitochondrial disorders (MIDs) are metabolic disorders due to impaired metabolic pathways
within mitochondria [1]. Limiting MIDs to the respiratory chain is a narrow horizon, everything
that goes wrong in the mitochondrion can become a MID (e.g., a beta-oixidation defect is a MID) [1].
MIDs carry substantial morbidity and are associated with excess premature death [2]. Due to their
phenotypic and genetic heterogeneity and their intra-familial and inter-familial variability, MIDs
are frequently missed or wrongly diagnosed. To ascertain the suspicion of an MID, the application
of simple and widely available diagnostic tests is warranted. However, there is currently a lack of
validated biomarkers for diagnosing MIDs [3]. This review aims at summarising current knowledge
about biomarkers in the diagnostic work-up of MIDs.

2. Methods

Data for this review were identified by searches of MEDLINE for references of relevant articles.
Search terms used were all acronyms known for specific MIDs (n = 50) and the terms “mitochondrial
disorder”, “mtDNA”, “encephalomyopathy”, and “mitochondrion” in individual combination with
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the terms “biomarker”, “diagnostic test”, “work-up”, and “diagnosis”. The results of the searches
were screened for potentially relevant studies by the application of inclusion and exclusion criteria
for the full texts of relevant studies. Only original articles about humans, published between 1966
and 2017, were included. Only randomised controlled trials (RCTs), observational studies with
controls, case series, and case reports were included. Reviews, editorials, and letters were excluded.
Additionally, reference lists of retrieved studies were checked for reports of studies not detected on the
electronic search. Websites checked for additional information with regard to possible biomarkers for
diagnosing MIDs were MITOMAP Neuromuscular Disease Center Database, and MitoTools.

3. Results

3.1. Biomarkers

3.1.1. Definition

Biomarkers (short for biological markers) are biological measures of a biological state. By definition,
a biomarker is “a characteristic that is objectively measured and evaluated as an indicator of
normal biological processes, pathogenic processes or pharmacological responses to a therapeutic
intervention” [4]. Thus, two main groups of biomarkers are generally differentiated: disease-related
biomarkers and drug-related biomarkers [3]. Disease-related biomarkers reflect the presence or absence
of disease, aid in disease stratification, guide prognosis, and can inform about disease natural history [3].
The current review focuses only on disease-related biomarkers for diagnosing or suspecting MIDs.

3.1.2. Requirements

General requirements which a biomarker must meet include a continuous change of the
process that is measured (changes as a function of the process being monitored), and thus a linear
correlation between the measurement and the represented process, registration of quick changes
(translational marker), stability without diurnal or seasonal variations, presence in detectable amounts
in easily accessible biological fluids/tissues, cheap and easily feasible tests with widely available
equipment, reliability when applied by different examiners and repeatedly, independence of age, sex,
environmental, or climate conditions, pre-existing training condition, food, hydration, and proven
usefulness, effectivity, and validation [5]. Biomarkers need to shorten the time necessary for diagnosing
a condition and need to be cost-effective.

3.1.3. Classification

Biomarkers can be classified according to various different criteria. In addition to separation into
disease-related and drug-related biomarkers, biomarkers may be classified according to the organ or
tissue they refer to or being investigated, or according to the type of tissue investigated as wet, dry,
or volatile biomarkers [6]. Furthermore, biomarkers can be categorised as invasive or non-invasive or
as validated or non-validated [7].

3.2. Dry Biomarkers

3.2.1. History and Clinical Examination

Recently, an attempt has been undertaken to determine if clinical parameters from the individual
or family history and findings on the clinical exam, in association with findings on easily available
instrumental investigations, could raise the suspicion of an MID and could facilitate their diagnostic
work-up [8]. According to this study, the so called “mitochondrial multiorgan disorder syndrome
(MIMODS)” score suggests the presence of an MID if exceeding a limit of 10 points. Among 36 patients
with a genetically or biochemically confirmed MID, the organs most frequently affected were the
muscle (97%), the central nervous system (CNS) (72%), endocrine glands (69%), the heart (58%),
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intestines (55%), and the peripheral nerves (50%) [8]. MIDs manifested most frequently in the CNS
as leukoencephalopathy, prolonged visually-evoked potentials or atrophy, in the endocrine organs
as thyroid dysfunction, short stature, or diabetes, and in the heart as arrhythmias, heart failure,
or hypertrophic cardiomyopathy [8]. Key clinical features suggesting an MID are short stature, facial
dysmorphism, hypoacusis, epilepsy, migraine, cognitive impairment, diabetes, thyroid dysfunction,
hypogonadism, hypertrophic cardiomyopathy, arterial hypertension, atrial fibrillation, hepatopathy,
diverticulosis, nephrolithiasis, renal insufficiency, anaemia, neuropathy, and myopathy of extra-ocular,
facial, bulbar, axial, respiratory, or the limb muscles. The score has not yet been validated in diseased
or healthy controls. Though some MIDs may follow a pattern of organ involvement, the phenotypic
heterogeneity is of such a degree that hardly a single biomarker may encompass all abnormalities
developing during the course.

3.2.2. Imaging

Structural Imaging

(1) Muscle

Structural alterations of the skeletal muscles in MIDs can be easily determined by ultrasound,
computed tomography (CT), or magnetic resonance imaging (MRI) by measuring muscle volume,
amount of connective tissues, or amount of fat. In a study of nine patients with chronic progressive
external ophthalmoplegia (CPEO), the range of eye movements (ROEM) correlated with the degree of
atrophy of extra-ocular eye muscles on 3 Tesla magnetic resonance imaging (3T-MRI) [9]. There was
a negative correlation between ROEM and the amount of T2-hyperintensities in the extra-ocular
muscles [9]. This is why the authors proposed that ROEM could serve as a marker for assessing disease
severity in these patients [9]. In a study of 10 patients with CPEO due to single-scale or multiple
mtDNA deletions, atrophy of extra-ocular muscles was found in all of them [10]. Though imaging with
ultrasound, CT, or MRI of skeletal muscles is increasingly applied, no longitudinal studies in a large
number of patients have been carried out so far.

(2) Brain

Structural abnormalities on imaging of the brain in patients with MIDs are manifold, and may be
different between early-onset and late-onset MIDs. Structural abnormalities found in paediatric MID
patients include diffuse, patchy, periventricular, subcortical, or semioval white or grey matter lesions
(WMLs, GMLs), stroke-like lesions (SLLs, the morphological equivalent of stroke-like episodes, SLEs),
cerebral atrophy, calcifications, or optic atrophy [11]. Some of these lesions remain stable for years,
whereas others are dynamic (e.g., SLLs and GMLs) [11]. Cerebral lesions reported in adult MID patients
include SLLs, laminar cortical necrosis, basal ganglia necrosis, focal or diffuse WMLs, focal or diffuse
atrophy, intra-cerebral calcifications, cysts, lacunas, haemorrhages, cerebral hypo- or hyperperfusion,
intra-cerebral artery stenoses, or moyamoya syndrome [12]. Since cerebral lesions in paediatric and
adult MIDs may go along with or without clinical manifestations, it is important to prospectively
screen patients with an MID for cerebral involvement. Most of the CNS lesions in MIDs are non-specific
and are thus unsuitable for serving as biomarkers of MID with CNS involvement.

(3) Heart

Since the heart is frequently involved in MIDs, screening for myocardial abnormalities could
be an option to prematurely detect cardiac involvement. In a study of 64 MID patients undergoing
cardiac MRI, 53% had at least one cardiac abnormality [13]. Late gadolinium enhancement was found
in 33%, reduced systolic function in 28%, and left ventricular hypertrophy in 22% [13]. Thickness
of the left ventricular wall was generally increased in MID patients as compared to controls [13].
Among the specific MIDs, myocardial thickening was most frequent among MELAS-like patients



J. Clin. Med. 2018, 7, 16 4 of 9

(91% of patients), followed by patients with CPEO/ Kearns-Sayre syndrome (KSS) (late gadolinium
enhancement, 80% of patients). Interestingly, more cardiac abnormalities were detected on cardiac
MRI than on electrocardiogram (ECG) in this study. However, longitudinal studies to assess cardiac
abnormalities over a longer period of time are warranted.

Functional Imaging

(1) Muscle

MR-spectroscopy (MRS) of skeletal muscles in MIDs allows measurement of muscle metabolites by
means of 31P or 1H spectra [3]. 1H-spectra reflect concentrations of lactate, choline, or N-acetyl-aspartate
(NAA), whereas 31P spectra reflect concentrations of phosphorus metabolites and thus the oxidative
capacity [3]. In the majority of cases, the phospho-creatine recovery time—which correlates with the
amount of ATP production—is measured by 31P-MRS after phosphor-creatine depletion by exercise [3].
In a recent study on the amount of intramyocyte lipid accumulation by 7T-MRS, it turned out that the
heteroplasmy rate correlated with the intramuscular lipid content in 10 patients with MELAS [14]. The
authors concluded that intramyocyte lipid accumulation could serve as a novel biomarker for MELAS [14].
Another novel MRI technique allows measurement of the intramyocyte creatine content by means of
creatine chemical exchange saturation transfer (CrCEST) MRI [15]. Intramyocyte creatine levels in this
study correlated significantly with the capacity of oxidative phosphorylation (OXPHOS), as determined
by means of 31P-MRS [15]. It was concluded that CrCEST allows determination of the muscle creatine
content, which can be disturbed in MID patients with muscle involvement [15]. In a study of 11 patients
with MELAS or CPEO, 31P-MRS showed an increased inorganic phosphate (iP)-to-phosphor-creatine
(PCr) ratio and a decreased ATP/PCr ratio during exercise in MELAS patients [16]. Additionally, recovery
to normal values of Pi/PCr and ATP/PCr was delayed in MELAS patients [16]. Energy failure as detected
by 31P-MRS correlated with the number of COX-positive ragged-red fibres in the MELAS patients of
this study [16].

(2) Brain

Though increased lactate production in the cerebrospinal fluid (CSF) is well appreciated among
MID patients with cerebral involvement, there is little published data available investigating the
capability of cerebral MRS to monitor disease progression [3]. In a study of 45 MELAS patients,
the lactate peak was increased and the NAA peak was decreased compared to healthy controls [17].
Patients who developed MELAS during follow-up (converters) had elevated NAA peaks, elevated
total choline peaks, elevated lactate peaks, and elevated total creatine peaks compared to healthy
controls [17]. The authors concluded that CSF lactate and choline could serve as biomarkers for
predicting the risk of individual mutation carriers to develop a MELAS phenotype [17]. In a study
of 14 patients with nonspecific MIMODS with cerebral lesions on MRI, 86% had a lactate peak on
single-voxel 1H-MRS of the brain [18]. Only eight patients had elevated serum lactate levels, and CSF
lactate did not correlate with serum lactate [18].

Using PET studies, it has been shown that the cerebral oxygen metabolic rate is reduced, that the
cerebral blood flow is increased, and that the glucose metabolic rate is increased in MELAS patients [19].
In a study of five patients with Leigh syndrome, the glucose uptake was decreased in the cerebellum
and basal ganglia on 18-fluor-deoxi-glucose positron emission tomography (18FDG-PET) [20]. There are
also studies which showed decreased oxygen extraction from blood during passage through the capillary
bed in MID patients [21,22]. In these studies, the cerebral metabolic rate of oxygen was significantly
decreased in the grey as well as the white matter in patients carrying the m.3243A>G variant, and thus it
was concluded that the m.3243A>G variant results in a global decrease of oxygen consumption [22].

A promising future technique to be applied as a dry biomarker could be dynamic nuclear
polarisation (DNP) MRI, which uses 13C-MRS to provide real-time functional imaging and allows
determination of substrates and metabolites in low concentrations [3]. Novel PET-ligands such as
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18F-BCPP-EF appear to be promising for quantification of the activity of complex-I of the respiratory
chain [3].The disadvantage of all imaging biomarkers, however, is that every MID does not manifest
in the brain, myocardium, or the muscle. Thus, MIDs without cerebral, myocardial, or muscle
involvement may be missed by cerebral, muscle, or cardiac imaging.

3.2.3. Cutaneous Respirometry

Cutaneous respirometry is conceptualised to measure respiratory chain functions in vivo [23].
The method relies on the optical properties of proto-porphyrin-IX, a heme precursor synthesised
in mitochondria, and is capable of measuring mito-pO2 (pO2: O2 partial pressure) and mito-VO2

(VO2: O2 volume) [23]. Though appealing, the method has not been applied to MIDs so far; it can be
speculated that MID patients with clinical or subclinical cutaneous involvement may have increased
mito-pO2 or increased mito-VO2. However, it needs to be confirmed that MID patients with
involvement of the skin indeed show abnormal mito-pO2 or mito-VO2 on cutaneous respirometry. In a
study of 30 healthy controls, reference limits of mito-pO2 are given as 44 ± 17 mm Hg, and those of
mito-VO2 as 5.8± 2.3 mm Hg at 34 degrees Celsius [24]. The study showed that cutaneous respirometry
allows measurement of mitochondrial oxygenation and oxygen consumption in humans [24].

3.3. Wet Biomarkers

3.3.1. Lactate, Pyruvate, Creatine-Kinase, Amino A2cids, Organic Acids, Carnitines, Oxidative
Stress Parameters

The determination of lactate, pyruvate, creatine-kinase (CK), amino acids, organic acids, carnitines,
and oxidative stress parameters is frequently carried out in fluids such as blood, urine, saliva,
or CSF, but diagnostic accuracy is limited. This may be due to the fact that the muscle, myocardium,
and cerebrum are not affected in every MID patient, may be unaffected at the time of the investigation,
and that some of these parameters depend on whether these fluids are collected at rest or during
exercise. However, these parameters are attractive since the collection of appropriate fluids can
be carried out non-invasively (urine, saliva) or minimally invasively (blood). Recently, it has been
shown that determination of the parameters retinol-binding protein (RBP) and albumin in the urine
allows the delineation of patients with specific or non-specific MIDs from healthy controls [25].
RBP (respectively, albumin) was increased in 29/75 (respectively, 23/75) patients carrying the variant
m.3243A>G [25]. In a study of fibroblasts from 16 patients with Leber’s hereditary optic neuropathy
(LHON) and from eight healthy volunteers, amino acids, spermidine, putrescine, isovaleryl-carnitine,
propionyl-carnitine, and five sphingomyelin species were decreased, whereas ten phosphatidyl-choline
species were increased [26]. Increase of sphingomyelins and decrease of phosphatidyl-choline together
with decreased amino acids suggests involvement of the endoplasmic reticulum in MIDs [26].

3.3.2. Circulating Cytokines (FGF21, GDF15)

The cytokines FGF-21 and GDF-15 have been recently identified as potential biomarkers of
MIDs [27,28]. Since FGF-21 is mainly produced in the skeletal muscle, a main disadvantage of FGF-21
as a biomarker of MIDs is that it may not be useful in MID patients without myopathy. In MIDs which
do not manifest with mitochondrial myopathy [27,28], FGF-21 may be normal. Though FGF-21 and
GDF-15 have been found elevated in a significant number of MID patients, their specificity is low.
This is because FGF-21 and GDF-15 have also been found elevated in other conditions, such as diabetes,
hepatopathy, renal insufficiency, malignancy, or obesity [3]. Additionally, FGF-21 levels may increase
with stress, steatosis hepatis, or in metabolic syndrome [29]. Whether FGF-21 levels are associated with
disease severity or disease progression is under debate, since conflicting results have been reported
on this issue [30,31]. Though FGF-21 concentrations correlated with disease severity in a study of
99 carriers of the m.3243A>G variant, no significant correlation was found between disease severity
and the heteroplasmy rate in urinary epithelial cells or leukocytes [30]. A weak correlation was found
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between FGF-21 concentrations and the severity of myopathy and between FGF-21 concentrations and
the severity of the encephalopathy [30]. It has recently been reported that FGF-21 and GDF-15 levels
have the highest specificity in MID patients due to mtDNA translation or maintenance defects [32].
The specificity of FGF-21 (respectively, GDF-15) to detect patients with mitochondrial myopathy was
89.3% (respectively, 86.4%), and the sensitivity was 67.3% (76.0%, respectively) [32].

3.3.3. microRNAs

microRNAs represent highly-conserved non-coding RNAs of 21–23 nucleotides in length (although
some may reach >100 nucleotides in length), which control gene expression by silencing the transcription.
Micro-RNAs regulate gene expression with high specificity on the post-transcriptional level. Micro-RNAs
bind to the 3′-untranslated region (3′-UTR) of the mRNA. Due to this binding, mRNA are hindered in the
translation or the mRNA is cut. Distinctive patterns of micro-RNAs are associated with various disorders
and at least in cybrid cells carrying the m.3243A>G variant it has been shown that the micro-RNA
9/9* pattern is associated with the MELAS or myoclonic epilepsy with ragged-red fibers (MERRF)
phenotype [33]. The micro-RNA pattern 9/9* acts as a post-transcriptional down-regulator of the
mt-tRNA-modification enzymes GTPBP3, MTO1, and TRMU [33]. Down-regulation of these enzymes
by microRNA-9/9* affects the U34 modification status of non-mutant tRNAs, and thus contributes to
the MELAS phenotype [33].

3.3.4. Biopsy of Solid Tissues

Though biopsy of affected tissues is invasive, logistically demanding, time-consuming,
and cost-intensive, it is still one of the best instruments to diagnose MIDs. This is particularly the case
for biopsies of the skeletal muscle, the myocardium, liver, or the skin. Biopsies can not only be analysed
with regard to histological or immunohistological features, but also with regard to ultrastructural and
biochemical abnormalities of mitochondria and the respiratory chain in particular. The tissue most easily
accessible for biopsy is the skin. It has been shown to be of diagnostic help in Leigh syndrome with
cutaneous manifestations (cutis laxa) due to a mitochondrial β-oxidation defect [34]. Skin biopsy was
also of diagnostic support in a patient with MELAS and skin manifestations such as scaly, pruritic, diffuse
erythema, reticular pigmentation, moderate hypertrichosis, seborrheic eczema, atopy, and vitiligo [35].
Skin biopsy may be also helpful in MIDs without skin manifestations. In MELAS patients without
clinical skin manifestations, investigations of skin fibroblasts revealed decreased membrane potential of
fibroblast mitochondria [36].

3.3.5. Exercise Tests

Exercise tests for the diagnostic work-up of MIDs are applied to assess the aerobic capacity of
mitochondria [37]. It has been shown in exercise tests of MIDs that oxygen consumption (peakVO2) is
decreased, that peak power (Wmax) is decreased, and that also peak arterio-venous oxygen difference
is decreased [37]. In a similar study, peakVO2 correlated with the heteroplasmy rate of the m.3243A>G
variant as determined in the skeletal muscle but not in lymphocytes [38]. A second type of exercise
test for diagnostic purposes is the lactate stress test [39]. It relies on the determination of serum lactate
before, during, and after constant exercise below the anaerobic threshold [39]. In patients with an MID,
lactate increases significantly during exercise, while in healthy subjects such an increase cannot be
observed [40]. The sensitivity of the lactate stress test was calculated as 66%, and the specificity as
84% [39]. However, it is under debate as to whether the workload used should be adapted to the
maximal individual workload, and if constant or incremental exercise should be carried out during
the test.

3.3.6. Small Molecule Reporters

Small molecule reporters are tailor-made probes administered intravenously to react with a
substrate of interest and consecutively accumulate in mitochondria of an organ of interest [3].
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After reaction with the substrate, probes are modified such that they produce an exogenous marker,
which can be extracted to undergo quantitative analysis. Exogenous markers also allow inferences
about the reacting substrate [3]. In a cell study, it has been shown that concentrations of reactive
oxidative species (ROS) such as H2O2 can be quantified by the so-called SNAP-tag technique,
which relies on the small molecule reporter SNAP-peroxy-green [41]. Though small-molecule reporters
have not been applied to MID patients thus far, they may enable the measurement of mitochondrial
function, mitochondrion-specific metabolites, and the generation of ROS in vivo [3].

4. Conclusions

This review shows that there is currently no single biomarker available with which all different
subtypes of MIDs could be detected. Particularly MIDs without cerebral, cardiac, or skeletal muscle
involvement may be missed by application of the biomarkers presented above. The best “biomarker”
for suspecting and diagnosing MIDs is still the individual and family history and the clinical exam.
Since MIDs are frequently multisystem diseases, it is essential that all organs potentially affected in an
MID are prospectively investigated, irrespective of whether there are clinical manifestations. However,
if patients predominantly present with cerebral, muscle, or cardiac manifestations, imaging techniques
can be helpful to confirm the suspicion of an MID. Concerning the wet biomarkers from blood, urine,
saliva, or CSF, lactate, pyruvate, CK, amino acids, carnitines, and organic acids are frequently elevated
in various MIDs, but do not meet all criteria to serve as a biomarker. This is also the case for circulating
cytokines (FGF21, GDF15) and markers of oxidative stress. Biopsies from various tissues can be
extremely helpful, but are usually invasive and cost-intensive, thus not fulfilling two main criteria of
a biomarker. The role of exercise tests, microRNAs, and small-molecule reporters need to be further
evaluated before a decision about their role in the work-up of MIDs can be finally made. Generally,
there are few biomarkers reported which have been systematically investigated for their suitability
to serve as a biomarker for diagnosing an MID. Currently-available biomarkers are not appropriate
to distinguish between primary and secondary MIDs. Since most of the parameters so far applied to
screen for MIDs failed to meet the criteria for a biomarker, effort needs to be increased to find more
global MID parameters encompassing all subtypes of a MID.

Author Contributions: J.F.: design, literature search, discussion, first draft, S.Z.-M.: literature search, discussion,
critical comments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gorman, G.S.; Chinnery, P.F.; DiMauro, S.; Hirano, M.; Koga, Y.; McFarland, R.; Suomalainen, A.;
Thorburn, D.R.; Zeviani, M.; Turnbull, D.M. Mitochondrial diseases. Nat. Rev. Dis. Prim. 2016, 2, 16080.
[CrossRef] [PubMed]

2. Kaufmann, P.; Engelstad, K.; Wei, Y.; Kulikova, R.; Oskoui, M.; Sproule, D.M.; Battista, V.; Koenigsberger, D.Y.;
Pascual, J.M.; Shanske, S.; et al. Natural history of MELAS associated with mitochondrial DNA m.3243A>G
genotype. Neurology 2011, 77, 1965–1971. [CrossRef] [PubMed]

3. Steele, H.E.; Horvath, R.; Lyon, J.J.; Chinnery, P.F. Monitoring clinical progression with mitochondrial disease
biomarkers. Brain 2017, 140, 2530–2540. [CrossRef] [PubMed]

4. Strimbu, K.; Tavel, J.A. What are biomarkers? Curr. Opin. HIV AIDS 2010, 5, 463–466. [CrossRef] [PubMed]
5. Finsterer, J. Biomarkers of peripheral muscle fatigue during exercise. BMC Musculoskelet. Disord. 2012, 13,

218. [CrossRef] [PubMed]
6. Finsterer, J.; Drory, V.E. Wet, volatile, and dry biomarkers of exercise-induced muscle fatigue. BMC Musculoskelet.

Disord. 2016, 17, 40. [CrossRef] [PubMed]
7. Pennuto, M.; Greensmith, L.; Pradat, P.F.; Sorarù, G.; European SBMA Consortium. 210th ENMC International

Workshop: Research and Clinical Management of Patients with Spinal and Bulbar Muscular Atrophy,
27–29 March, 2015, Naarden, The Netherlands. Neuromuscul. Disord. 2015, 25, 802–812. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrdp.2016.80
http://www.ncbi.nlm.nih.gov/pubmed/27775730
http://dx.doi.org/10.1212/WNL.0b013e31823a0c7f
http://www.ncbi.nlm.nih.gov/pubmed/22094475
http://dx.doi.org/10.1093/brain/awx168
http://www.ncbi.nlm.nih.gov/pubmed/28969370
http://dx.doi.org/10.1097/COH.0b013e32833ed177
http://www.ncbi.nlm.nih.gov/pubmed/20978388
http://dx.doi.org/10.1186/1471-2474-13-218
http://www.ncbi.nlm.nih.gov/pubmed/23136874
http://dx.doi.org/10.1186/s12891-016-0869-2
http://www.ncbi.nlm.nih.gov/pubmed/26790722
http://dx.doi.org/10.1016/j.nmd.2015.06.462
http://www.ncbi.nlm.nih.gov/pubmed/26206601


J. Clin. Med. 2018, 7, 16 8 of 9

8. Finsterer, J.; Zarrouk-Mahjoub, S. Mitochondrial multiorgan disorder syndrome score generated from definite
mitochondrial disorders. Neuropsychiatr. Dis. Treat. 2017, 13, 2569–2579. [CrossRef] [PubMed]

9. Pitceathly, R.D.; Morrow, J.M.; Sinclair, C.D.; Woodward, C.; Sweeney, M.G.; Rahman, S.; Plant, G.T.; Ali, N.;
Bremner, F.; Davagnanam, I.; et al. Extra-ocular muscle MRI in genetically-defined mitochondrial disease.
Eur. Radiol. 2016, 26, 130–137. [CrossRef] [PubMed]

10. Yu-Wai-Man, C.; Smith, F.E.; Firbank, M.J.; Guthrie, G.; Guthrie, S.; Gorman, G.S.; Taylor, R.W.; Turnbull, D.M.;
Griffiths, P.G.; Blamire, A.M.; et al. Extraocular muscle atrophy and central nervous system involvement in
chronic progressive external ophthalmoplegia. PLoS ONE 2013, 8, e75048. [CrossRef] [PubMed]

11. Finsterer, J.; Zarrouk-Mahjoub, S. Cerebral imaging in pediatric mitochondrial disorders. J. Neurol. Sci.
2017, submitted.

12. Finsterer, J. Central nervous system imaging in mitochondrial disorders. Can. J. Neurol. Sci. 2009, 36, 143–153.
[CrossRef] [PubMed]

13. Florian, A.; Ludwig, A.; Stubbe-Dräger, B.; Boentert, M.; Young, P.; Waltenberger, J.; Rösch, S.; Sechtem, U.;
Yilmaz, A. Characteristic cardiac phenotypes are detected by cardiovascular magnetic resonance in patients
with different clinical phenotypes and genotypes of mitochondrial myopathy. J. Cardiovasc. Magn. Reson.
2015, 17, 40. [CrossRef] [PubMed]

14. Golla, S.; Ren, J.; Malloy, C.R.; Pascual, J.M. Intramyocellular lipid excess in the mitochondrial disorder
MELAS: MRS determination at 7T. Neurol. Genet. 2017, 3, e160. [CrossRef] [PubMed]

15. DeBrosse, C.; Nanga, R.P.; Wilson, N.; D’Aquilla, K.; Elliott, M.; Hariharan, H.; Yan, F.; Wade, K.; Nguyen, S.;
Worsley, D.; et al. Muscle oxidative phosphorylation quantitation using creatine chemical exchange saturation
transfer (CrCEST) MRI in mitochondrial disorders. JCI Insight 2016, 1, e88207. [CrossRef] [PubMed]

16. Liu, A.H.; Niu, F.N.; Chang, L.L.; Zhang, B.; Liu, Z.; Chen, J.Y.; Zhou, Q.; Wu, H.Y.; Xu, Y. High
cytochrome c oxidase expression links to severe skeletal energy failure by 31P-MRS spectroscopy in
mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes. CNS Neurosci. Ther. 2014, 20,
509–514. [CrossRef] [PubMed]

17. Weiduschat, N.; Kaufmann, P.; Mao, X.; Engelstad, K.M.; Hinton, V.; DiMauro, S.; De Vivo, D.; Shungu, D.
Cerebral metabolic abnormalities in A3243G mitochondrial DNA mutation carriers. Neurology 2014, 82,
798–805. [CrossRef] [PubMed]

18. Chi, C.S.; Lee, H.F.; Tsai, C.R.; Chen, W.S.; Tung, J.N.; Hung, H.C. Lactate peak on brain MRS in children
with syndromic mitochondrial diseases. J. Chin. Med. Assoc. 2011, 74, 305–309. [CrossRef] [PubMed]

19. Nariai, T.; Ohno, K.; Ohta, Y.; Hirakawa, K.; Ishii, K.; Senda, M. Discordance between cerebral oxygen
and glucose metabolism, and hemodynamics in a mitochondrial encephalomyopathy, lactic acidosis,
and strokelike episode patient. J. Neuroimaging 2001, 11, 325–329. [CrossRef] [PubMed]

20. Haginoya, K.; Kaneta, T.; Togashi, N.; Hino-Fukuyo, N.; Kobayashi, T.; Uematsu, M.; Kitamura, T.; Inui, T.;
Okubo, Y.; Takezawa, Y.; et al. FDG-PET study of patients with Leigh syndrome. J. Neurol. Sci. 2016, 362,
309–313. [CrossRef] [PubMed]

21. Frackowiak, R.S.; Herold, S.; Petty, R.K.; Morgan-Hughes, J.A. The cerebral metabolism of glucose and
oxygen measured with positron tomography in patients with mitochondrial diseases. Brain 1988, 111,
1009–1024. [CrossRef] [PubMed]

22. Lindroos, M.M.; Borra, R.J.; Parkkola, R.; Virtanen, S.M.; Lepomäki, V.; Bucci, M.; Virta, J.R.; Rinne, J.O.;
Nuutila, P.; Majamaa, K. Cerebral oxygen and glucose metabolism in patients with mitochondrial m.3243A>G
mutation. Brain 2009, 132, 3274–3284. [CrossRef] [PubMed]

23. Harms, F.A.; Bodmer, S.I.; Raat, N.J.; Mik, E.G. Cutaneous mitochondrial respirometry: Non-invasive
monitoring of mitochondrial function. J. Clin. Monit. Comput. 2015, 29, 509–519. [CrossRef] [PubMed]

24. Harms, F.A.; Stolker, R.J.; Mik, E.G. Cutaneous respirometry as novel technique to monitor mitochondrial
function: A feasibility study in healthy volunteers. PLoS ONE 2016, 11, e0159544.

25. Hall, A.M.; Vilasi, A.; Garcia-Perez, I.; Lapsley, M.; Alston, C.L.; Pitceathly, R.D.; McFarland, R.;
Schaefer, A.M.; Turnbull, D.M.; Beaumont, N.J.; et al. The urinary proteome and metabonome differ from
normal in adults with mitochondrial disease. Kidney Int. 2015, 87, 610–622. [CrossRef] [PubMed]

26. 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]

http://dx.doi.org/10.2147/NDT.S149067
http://www.ncbi.nlm.nih.gov/pubmed/29062232
http://dx.doi.org/10.1007/s00330-015-3801-5
http://www.ncbi.nlm.nih.gov/pubmed/25994195
http://dx.doi.org/10.1371/journal.pone.0075048
http://www.ncbi.nlm.nih.gov/pubmed/24086434
http://dx.doi.org/10.1017/S0317167100006508
http://www.ncbi.nlm.nih.gov/pubmed/19378706
http://dx.doi.org/10.1186/s12968-015-0145-x
http://www.ncbi.nlm.nih.gov/pubmed/26001801
http://dx.doi.org/10.1212/NXG.0000000000000160
http://www.ncbi.nlm.nih.gov/pubmed/28589178
http://dx.doi.org/10.1172/jci.insight.88207
http://www.ncbi.nlm.nih.gov/pubmed/27812541
http://dx.doi.org/10.1111/cns.12257
http://www.ncbi.nlm.nih.gov/pubmed/24674659
http://dx.doi.org/10.1212/WNL.0000000000000169
http://www.ncbi.nlm.nih.gov/pubmed/24477106
http://dx.doi.org/10.1016/j.jcma.2011.05.006
http://www.ncbi.nlm.nih.gov/pubmed/21783095
http://dx.doi.org/10.1111/j.1552-6569.2001.tb00057.x
http://www.ncbi.nlm.nih.gov/pubmed/11462305
http://dx.doi.org/10.1016/j.jns.2016.02.008
http://www.ncbi.nlm.nih.gov/pubmed/26944169
http://dx.doi.org/10.1093/brain/111.5.1009
http://www.ncbi.nlm.nih.gov/pubmed/3263167
http://dx.doi.org/10.1093/brain/awp259
http://www.ncbi.nlm.nih.gov/pubmed/19843652
http://dx.doi.org/10.1007/s10877-014-9628-9
http://www.ncbi.nlm.nih.gov/pubmed/25388510
http://dx.doi.org/10.1038/ki.2014.297
http://www.ncbi.nlm.nih.gov/pubmed/25207879
http://dx.doi.org/10.1093/brain/aww222
http://www.ncbi.nlm.nih.gov/pubmed/27633772


J. Clin. Med. 2018, 7, 16 9 of 9

27. Tranchant, C.; Anheim, M. Movement disorders in mitochondrial diseases. Rev. Neurol. (Paris) 2016, 172,
524–529. [CrossRef] [PubMed]

28. Rasool, N.; Lessell, S.; Cestari, D.M. Leber Hereditary Optic Neuropathy: Bringing the Lab to the Clinic.
Semin. Ophthalmol. 2016, 31, 107–116. [CrossRef] [PubMed]

29. Morovat, A.; Weerasinghe, G.; Nesbitt, V.; Hofer, M.; Agnew, T.; Quaghebeur, G.; Sergeant, K.; Fratter, C.;
Guha, N.; Mirzazadeh, M.; et al. Use of FGF-21 as a biomarker of mitochondrial disease in clinical practice.
J. Clin. Med. 2017, 6, 80. [CrossRef] [PubMed]

30. Koene, S.; de Laat, P.; van Tienoven, D.H.; Vriens, D.; Brandt, A.M.; Sweep, F.C.; Rodenburg, R.J.;
Donders, A.R.; Janssen, M.C.; Smeitink, J.A. Serum FGF21 levels in adult m.3243A>G carriers: Clinical
implications. Neurology 2014, 83, 125–133. [CrossRef] [PubMed]

31. Suomalainen, A.; Elo, J.M.; Pietiläinen, K.H.; Hakonen, A.H.; Sevastianova, K.; Korpela, M.; Isohanni, P.;
Marjavaara, S.K.; Tyni, T.; Kiuru-Enari, S.; et al. FGF-21 as a biomarker for muscle-manifesting mitochondrial
respiratory chain deficiencies: A diagnostic study. Lancet Neurol. 2011, 10, 806–818. [CrossRef]

32. Lehtonen, J.M.; Forsström, S.; Bottani, E.; Viscomi, C.; Baris, O.R.; Isoniemi, H.; Höckerstedt, K.; Österlund, P.;
Hurme, M.; Jylhävä, J.; et al. FGF21 is a biomarker for mitochondrial translation and mtDNA maintenance
disorders. Neurology 2016, 87, 2290–2299. [CrossRef] [PubMed]

33. Meseguer, S.; Martínez-Zamora, A.; García-Arumí, E.; Andreu, A.L.; Armengod, M.E. The ROS-sensitive
microRNA-9/9* controls the expression of mitochondrial tRNA-modifying enzymes and is involved in the
molecular mechanism of MELAS syndrome. Hum. Mol. Genet. 2015, 24, 167–184. [CrossRef] [PubMed]

34. Balasubramaniam, S.; Riley, L.G.; Bratkovic, D.; Ketteridge, D.; Manton, N.; Cowley, M.J.; Gayevskiy, V.;
Roscioli, T.; Mohamed, M.; Gardeitchik, T.; et al. Unique presentation of cutis laxa with Leigh-like syndrome
due to ECHS1 deficiency. J. Inherit. Metab. Dis. 2017, 40, 745–747. [CrossRef] [PubMed]

35. Carmi, E.; Defossez, C.; Morin, G.; Fraitag, S.; Lok, C.; Westeel, P.F.; Canaple, S.; Denoeux, J.P. MELAS syndrome
(mitochondrial encephalopathy with lactic acidosis and stroke-like episodes). Ann. Dermatol. Venereol. 2001, 128,
1031–1035. [PubMed]

36. James, A.M.; Wei, Y.H.; Pang, C.Y.; Murphy, M.P. Altered mitochondrial function in fibroblasts containing
MELAS or MERRF mitochondrial DNA mutations. Biochem. J. 1996, 318, 401–407. [CrossRef] [PubMed]

37. Jeppesen, T.D.; Schwartz, M.; Olsen, D.B.; Wibrand, F.; Krag, T.; Dunø, M.; Hauerslev, S.; Vissing, J. Aerobic
training is safe and improves exercise capacity in patients with mitochondrial myopathy. Brain 2006, 129,
3402–3412. [CrossRef] [PubMed]

38. Jeppesen, T.D.; Schwartz, M.; Frederiksen, A.L.; Wibrand, F.; Olsen, D.B.; Vissing, J. Muscle phenotype
and mutation load in 51 persons with the 3243A>G mitochondrial DNA mutation. Arch. Neurol. 2006, 63,
1701–1706. [CrossRef] [PubMed]

39. Finsterer, J.; Milvay, E. Stress lactate in mitochondrial myopathy under constant, unadjusted workload.
Eur. J. Neurol. 2004, 11, 811–816. [CrossRef] [PubMed]

40. Finsterer, J.; Milvay, E. Lactate stress testing in 155 patients with mitochondriopathy. Can. J. Neurol. Sci. 2002,
29, 49–53. [CrossRef] [PubMed]

41. Srikun, D.; Albers, A.E.; Nam, C.I.; Iavarone, A.T.; Chang, C.J. Organelle-targetable fluorescent probes
for imaging hydrogen peroxide in living cells via SNAP-Tag protein labeling. J. Am. Chem. Soc. 2010, 132,
4455–4465. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.neurol.2016.07.003
http://www.ncbi.nlm.nih.gov/pubmed/27476418
http://dx.doi.org/10.3109/08820538.2015.1115251
http://www.ncbi.nlm.nih.gov/pubmed/26959136
http://dx.doi.org/10.3390/jcm6080080
http://www.ncbi.nlm.nih.gov/pubmed/28825656
http://dx.doi.org/10.1212/WNL.0000000000000578
http://www.ncbi.nlm.nih.gov/pubmed/24907231
http://dx.doi.org/10.1016/S1474-4422(11)70155-7
http://dx.doi.org/10.1212/WNL.0000000000003374
http://www.ncbi.nlm.nih.gov/pubmed/27794108
http://dx.doi.org/10.1093/hmg/ddu427
http://www.ncbi.nlm.nih.gov/pubmed/25149473
http://dx.doi.org/10.1007/s10545-017-0036-4
http://www.ncbi.nlm.nih.gov/pubmed/28409271
http://www.ncbi.nlm.nih.gov/pubmed/11907964
http://dx.doi.org/10.1042/bj3180401
http://www.ncbi.nlm.nih.gov/pubmed/8809026
http://dx.doi.org/10.1093/brain/awl149
http://www.ncbi.nlm.nih.gov/pubmed/16815877
http://dx.doi.org/10.1001/archneur.63.12.1701
http://www.ncbi.nlm.nih.gov/pubmed/17172609
http://dx.doi.org/10.1111/j.1468-1331.2004.00859.x
http://www.ncbi.nlm.nih.gov/pubmed/15667411
http://dx.doi.org/10.1017/S0317167100001712
http://www.ncbi.nlm.nih.gov/pubmed/11858534
http://dx.doi.org/10.1021/ja100117u
http://www.ncbi.nlm.nih.gov/pubmed/20201528
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Results 
	Biomarkers 
	Definition 
	Requirements 
	Classification 

	Dry Biomarkers 
	History and Clinical Examination 
	Imaging 
	Cutaneous Respirometry 

	Wet Biomarkers 
	Lactate, Pyruvate, Creatine-Kinase, Amino A2cids, Organic Acids, Carnitines, Oxidative Stress Parameters 
	Circulating Cytokines (FGF21, GDF15) 
	microRNAs 
	Biopsy of Solid Tissues 
	Exercise Tests 
	Small Molecule Reporters 


	Conclusions 
	References

