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Mitochondrial respiratory chain (MRC) disorders have a multifaceted clinical presentation and
genetic origin. The adage, “any symptom, any organ or tissue, any age of presentation, any mode
of inheritance”, coined by Munnich and colleagues in 1992 [1] highlights the challenges faced in
diagnosing these complex disorders, which requires a multidisciplinary approach involving the
results of the clinical, histological, genetic, and biochemical investigations. In the biochemical
context, the first-line investigations to determine evidence of a MRC disorder in patients are by the
assessment of plasma or cerebral spinal fluid (CSF) lactate levels [2]. However, these determinations
lack specificity and sensitivity, and a ‘normal’ result does not exclude the possibility of an underlying
MRC disorder. An elevated plasma alanine level, an indicator of cellular pyruvate accumulation,
has also been suggested as an appropriate marker of MRC dysfunction with an absolute level
>450 μM being utilized as factor to determine the likelihood of mitochondrial disease, according
to the Nijmegen diagnostic protocol [3]. However, an elevated plasma alanine level may only be
present during a relapse in symptoms, and therefore a ‘normal’ plasma alanine level does not exclude
an underlying MRC disorder [2]. Urine organic acid analysis may reveal evidence of elevated lactate,
Krebs cycle intermediates, or 3-methylglutaconic acid in some patients with MRC disorders; however,
these metabolites may only be present if the patient is acutely symptomatic and be absent during
periods of stability [2]. However, the diagnostic utility of urine organic acid analysis in mitochondrial
disease is supported by the study of Alban et al. (2017) [4], which reported an abnormal urine organic
acid profile in 82% of patients with muscle MRC enzyme deficiencies. Nonetheless, renal immaturity
is an important factor to consider, and an abnormal urine organic acid profile in a patient less than one
year of age should be interpreted with extreme caution [2].

The diagnosis of mitochondrial disease is impeded by the paucity of reliable surrogate markers
of MRC dysfunction presently available to select in preference to an invasive skeletal muscle biopsy,
which is required for spectrophotometric enzyme assay. However, the hormone-like cytokine,
serum fibroblast growth factor-21 (FGF-21), which is involved in the intermediary metabolism of
carbohydrates and lipids, has been suggested as a potential reliable biomarker of MRC dysfunction [5].
In addition, the growth differentiation factor-15 (GDF-15) has also been identified as a potential
marker of mitochondrial disease [6]. Although, at present, there are still concerns about the sensitivity
of FGF-21 for detecting MRC disease in non-myopathic patients, and GDF-15 is regarded to have
superior sensitivity but lower specificity [7]. A study by Morovat et al. [8] has indicated that although
serum FGF-21 determination may have diagnostic utility in mitochondrial disease, it may prove more
useful in monitoring disease progression and the effects of therapeutic intervention. Furthermore,
the combined use of serum FGF-21 determination with urine organic acid analysis has also been
suggested to improve the diagnostic value of either test used in isolation [4]. Surprisingly, however,
the combined assessment of both FGF-21 and GDF-15 in adult patients with mitochondrial disease was
not found to improve the diagnostic value of the individual tests [7]. An elevated plasma creatine level
has also recently been suggested as a potential biomarker of mitochondrial disease; however, in view
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of the number of variables that may influence the circulatory level of this compound, its diagnostic
value requires careful consideration [9].

The determination of coenzyme Q10 (CoQ10) in plasma or blood mononuclear cells (BMNCs)
appears to be of diagnostic utility in identifying patients with a deficit in the level of thisisoprenoid [10].
However, although this determination can’t distinguish between primary or secondary CoQ10

deficiencies, it identifies an important subset of mitochondrial patients that may respond to CoQ10

supplementation [11]. The use of BMNC’s also offers a means to directly assess MRC enzyme activities
in patients with suspected mitochondrial disease, although a ‘normal’ result does not exclude the
possibility that a defect may be expressed in other tissues [12].

The assessment of oxidative stress is also an important consideration in the context of
mitochondria disease; although not a diagnostic parameter, it can provide important information about
disease pathophysiology as well as the therapeutic efficacy of antioxidant strategies. The intracellular
redox status of the antioxidant, reduced glutathione (GSH), as indicated by the ratio of GSH to its
fully oxidised form, GSSG in white blood cells or BMNCs, may offer an appropriate surrogate for this
evaluation [13].

Overall, at present, due to the lack of reliable validated biomarkers or surrogates for evaluating
evidence of MRC dysfunction [14], spectrophotometric assessment of MRC enzyme activities in a
skeletal muscle biopsy or tissue from the disease-presenting organ if accessible is still considered the
‘Gold Standard’ biochemical method for diagnosing patients with MRC disorders. The status quo is
set to exist until more effort and funding can be centered on identifying appropriate biomarkers that
fulfill all criteria required to have diagnostic utility for detecting MRC disorders.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Objectives: Evidence of mitochondrial respiratory chain (MRC) dysfunction and oxidative
stress has been implicated in the pathophysiology of multiple sclerosis (MS). However, at present,
there is no reliable low invasive surrogate available to evaluate mitochondrial function in these
patients. In view of the particular sensitivity of MRC complex IV to oxidative stress, the aim of
this study was to assess blood mononuclear cell (BMNC) MRC complex IV activity in MS patients
and compare these results to age matched controls and MS patients on β-interferon treatment.
Methods: Spectrophotometric enzyme assay was employed to measure MRC complex IV activity
in blood mononuclear cell obtained multiple sclerosis patients and aged matched controls. Results:
MRC Complex IV activity was found to be significantly decreased (p < 0.05) in MS patients
(2.1 ± 0.8 k/nmol × 10−3; mean ± SD] when compared to the controls (7.2 ± 2.3 k/nmol × 10−3).
Complex IV activity in MS patients on β-interferon (4.9 ± 1.5 k/nmol × 10−3) was not found to be
significantly different from that of the controls. Conclusions: This study has indicated evidence of
peripheral MRC complex IV deficiency in MS patients and has highlighted the potential utility of
BMNCs as a potential means to evaluate mitochondrial function in this disorder. Furthermore, the
reported improvement of complex IV activity may provide novel insights into the mode(s) of action
of β-interferon.

Keywords: mitochondrial respiratory chain; complex IV; blood mononuclear cells; multiple sclerosis;
β-Interferon

1. Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous system
(CNS), in which cytokines and other inflammatory mediators are raised [1]. To date, the exact cause
of MS has still to be fully elucidated, but it is believed to result from an abnormal response of the
immune system to one or more myelin antigens in the CNS, such as components of the myelin [2].
The disease is characterized by an accumulation of macrophages and lymphocytes in the CNS leading
to demyelination and destruction of neuronal axon [3]. These areas of demyelination are known as
plaques and contain areas of gliosis and inflammation in most cases [4].

MS has a heterogeneous clinical presentation with symptoms including impaired vision, fatigue,
spasms and paralysis of a number of muscle systems [5]. There are five basic types of MS of which

J. Clin. Med. 2018, 7, 36; doi:10.3390/jcm7020036 www.mdpi.com/journal/jcm4
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relapsing remitting (RR) is the most common [6]. In RR-MS patients the disease develops in a discursive
manner with symptomatic and asymptomatic phases. Over time, RR-MS patients may develop chronic
lesions that result in irreversible axonal damage and loss, resulting in the conversion of RRMS to
secondary progressive MS (SPMS).

Although MS is traditionally considered to be an autoimmune disease, neurodegeneration has
also been implicated in disease progression [7]. One of the major factors that are responsible for
neurodegeneration in MS is thought to be mitochondrial respiratory chain (MRC) dysfunction with
evidence of impaired MRC complex I (NADH: ubiquinone reductase; EC: 1.3.5.1), III (Ubiquinol:
cytochrome reductase; EC: 1.10.2.2.), and IV (Cytochrome c oxidase; EC: 1.9.3.1) activities being
reported in post mortem cerebral tissue from MS patients, as well as in experimental autoimmune
encephalomyelitis [8–10]. Although the cause of the MRC dysfunction in MS has still to be fully
elucidated, oxidative and nitrosative stress are thought to be contributory factors [10]. Reactive
oxygen species (ROS), such as superoxide (O2

-) and reactive nitrogen species (RNS: nitric oxide (NO);
peroxynitrite; ONOO-) are generated during neuro-inflammation in MS and have been implicated, by
our research and that of others, as mediators of demyelination and axonal injury [11–14]. Although the
inflammatory environment in demyelinating plaques is conducive to the generation of ROS, activated
lymphocytes and macrophages also release a host of pro-inflammatory cytokines, such as interferon
gamma (IFN-g), which results in an upregulation inducible nitric oxide synthase (iNOS) activity
within the CNS and a concomitant increase RNS generation [15]. ROS and RNS are able to induce
MRC dysfunction by causing oxidative damage to mitochondrial DNA, mitochondrial membrane
phospholipids, and/or the protein subunits of the enzymes [16]. The continued inflammatory process
in the CNS of MS patients coupled to the impaired immune regulation results in high circulatory levels
of RNS [17], which may have the potential to impair MRC function in peripheral tissue. Although few
studies have assessed this phenomenon, a study by Kumleh et al. [18] reported evidence of impaired
skeletal muscle MRC complex I activity in a small cohort of MS patients. Although it is difficult in
living MS patients to accurately determine evidence of cerebral MRC dysfunction, the presentation of
mitochondrial dysfunction in systemic tissue may provide an appropriate surrogate for this evaluation.
The liberation of a skeletal muscle biopsy, which is considered the “gold standard” for MRC enzyme
determination [19] would be relatively invasive and may not always be possible. However, the use
of blood mononuclear cells (BMNCs) may provide an alternative relatively low invasive means to
assess the evidence of MRC dysfunction in MS patients. Furthermore, in view of the relatively small
amount of biological material afforded from a BMNC preparation it would not be possible to assess
the activity of all the MRC enzyme complexes. However, in view of the particular susceptibility of
MRC complex IV activity to RNS induced inactivation [19], assessment of the activity of this enzyme
complex may therefore be judicious in MS patients. Furthermore, this tissue may also be informative
with regards to the efficacy and mode of action of therapeutic agents, such as β-interferon, which may
slow disease progression.

The purpose of this study was therefore to determine BMNC complex IV activity in MS patients
and compare these results to age matched controls and MS patients receiving therapy in the form of
β-interferon.

2. Experimental Section

2.1. Reagents

All of the reagents were analytical grade and obtained Sigma Aldrich Chemical Company
(Poole, Dorset, UK). PD10 column used in the preparation of reduced cytochrome c for complex IV
spectrophotometric enzyme assay were obtained from Amersham Pharmacia (St. Albans, Herts, UK).
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2.2. Patients

Patients were diagnosed and consented by a consultant neurologist at the National Hospital,
Queen Square, London, UK, according to the guidelines of Poser et al. [20]. They were divided into
two groups:

(1) Patients not receiving β-interferon treatment. This group consisted of seven patients
(male:female = 4:3). Six patients were aged between 30–39 years and one female patient was aged
65 years.

(2) Patients receiving β-interferon treatment. This group consisted of four patients
(male:female = 3:1). Patients were aged between 26-36 years. Patients were selected and received
β-interferon in accordance with the National Institute for Health and Care Excellence (UK) guidelines.

For this study, a control group of 24 healthy volunteers (aged 32–55 years, male:female = 9:15)
were used.

2.3. Blood Mononuclear Cell (BMNC) Preparation

BMNCs were isolated from between 3–10 mL of lithium heparin blood by use of the ACCUSPIN
system–Histopaque-1077 (Sigma-Aldrich, Poole, Dorset, UK). BMNCs were suspended in phosphate
buffered saline, pH 7.2, and stored at –70 ◦C until analysis.

2.4. Spectrophotometric Enzyme Assays

Enzymatic determinations were undertaken at 30 ◦C using a Uvikon XL spectrophotometer
(Northstar, Leeds, UK).

MRC complex IV activity was measured by the potassium cyanide sensitive oxidative of reduced
cytochrome c at 550 nm, according to the method of Wharton and Tzagoloff [21].

To account for the mitochondrial enrichment of the preparations used, activity of the
mitochondrial marker enzyme, citrate synthase (CS) (EC 2.3.3.1) was evaluated. This was determined
according to the method of Shepherd and Garland [22] by the formation of 5-thio-2-nitrobenzoic
following the incubation BMNCs with acetyl-CoA, oxaloacetate, and 5,5-Dithiobis-(2-nitrobenzoic
acid). 5-thio-2-nitrobenzoic absorbs at 412 nm.

Complex IV activities were expressed as a ratio to CS activity (k/nmol) to take into account the
mitochondrial enrichment of the BMNCs [23].

CS has units of activity of nmol/min/mL. Complex IV has units of activity of k/min/mL since the
activity of this enzyme is expressed as a 1st order rate constant. Therefore, when complex IV activity is
expressed as a ratio to CS activity the units are: k/min/mL divided by nmol/min/mL = k/nmol.

2.5. Protein Determination

Protein was determined according to the method of Lowry and colleagues [24] using bovine
serum albumin as a standard.

2.6. Statistical Analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by the
least squared difference (LSD) multiple range test, the students t-test, and Spearman test was used to
establish potential correlations between MRC complex IV activity, CS activity, and age. A p value < 0.05
was considered to be statistically significant.

3. Results

Recombinant β-interferon (4 and 16 million units) was not found to have an effect on MRC
complex IV or CS activities in vitro. No correlation was found between age and BMNC MRC complex
IV (r = 0.688; n = 21; p = 0.7703) or CS (r = –0.276; n = 21; p = 0.742) activities, respectively, in the
control population. Gender was also not found to influence the activities of these enzymes in BMNCs,
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with no significant difference being found between male and female complex IV (p = 0.675) or CS
(p = 0.691) activities.

BMNC MRC complex IV activity (expressed as a ratio to CS activity) was found to be significantly
decreased (p < 0.05) in MS patients not on β-interferon (2.1 ± 0.8 k/nmol × 10−3; mean ± SD) when
compared to the controls (7.2 ± 2.3 k/nmol × 10−3) (Figure 1). Complex IV activity in MS patients
on β-interferon (4.9 ± 1.5 k/nmol × 10−3) was not found to be significantly different from that of the
controls (Figure 1). No significant difference in BMNC CS activity was found between the control
(45.24 ± 18.77 nmol/min/mg) and MS patients (33.65 ± 10.02 nmol/min/mg).

Figure 1. Blood mononuclear cell Complex IV activity, expressed as a ratio to citrate synthase, in
control individuals, MS patients and MS patients receiving β-interferon (IFN). * Statistically different
from both control and MS patients receiving β-interferon.

4. Discussion

The results of this study have indicated evidence of a deficiency in MRC complex IV activity
in BMNCs of MS patients. The impairment of BMNC MRC complex IV activity may result in an
altered immune response, which may contribute to disease pathophysiology. At present, the factors
responsible for this MRC dysfunction in the MS patients are as yet uncertain. However, the absence
of a significance decrease in BMNC MRC complex IV activity in MS patients receiving β-interferon
suggests that the loss of enzyme activity may be the result of a disease process that is reversed by
β-interferon. One of the mechanisms of action by which β-interferon elicits its beneficial effect in MS
patients appears to be by its ability to inhibit astrocytic NO production [21], and thereby decreasing
the availability of circulatory RNS that have the potential to induce MRC impairment, particularly
at the level of complex IV. Whether such a mechanism occurs in the periphery requires further
investigation. However, it is of note that serum levels of nitrite and nitrate (indices of RNS production)
are reported to be elevated in MS patients [17]. Alternatively, the decrease in MRC complex IV activity
detected in the MS patients may be the result of mitochondrial DNA deletions as reported in the
neurons and choroid plexus of progressive MS patients [22]. Although, evidence of mitochondrial
DNA mutations, and effects of β-interferon, in peripheral BMNCs has yet to be determined in MS
patients [23]. Nonetheless, a study by Amorini el al. has reported a threefold elevation in serum lactate
levels in MS patients [24]. Although this study supports evidence of mitochondrial dysfunction in MS,
previous studies assessing both serum [25] and CSF (cerebral spinal fluid) [26] lactate levels in this
disorder have failed to show any evidence of an increase in the level of this metabolite. Importantly,
lactate levels may not necessarily be raised as a consequence of MRC dysfunction as evidenced in
patients with primary mitochondrial disorders [27]. Furthermore, elevated serum lactate levels may
not be a specific biomarker of MRC dysfunction, since this phenomenon has been reported to result
from number of other clinical sequelae [27]. Therefore, the determination of MRC complex IV activity
in BMNCs may serve as a more specific means of evaluating evidence of MRC dysfunction in MSA
patients. In addition, in view of the association between oxidative and nitrosative stress and MRC
dysfunction [11–14], BMNCs may also serve as a means of assessing the cellular antioxidant status of
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MS patients. In view of its association with MRC dysfunction, the status of the cellular antioxidant,
reduced glutathione may be judicious for this assessment [28]. The possibility arises that MRC complex
IV dysfunction may also be a contributory factor to the pathophysiology of other diseases that are
associated with nitrosative stress, such as diabetes, cancer, and stroke [29–31], and therefore, BMNCs
may have utility is assessing evidence of mitochondrial impairment in these disorders.

In this study we have highlighted the feasibility of using BMNCs to assess evidence of MRC
complex IV deficiency in MS patients. However, due to the limited amount of biological material
available from BMNCs, it has not been possible to determine the activities of the other MRC enzymes
(complexes I, II, and III) in the present study, and therefore, we cannot exclude the possibility that the
MRC dysfunction in the MS patients is not solely restricted to complex IV. In spite of its limitations, this
is the first study as far as the authors are aware to use BMNCs are a relatively low invasive surrogate to
assess evidence of mitochondrial dysfunction in MS. This surrogate may also be of value in monitoring
the therapeutic potential of pharmacotherapies on mitochondrial function in MS patients in view of
the paucity of reliable biomarkers that are currently available.
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Abstract: Background: Mitochondrial disorders can present as kidney disease in children and be
difficult to diagnose. Measurement of mitochondrial function in kidney tissue may help diagnosis.
This study was to assess the feasibility of obtaining renal samples and analysing them for respiratory
chain enzyme activity. Methods: The subjects were children undergoing a routine diagnostic renal
biopsy, in whom a clinical condition of renal inflammation, scarring and primary metabolic disorder
was unlikely. A fresh sample of kidney was snap frozen and later assayed for the activities of
respiratory chain enzyme complexes I, II/III, and IV using spectrophotometric enzyme assay,
and expressed as a ratio of citrate synthase activity. Results: The range of respiratory chain enzyme
activity for complex I was 0.161 to 0.866 (mean 0.404, SD 0.2), for complex II/III was 0.021 to 0.318
(mean 0.177, SD 0.095) and for complex IV was 0.001 to 0.025 (mean 0.015, SD 0.006). There were
correlations between the different activities but not between them and the age of the children or
a measure of the amount of chronic damage in the kidneys. Conclusion: It is feasible to measure
respiratory chain enzyme activity in routine renal biopsy specimens.

Keywords: mitochondrial disorders; renal biopsy; respiratory chain enzymes

1. Introduction

Mitochondrial disorders are difficult to diagnose clinically because of phenotypic variation.
Renal presentations include the renal Fanconi syndrome (tubular wasting of bicarbonate, sodium
and potassium, glucose and amino acids) and steroid unresponsive nephrotic syndrome as a result
of glomerular damage; progression to chronic kidney disease is also described [1–3]. Mitochondrial
cytopathy is important to diagnose, as there may be reversibility of those with coenzyme Q10
biosynthesis defects as well as the implication for treatment options, including renal transplantation.
A clue to the diagnosis may come from clinical abnormalities of other organs that require a high rate
of oxidative metabolism, such as the brain (encephalopathy, retinopathy or stroke), skeletal muscle
(myopathy), heart (cardiomyopathy) and liver; a full review of the clinical features of mitochondrial
diseases is beyond the scope of this paper, but is extensively reviewed by Gorman et al. [4].
Without these other features, diagnosis may be difficult in children who have a predominantly renal
presentation. Also, the proportion of normal to abnormal mitochondria may vary in different organs
(heteroplasmy). Consequently, a diagnostic procedure performed on skeletal muscle, for example, may
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not identify an abnormality in a child whose main organ involvement is kidney or brain. A logical
approach is to investigate tissue from the affected organ if possible [5–8].

Renal biopsy is a routine diagnostic procedure in children, principally to provide material for
histopathological examination, but this can also be a source of appropriate tissue for enzymatic studies.
Because mitochondrial disorders are likely to affect respiratory chain enzyme activity (RCEA), assay of
this activity in renal biopsies could facilitate the diagnosis of these disorders. Before the measurement
of RCEA could be investigated for its value in the diagnosis of mitochondrial disorders, it was necessary
to see whether RCEA could be assayed in human renal tissue obtained by routine renal biopsy. The aim
of this study was to determine the feasibility of measuring RCEA in renal biopsy specimens from
children. The results of this study will provide pilot data for a more thorough validation study to
assess the reliability of renal RCEA assessment as a diagnostic investigation.

2. Experimental Section

2.1. Renal Biopsies

Research and ethical approval was gained from the North Staffordshire Local Research Ethics
Committee prior to the study (REC reference number: 08/H1204/123). Information for parents and
information appropriate for the age of children was provided. Written parental consent was obtained,
as was written consent from children over 14 years old.

Children aged from three to 16 years of age undergoing routine renal biopsy were invited to
participate in the study. Samples were obtained using a 14-gauge biopsy needle to give two cores,
and these were inspected immediately with a dissecting microscope. If there were more than 18 mm of
cortex, a 3-mm piece of cortex was snap frozen in liquid nitrogen. In biopsies without 18 mm of cortex,
and if there were more than 15 mm of medulla, a 3 mm core of medulla was taken. Only one research
sample was taken from each patient. The remaining tissue was processed routinely for diagnosis.
The frozen sample was only released for analysis of RCEA once the pathologist’s report confirmed no
more than minor structural abnormalities. If the diagnosis required more tissue, the frozen sample
was formalin fixed for routine processing.

Biopsies from 13 children were considered suitable for RCEA assay. A sample from another child
was not used as there was insufficient material for routine diagnostic studies. All these children had
two kidneys of normal size, normal estimated glomerular filtration rate, and normal blood pressure.
The indication for biopsy was persistent haematuria in six, nephrotic syndrome in four, persistent
proteinuria in one, and treatment of the nephrotic syndrome with a calcineurin inhibitor, to check if
chronic renal damage had resulted, in two. No child had any abnormalities outside the kidney to
suggest a mitochondrial disorder.

Diagnoses were made in orthodox ways, and are given in the Results. Because some specimens
had microscopically visible chronic damage, seen as tubular atrophy and/or global sclerosis of
glomeruli, a morphometric method was used to measure this. Areas of chronic damage in the
cortex were outlined on computer images of sections stained by periodic acid-methenamine silver,
expressed as a percentage of the whole cortical cross-sectional area, and called the index of chronic
damage [9].

2.2. Tissue Homogenization

Samples were immediately put on dry ice and then stored at −70 ◦C. Before RCEA assay, samples
were homogenized on ice, 1:9 (w/v), in 320 mmol/L sucrose, 1 mmol/L ethylenediamine tetra acetic
acid dipotassium salt, and 10 mmol/L Trizma-base, pH 7.4, using a pre-chilled hand-held glass
homogenizer. Approximately 10–15 mg of renal tissue was homogenized per sample, distributed into
four Eppendorf tubes. One Eppendorf tube was used for each enzyme determination following three
cycles of freeze/thawing [7].
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2.3. RCEA Assays

Mitochondrial respiratory chain enzyme and citrate synthase (CS) activities were determined by
spectrophotometric enzyme assay [8,10]. Complex I (NADH:ubiquinone reductase, EC 1.6.5.3) activity was
measured by the rotenone sensitive oxidation of NADH at 340 nm. Complex II/III (succinate:cytochrome c
reductase, EC 1.3.5.1 and EC 1.10.2.2) activity was measured by antimycin A-sensitive succinate dependent
reduction of cytochrome c at 550 nm. Complex IV (cytochrome c oxidase, EC 1.9.3.1) activity was measured
by the potassium cyanide sensitive oxidation of reduced cytochrome c at 550 nm. CS (EC 2.3.3.1)
activity was determined by the formation of 5-thio-2-nitrobenzoic acid following the incubation of
tissue homogenate with acetyl-CoA, oxaloacetate and 5,5′-dithiobis-(2-nitrobenzoic acid), at 412 nm.
No reference wavelength was used in the enzyme assays.

All mitochondrial RCEAs were expressed as a ratio to the activity of CS, a mitochondrial marker
enzyme, to standardise the mitochondrial enrichment of the sample [11]. Because activities of CS and
complexes I and II/III were expressed as nmol/min/mL, but activity of complex IV was expressed as
k/min/mL, the ratios of complex I and complex II/III activities to CS activity have no units, but the
ratio of complex IV activity to CS activity has units of k/nmol. The range, mean and standard deviation
were calculated for each RCEA. Correlations between age, index of chronic damage and each RCEA
were determined by Spearman’s rank correlation coefficient (r), and significant correlations were
considered to be those with the conventional p value of under 0.05.

3. Results

Patient details, diagnoses, indexes of chronic damage, measurements of RCEA, and whether
measurements were on cortex or medulla or on undetermined renal tissue are given in Table 1.

The range of RCEA for renal complex I was 0.161 to 0.866 (mean 0.404, SD 0.2), for complexes
II/III was 0.021 to 0.318 (mean 0.177, SD 0.095) and for complex IV was 0.001 to 0.025 (mean 0.015,
SD 0.006). There were no significant correlations between age and index of chronic damage, age and
any RCEA, or index of chronic damage and any RCEA. RCEA of complex I showed a trend to correlate
with RCEA of complexes II/III (r = 0.539, p = 0.057) and was significantly correlated with RCEA of
complex IV (r = 0.704, p = 0.007). RCEA of complexes II/III was significantly correlated with RCEA
of complex IV (r = 0.660, p = 0.014). The inter-assay coefficient of variation values for the RCEA and
CS enzyme measurements calculated from the in-house QC human skeletal muscle homogenate data
are as follows: Complex I: 9.11% (n = 29); Complex II/III: 10.70% (n = 29); Complex IV: 8.9% (n = 29);
CS: 5.6% (n = 29). QC muscle samples were prepared from skeletal muscle tissue from patients with no
biochemical evidence of a RCEA defect by the same method as the kidney homogenates were prepared.
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4. Discussion

The DNA coding for mitochondrial respiratory chain enzymes NADH-Q oxidoreductase
(complex I), succinate-Q reductase (complex II), Q-cytochrome c oxidoreductase (complex III) and
complex IV (cytochrome c oxidase) is a mixture of nuclear genes and mitochondrial genes. Most
disorders of RCEA in children are caused by mutations in nuclear genes, although mutations in
mitochondrial DNA have also been found [13]. In some cases, genetic screening does not give a
diagnosis, and so further investigations may be required. Another problem with mitochondrial
respiratory chain disorders is that mutations may only be expressed in affected tissues. Consequently,
assessment of the affected organ may be appropriate. Confirmation of abnormal RCEA may then be
helpful in determining the most appropriate genetic tests. This study has indicated that it is possible
to measure RCEA in kidney tissue obtained by the routine clinical procedure of renal biopsy.

Using CS activity as a reference controlled for variables such as the mitochondrial enrichment of
the sample [11]. There was a wide range of RCEA for each of the complexes, with a 5-fold difference
between the minimum value and maximum value for complex I, a 15-fold difference for complex
II/III, and a 25-fold difference for complex IV (Table 1), although RCEA of the different complexes had
significant or nearly significant correlations between each other. The mean RCEA of complex I was
higher than the ranges for skeletal muscle and liver, the mean RCEA of complex II/II was towards the
upper end of the ranges for skeletal muscle and liver, and the mean RCEA of complex IV was towards
the lower end of the ranges for skeletal muscle and liver, although the RCEA in kidney were derived
from a small sample. We cannot also exclude the possibility that poor sample handling of some of the
renal biopsies may have contributed to loss of RCEA and therefore may account for the wide range of
enzyme activities [14].

This study has a number of limitations. The number of patients sampled was small and most
children had patchy chronic damage as assessed by the index of chronic damage measured in the
histological specimen. However, as there was no way of knowing if the sample used for RCEA
contained areas of chronic damage and the percentage of the biopsy specimen affected by chronic
change was generally low (greater than 5% in only one child) it is not unreasonable to consider the
values obtained as being representative of activity in normal renal tissue. Unfortunately, the small
sample size precluded repeat analyses to confirm reproducibility, and so could explain the range
of values obtained. Furthermore, no child with known mitochondrial disease presented during the
time of this study to allow comparison with the values we obtained. Some workers have proposed
validating the methodology by undertaking RCEA studies in nephrectomy samples, as these would
provide a larger amount of renal tissue and allow reproducibility studies. However, we believe
these samples would be unrepresentative; firstly, because the tissue would be exposed to significant
ischaemia following clamping of the renal artery prior to the nephrectomy; and secondly, because
the nephrectomy specimen would predominantly comprise diseased tissue. Importantly, given the
heterogeneity of mitochondrial respiratory chain disorders, a reference range derived from true ethical
controls may be required to accurately determine RCEA dysfunction in human renal tissue.

We have shown no relationship between the age of the children and RCEA in renal tissue when
enzyme activities are expressed as a ratio to CS. Although this has previously been reported for RCEA
in muscle and liver [12], this is the first time it has been reported for renal tissue. This is important
since it indicates that age-specific reference intervals may not be necessary for renal RCEA if enzyme
activities are expressed as a ratio to CS activity. The site of origin of the tissue analysed, whether cortex
or medulla, also appeared unimportant. However, at present it cannot be excluded that there may be a
difference in RCEA between these two regions of the kidney and future studies to confirm or refute
this will be undertaken.

The lack of a relation between the index of chronic damage and RCEA is encouraging for future
studies of RCEA, because the measured activities presumably reflect those in surviving tubules,
suggesting that assays can still be applied to samples from children with a suspected mitochondrial
disorder but with chronic kidney disease.
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We have shown that it is feasible to obtain samples from routine renal biopsies and freeze them
for later analysis of RCEA. However, as there was insufficient tissue to duplicate analysis, the effect
of poor sample handling, together with uncertainty about whether tissue from the renal medulla or
cortex have different RCEA, this study is unable to establish a RCEA reference interval for renal tissue.
It will require a larger and more rigorous validation study using ethically obtained control tissue,
as well as renal biopsies from patients with confirmed mitochondrial respiratory chain dysfunction,
to establish a reference range and to confirm the diagnostic value of this test. It remains to be seen if
such a study is possible, given the difficulty in obtaining sufficient tissue from human renal biopsy.
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Abstract: Recent work has suggested that fibroblast growth factor-21 (FGF-21) is a useful biomarker of
mitochondrial disease (MD). We routinely measured FGF-21 levels on patients who were investigated
at our centre for MD and evaluated its diagnostic performance based on detailed genetic and other
laboratory findings. Patients’ FGF-21 results were assessed by the use of age-adjusted z-scores based
on normalised FGF-21 values from a healthy population. One hundred and fifty five patients were
investigated. One hundred and four of these patients had molecular evidence for MD, 27 were
deemed to have disorders other than MD (non-MD), and 24 had possible MD. Patients with
defects in mitochondrial DNA (mtDNA) maintenance (n = 32) and mtDNA rearrangements (n = 17)
had the highest median FGF-21 among the MD group. Other MD patients harbouring mtDNA
point mutations (n = 40) or mutations in other autosomal genes (n = 7) and those with partially
characterised MD had lower FGF-21 levels. The area under the receiver operating characteristic
curve for distinguishing MD from non-MD patients was 0.69. No correlation between FGF-21 and
creatinine, creatine kinase, or cardio-skeletal myopathy score was found. FGF-21 was significantly
associated with plasma lactate and ocular myopathy. Although FGF-21 was found to have a low
sensitivity for detecting MD, at a z-score of 2.8, its specificity was above 90%. We suggest that a high
serum concentration of FGF-21 would be clinically useful in MD, especially in adult patients with
chronic progressive external ophthalmoplegia, and may enable bypassing muscle biopsy and directly
opting for genetic analysis. Availability of its assay has thus modified our diagnostic pathway.

Keywords: fibroblast growth factor-21; FGF-21; mitochondrial disease; diagnosis

J. Clin. Med. 2017, 6, 80; doi:10.3390/jcm6080080 www.mdpi.com/journal/jcm16



J. Clin. Med. 2017, 6, 80

1. Introduction

Mitochondrial disease (MD) is common, with 1 in 400 individuals harbouring the m.3243A>G
mutation that usually causes mild disease such as presbycusis [1]. The vast majority of these
are never identified, hence the reported prevalence of around 1:20,000 in children and 1:8000 in
adults [2,3]. Mitochondrial diseases are notoriously difficult to diagnose because of their heterogeneity,
the presence of mitochondrial heteroplasmy, poor genotype-phenotype relationships, and the bluntness
of the generally used laboratory tests for assessing mitochondrial dysfunction. The diagnosis of
mitochondrial disease often involves an invasive muscle biopsy for studies of mitochondrial function.
Respiratory chain enzyme studies are technically demanding and available only in a few specialist
centres. Furthermore, they may generate false positive results if tissue samples are poorly preserved [4].
The diagnosis usually requires confirmatory genetic analysis. Conventional blood tests, such as plasma
lactate, pyruvate, and creatine kinase (CK), are too insensitive and non-specific to be of significant help
in most cases. Depending on the presentation, amino acids, acylcarnitines, and urine organic acids
results may help modify the index of suspicion, but their value is very limited.

Recent studies on serum fibroblast growth factor-21 (FGF-21) have suggested that it may offer a
much better diagnostic power than conventional serum tests [5–7]. FGF-21 is a hormone-like cytokine
that is involved in intermediary metabolism of carbohydrates and lipids [8]. Unlike the mouse, in which
hepatic FGF-21 is induced by peroxisomal proliferator-activated receptor-α (PPARα) and in response to
fasting [9,10], the function of FGF-21 in humans is still not completely understood. Circulating FGF-21
is mainly hepatic in origin in humans, but the protein is also expressed in adipocytes, myocytes, and
the pancreas [11–13]. Some investigators hold that myocytic FGF-21 is induced as part of a protective
mechanism against metabolic stress [14,15], although this is controversial [16]. Patients with respiratory
chain deficiency have an increased myocytic expression of FGF-21, and treatment of myoblasts with
FGF-21 increases PPARδ coactivator-1α (PGC-1α), thereby increasing ATP synthesis through the
mammalian target of rapamycin—Yin Yang 1—PPAR gamma coactivator-1α (PGC-1α) pathway [17].
The induction of PGC-1α has lipolytic effects, and systemic FGF-21 improves glucose tolerance by
stimulating insulin independent glucose-uptake in human myocytes and adipocytes [18,19]. FGF-21
was shown to increase in mitochondrial dysfunction and myopathy secondary to iron-sulphur cluster
deficiency [20]. In trying to elucidate the mechanism linking FGF-21 and mitochondrial stress, other
studies have found myocytic FGF-21 expression to be controlled by myogenic factor MyoD and to be
driven by mitochondrial reactive oxygen species [21].

In the light of previous data showing that FGF-21 may be useful in a subgroup of patients with
mitochondrial disease [5], in 2013 we adopted measurement of FGF-21 as an adjunct to first-line routine
laboratory tests. This was aimed at improving diagnosis of patients in whom there was a high index
of suspicion for the presence of mitochondrial disease, with a view to reducing the need for muscle
biopsy in the assessment of patients. This report describes our findings.

2. Methods

In 2013, the Department of Clinical Biochemistry at the John Radcliffe Hospital in Oxford started
offering FGF-21 assay to specialist clinicians for assessing patients who were being investigated for
mitochondrial disease. The service was offered based on previous publications suggesting that FGF-21
is a useful marker for mitochondrial disease compared with other routine biochemical tests. We have
retrospectively reviewed the FGF-21 data in the light of genetic findings and final diagnoses.

2.1. Individual Populations and Investigations

We reviewed all adult and paediatric patients referred to the Oxford centre for rare mitochondrial
disorders at Oxford University Hospitals (OUH) between June 2013 and February 2017. Referrals were
either from OUH consultants or from other counties in the United Kingdom. Patients were referred
largely from clinical geneticists, neurologists, paediatricians, endocrinologists, and ophthalmologists
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because of suspected mitochondrial disease. In many cases, the DNA investigations were carried
out prior to each individual being seen in the clinic. The referred patients were reviewed by a
mitochondrial genetics consultant and her team and were then investigated further, usually while
attending an outpatient appointment. Patients’ demographics were recorded, and clinical details were
reviewed extensively with special attention to the presence of ocular myopathy (ptosis or progressive
external ophthalmoplegia (PEO)), cardio-skeletal myopathy, hearing loss, neuropathy, enteropathy,
epilepsy, brain-stem signs and symptoms, diabetes, and liver disease.

Following clinical assessments, investigations carried out were routine biochemical tests that
included plasma CK, lactate, and FGF-21. A small number of patients had their FGF-21 repeated
during follow-up. Depending on clinical presentation, many patients were investigated further with a
muscle biopsy that frequently included respiratory chain enzyme studies. Furthermore, genetic testing
was offered to all patients, often being undertaken before clinical review in the specialist clinic.

Patients with a confirmed genetic diagnosis of mitochondrial disease (MD) were grouped
according to mitochondrial DNA point mutation, single DNA rearrangement, defects in mitochondrial
maintenance, partly-characterised mitochondrial myopathy, and other autosomal MD. All (i) patients
in whom alternative non-mitochondrial diagnoses (such as inclusion body myositis, optic neuritis
and tyrosine hydroxylase deficiency) had been made, (ii) patients who lacked biochemical, molecular,
and clinical features of mitochondrial disease and were hence discharged from the clinic, and (iii)
unaffected relatives were all classified as non-mitochondrial disease (non-MD) group. Patients with no
identifiable genetic mutation but with either (i) muscle biopsies suggestive of mitochondrial disease
(respiratory chain function and/or muscle histochemistry) or (ii) where biochemical, molecular, and/or
clinic features of mitochondrial disease were sufficient for inclusion as likely mitochondrial disease in
the NHS England’s 100,000 genome study were classed as “possible-MD”.

Data from clinical case notes and electronic records, the laboratory information system, and
mitochondrial genetic reports were collected by clinicians directly involved in the care of patients.

Ethics approval and consent were obtained for collecting specimens for FGF-21 measurement from
a population of 28 children who had been diagnosed with congenital hypothyroidism but had been on
successful treatment and were shown to be euthyroid, and separately from 50 healthy adult volunteers.

2.2. Laboratory Analyses

Routine biochemical tests were performed by the use of verified automated methods. Respiratory
chain enzyme studies were performed by the University College London Neurometabolic Unit at the
National Hospital for Neurology and Neurosurgery.

Genetic analyses were undertaken under the Highly Specialised NHS Service for Rare
Mitochondrial Disorders of Adults and Children, largely by the Molecular Genetics Laboratory at the
Churchill Hospital, Oxford, but some specimens were referred to the arms of the service operating in
Newcastle or London. This included exome sequencing, which was carried out as a research project
funded by Lily Foundation, based at Guy’s and St Thomas’ NHS Foundation Trust, London, UK.
Histopathology on muscle biopsies was performed at the Neuropathology Department at the John
Radcliffe Hospital.

Specimens for FGF-21 were centrifuged, and serum was separated and stored at −80 ◦C until
analysis. FGF-21 was measured by ELISA (BioVendor, Brno, Czech Republic) according to the
manufacturer’s instructions, with the exception of a reduced incubation time with the substrate
(the final step) in order to prevent top calibrants’ absorbances reaching values above 2.5 units. We have
unpublished data to indicate that FGF-21 is stable for up to three days in unseparated and separated
serum, and its assay is unaffected by haemolysis. In our hands, the assay had an inter-batch coefficient
of variation (CV) of ≤8.0% at concentrations of 108–2642 ng/L.
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2.3. Statistics

The Biovendor’s FGF-21 kit insert describes FGF-21 mean and SD values from a healthy
population. Since these data indicated a skewed distribution, we requested and were kindly supplied
with the raw data, from which we were able to normalise them, derive SD, and assess patients’ FGF-21
values based on z-scores. Analyse-it software (Analyse-it Software Ltd, Leeds, UK) was used for all
statistical analyses. Anderson-Darling A2 normality test was used to assess the healthy population’s
descriptive data. Logarithmic transformation was found to be the best mode for normalising the
data, and was also employed to assess the distribution of values separated into various age bins.
Mean and SD of transformed data were calculated. To assess patients’ FGF-21 values, they were
similarly log-transformed, and their z-scores calculated from the number of SDs above or below the
mean for each age bin. In practice, values with z-scores of ≥2 were considered clinically significant.
Receiver operating characteristic (ROC) curves were used to assess the performance of FGF-21 z-scores
for diagnosing MD. Comparisons of values between different groups of patients, and also between kit
manufacturer’ and Oxford’s healthy adult and paediatric populations were made by the Mann-Whitney
test. Association between variables was assessed by linear regression.

3. Results

3.1. FGF-21 Reference Values

Serum FGF-21 raw data from a healthy population (76 men and 108 women; age range 2–85 years)
were obtained from the manufacturer of FGF-21 kits. The data showed serum concentrations to range
from undetectable to 1210 ng/L, with a distribution that had a skewness of 2.01 and a kurtosis of
5.48 (p < 0.0001). There was no difference between FGF-21 values in men and women (p = 0.907),
but FGF-21 showed an increase with age (mean 3.0 ng/L per year (95% CI: 1.4–4.6 ng/L per year);
p < 0.0001). Dividing values into age groups 21–60 and >60 years gave log-transformed distributions
that were not significantly different from normal (n = 97, skewness −0.49, p = 0.056, and n = 68,
skewness −0.07, p = 0.628, respectively). Log-transformed mean and SD values were 2.21 and 0.383 for
the age group 21–60 years, and 2.41 and 0.296 for the age group >60 years. The number of healthy
individuals aged ≤20 years was only 16, and the addition of these to the 21–60 years age group resulted
in a significant negative skew in the log-transformed distribution.

FGF-21 values obtained on Oxford’s healthy adults and children were significantly lower than
those supplied by the kit manufacturer (p < 0.0001 and p = 0.0013, respectively). Oxford’s healthy
adults (age range 19–68 years) and children (age range 1–15 years) had log-transformed mean (SD)
values of 1.93 (0.499) and 1.68 (0.422), respectively. In view of this difference and despite fewer
numbers of individuals in the Oxford’s group, these data were used to establish FGF-21 z-scores for
patients’ populations.

3.2. Patients’ Demographics and Diagnoses

One hundred and eighty four patients were investigated. Of these, 29 patients were omitted from
our data analyses as insufficient clinical information related to diagnosis was available. The remaining
155 patients were aged between one day and 87 years at the time of investigations, with mean and
median age of 38.0 and 37.5 years, respectively.

Diagnosis of mitochondrial disease was made in 104 patients (MD group) based on DNA data
(Table 1). The category of patients with mitochondrial DNA (mtDNA) point mutations was the
largest (40 cases), with m.3243A>G mutation comprising the majority (29 patients). The category of
mtDNA maintenance defect had 32 cases, including 12 DNA polymerase subunit gamma (POLG),
6 ribonucleoside-diphosphate reductase subunit M2 B (RRM2B) and 5 TWNK gene defects. Single
mtDNA rearrangements constituted 17 cases. There were 27 patients, who did not have mitochondrial
defect (non-MD group). In nine of these 27, a clearly defined diagnosis was made, and this was mostly
a metabolic enzyme defect. In a further 14 of the non-MD patients, a diagnosis of MD was deemed
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clinically unlikely, and there were a further four individuals in the non-MD group who were unaffected
relatives of patients. Finally, there were 24 patients in whom a definitive diagnosis could not be made,
but these patients were deemed likely to have MD, often on the basis of muscle biopsy histochemistry
(possible-MD group). Patients in the possible-MD group were much younger than those in either the
MD or the non-MD groups (median ages 11.0, 39.5, and 45.0 years, respectively; Table 1).

Table 1. Demographics and FGF-21 data in patients diagnosed with mitochondrial disease (MD),
those without MD (non-MD), and patients with a possibility of having MD. FGF-21 z-scores are
based on log-transformed values. Data on categories of MD, as well as those on patients with and
without (cardio) myopathy and ophthalmoplegia (progressive external ophthalmoplegia or ptosis),
have been given.

Diagnostic Category n Median Age
(Range)

Median FGF-21
z-Score (95% C.I.)

FGF-21
z-Score IQR

Non-MD 27 45 (0.5–78) 0.86 (−0.39–1.80) 2.00
Possible MD 24 11 (0–63) 1.87 (1.81–2.78) 2.72

MD 104 39.5 (2–87) 1.72 (1.46–1.99) 1.65
-mtDMA maintenance defects 32 50 (7–87) 1.99 (1.46–2.73) 1.69

-mtDNA rearrangements 17 35 (2–82) 1.99 (1.56–2.76) 1.30
-mt DNA point mutations 40 40 (14–72) 1.40 (0.99–1.94) 1.26

-Partially characterised
mitochondrial myopathy 8 22.5 (2–71) 1.64 (−0.47–4.15) 1.88

-Other autosomal MD 7 36 (3–56) 0.90 (0.56–3.56) 1.88

Patients without (cardio)myopathy 117 37 (0–84) 1.13 (1.30–1.94) 1.85
Patients with (cardio)myopathy 39 40 (3–87) 1.74 (1.52–2.11) 1.35

Patients without ophthalmoplegia 93 35 1.33 (0.99–1.88) 1.88
Patients with ophthalmoplegia 63 43 1.74 (1.49–2.11) 1.51

3.3. Biochemical Data

The laboratory reported serum FGF-21 concentrations up to a value 5700 ng/L and the exact
concentrations above this upper limit were not quantified. Thus, the highest FGF-21 z-scores of
3.67 for adults and 4.91 for children, relate to FGF-21 values of 5700 ng/L. Patients with mitochondrial
rearrangements or defects in mitochondrial maintenance had the highest FGF-21 (median z-score of
1.99 for both groups) (Figure 1 and Table 1). On the other hand, patients with defects in mitochondrial
dynamics (mostly OPA1 and MFN2 gene defects) had the lowest FGF-21 z-scores (n = 7; median 0.90;
“other autosomal MD” category in Figure 1). Many of the patients with m.3243A>G point mutation
had FGF-21 values that were below those of non-MD patients. FGF-21 was neither predictable by any
single clinical feature nor by the degree of heteroplasmy in blood.

As a group, patients with MD had a median FGF-21 z-score of 1.72, compared with 0.86 for
non-MD patients (p = 0.0037). The median FGF-21 z-score for patients with possible MD was 1.87,
comparable with the MD group (p = 0.852), but these patients also had a wide range of values (Table 1
and Figure 2). Using MD and non-MD patients’ FGF-21 z-scores for ROC analysis gave an area under
the curve that was 0.68 (Figure 3). A z-score of 2.8 was associated with a specificity of 0.93 but a
sensitivity of only 0.20 (Table 2). The assay had positive predictive values that were around 0.90, but
poor negative predictive values (Table 2). Given the high median FGF-21 in patients with mtDNA
maintenance and rearrangement defects, we assessed the power of the test for discriminating between
these patients and the non-MD group.
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Figure 1. FGF-21 z-scores obtained on specimens from 155 patients investigated for mitochondrial
disease. FGF-21 values were normalised by log-transformation, and z-scores were calculated based on
age-dependent distributions. Patients were divided into a mitochondrial disease (MD) group consisting
of those with mitochondrial DNA or maintenance defects, 30 patients without MD, and 24 patients
who were deemed likely to have MD.

Figure 2. Distribution of FGF-21 z-scores in patients investigated for mitochondrial disease (MD).
Patients were grouped according to the final diagnoses, with those who were likely to have MD but
whose further investigations were still pending placed in the possible MD group.
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Figure 3. Receiver operating characteristic curves comparing FGF-21 z-scores, lactate concentration,
and the product of FGF-21 and lactate concentrations for the diagnosis of mitochondrial disease.
The curves were established using data from 104 MD and 27 non-MD patients. See Table 2 for further
details on the diagnostic performance of FGF-21 z-scores.

Table 2. Performance of log-transformed FGF-21 z-scores for diagnosing mitochondrial disease. FGF-21
z-scores refer to thresholds. Figures in brackets are 95% confidence intervals. PV is predictive value.

FGF-21 z-Score Sensitivity Specificity Positive PV Negative PV

1.35 0.65 (0.55–0.74) 0.70 (0.50–0.86) 0.90 0.35
2.82 0.20 (0.13–0.29) 0.93 (0.76–0.99) 0.91 0.23

There were 39 patients in whom myopathy was a prominent feature (assessed clinically as we do
not routinely measure respiratory chain activities in adult patients), but there was no difference between
the FGF-21 z-scores in these patients and in the ones without myopathy (p = 0.320; Table 1). Also,
patients who had ptosis and/or PEO also had median FGF-21 z-score that were comparable with those
in patients without ocular myopathy (p = 108; Table 1). Repeated measurements of FGF-21 in 10 out of
11 patients suggested that FGF-21 concentrations were fairly stable, with a good correlation between
repeat measures (p < 0.001). For these, repeat FGF-21 measures had CVs that ranged between 3.1% and
68.1% (median 18.0%), with the highest CV relating to duplicate measures that were 90 and 257 ng/L.
However, in the case of a child with tyrosine hydroxylase deficiency in whom FGF-21 was >5700 ng/L,
a repeat measurement a year later showed FGF-21 to be 70 ng/L. One other patient from whom five
specimens were collected had serum FGF-21 concentrations that ranged from 227 to 421 ng/L (CV of
29.0%). In a further patient whose clinical conditions fluctuated, three FGF-21 measurements showed
changes with results that reflected the clinical status of the patient (FGF-21 range of 800 to 1595 ng/L).
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There was no correlation between FGF-21 and plasma creatinine (p = 0.835). CK was measured in
66 patients, and there was no relationship between it and FGF-21 z-scores (p = 0.239). There was no
difference between CK values in patients with and without (cardio) myopathy (p = 0.084) or patients
with and without ophthalmoplegia (p = 0.275). Lactate was measured in 80 patients, 57 of whom had
MD with median (IQR) lactate concentrations of 1.50 (1.23) mmol/L (range 0.7–6.5 mmol/L), compared
with only 11 non-MD lactates that had a median (IQR) of 0.90 (0.48) mmol/L (range 0.5–1.5 mmol/L)
(Figure 4). There was a significant positive association between FGF-21 z-scores and lactate (p < 0.0001;
Figure 5). Patients without MD all had plasma lactate concentrations below 1.5 mmol/L, well within
lactate reference interval, with a plasma lactate of 1.5 mmol/L displaying a sensitivity of 46% for MD.
Figure 3 compares the ROC curves for FGF-21 z-score, lactate and the product of FGF-21 and lactate
concentrations. There was no significant difference between the areas under the ROC curves, although
both lactate and the arithmetic product of FGF-21 and lactate concentrations gave higher areas of
0.81 and 0.77, respectively. Amongst all patients investigated, the presence of (cardio) myopathy was
associated with a higher plasma lactate (median (IQR) of 1.9 (1.5) mmol/L; p = 0.021), and so was
ophthalmoplegia (median (IQR) of 1.5 (1.1) mmol/L; p = 0.047) compared with lactate in other patients
(median (IQR) of 1.2 (0.6) mmol/L for both groups of patients without (cardio) myopathy and those
without ophthalmoplegia).
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Figure 4. Distribution of plasma lactate concentrations in patients investigated for mitochondrial
disease (MD). Patients were grouped according to the final diagnoses, with those who were likely to
have MD by further investigations were still pending placed in the possible MD group.
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Figure 5. Relationship between log-transformed FGF-21 z-scores and plasma lactate in 80 patients
(57 MD, 12 possible MD, and 11 non-MD), on whose specimens lactate values were available. A formula
of FGF-21 z-score = 0.53x lactate + 0.84 describes the relationship between the two measures (R2 = 0.205).

4. Discussion

In search of better biochemical markers for MD, a few previous studies have suggested serum
FGF-21 to have adequate sensitivity and specificity for it to be employed in MD diagnostic pathway,
and for its values to correlate with disease severity [5–7,22]. In order to measure FGF-21 for assessing
referred patients, we employed the same ELISA kit used by previous studies. We studied two sets
of healthy populations’ FGF-21 data: one largely adult from the kit manufacturer, and a smaller one
from local populations of adults and children. Differences between the results from the two sets of
population made us use only the locally derived mean and SD values from normalised data, but this
had limitations. Thus, although based on the external data, FGF-21 is affected by age, and the local
population was too small to allow us to derive age-related values in adults. Nevertheless, based on
separate log-normalised distributions, we used z-scores to assess the magnitude of increase in serum
FGF-21 of patients.

We found serum FGF-21 concentrations to be higher in patients with MD compared with others.
Those with mtDNA maintenance defects had the highest FGF-21, followed by patients with mtDNA
rearrangements. Overall, however, there was a significant degree of overlap in FGF-21 values between
MD and non-MD patients, such that FGF-21 z-score had an ROC curve area of 0.68. Patients with either
mtDNA maintenance defects or mtDNA rearrangement had higher FGF-21. In this respect, our findings
are consistent with those of the Finnish group [5], who found that serum FGF-21 discriminated most
effectively from controls those patients with defects in mtDNA maintenance and single rearrangements.
In particular, we did not find increased FGF-21 in the majority of our m.3243A>G patients, with only
6/29 (21%) having a z-score of over 2.0. This may reflect the contrast between our m.3243A>G
patient population, which had mainly maternally inherited diabetes and deafness, and the previously
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published populations that were based on neurological disorders [23]. Nevertheless, although our data
show that FGF-21 improves the biochemical investigation of patients suspected of having MD, they
do not display the diagnostic powers that have been reported previously. Furthermore, FGF-21 was
less useful in patients with non-myopathic disease affecting a single system, such as mitochondrial
optic neuropathies.

We also found that plasma lactate displayed an ROC curve that was at least as good as that of
FGF-21 z-scores. Patients with myopathy also had higher lactate concentrations than others. However,
the highest lactate concentration in the non-MD group was 1.5 mmol/L. Although this conferred a
better diagnostic performance in our cohort, giving a specificity of 100% and a sensitivity of 46% for
detecting MD, this was based on a small population of only 11 non-MD patients. Furthermore, unlike
FGF-21 z-score of 2.8, which is well above the upper limit of normal values, a lactate of 1.5 mmol/L is
well within the reference interval (up to 2.2 mmol/L), potentially posing problems in clinical practice
with a true specificity that would be lower than seen here. Nevertheless, given the diagnostic use of
plasma lactate, we assessed the power of the product of FGF-21 and lactate concentrations for detecting
MD. However, this did not show any superiority over either analyte.

We measured FGF-21 routinely and in a non-discriminatory fashion in our patients and found
several non-MD patients to have high FGF-21 values. FGF-21 is not specific to MD and has been shown
to increase in many other conditions, including obesity, diabetes, fatty liver disease, and metabolic
syndrome [24–26]. In contrast to mice [27], starvation and ketogenic states do not appear to increase
FGF-21 significantly in humans [9], and we did not observe any association between serum FGF-21
and renal function, as has been described previously [28]. To what extent our data in non-MD patients
has been influenced by such physiological factors is unknown. Furthermore, since FGF-21 increases
significantly after fructose consumption [29], we propose that a more standardised approach to sample
collection that records relevant clinical parameters and pre-analytical variables, such as feeding state,
would be needed.

Other investigators have been able to demonstrate a positive correlation between FGF-21 levels
and the Newcastle mitochondrial disease scale for adults (NMDAS) clinical assessment scale [30].
We do not routinely use NMDAS score and hence could not assess this. However, given that the
majority of the individuals with both proven MD and high FGF-21 levels have ocular myopathies
(100% and 87% of patients who were seen in the clinic with single rearrangements and defects of
mtDNA maintenance, respectively), the test may be less sensitive than skilled clinical examinations.

Although FGF-21 has been described as a “mitokine”, its physiological role is uncertain. Under
most physiological conditions the liver is the main contributor to circulating levels, followed by adipose
tissue [31]. However, cardiac stresses may increase serum FGF-21 both in human cardiovascular
disease [14] and in animal models of progressive MD [32,33]. The increase in circulating FGF-21
associated with human MD is believed to be a response to stress, originating from liver, adipose
tissues, and skeletal muscle [34,35]. Although we did not measure respiratory chain activities in all
patients, our data did not show any significant difference between FGF-21 values in patients with and
without clinical evidence of significant myopathy. For example, we found an FGF-21 z-score of only
0.56 in a patient with complex-I deficiency due to mutations in the gene encoding an assembly factor,
known as acyl-CoA dehydrogenase family member 9 (ACAD9). However, we found patients with
ophthalmoplegia to have higher FGF-21 concentrations. Studies in mice suggest that mitochondrial
dysfunction results in an increase in serum FGF-21 that is distinct from the PPARα-dependent response
to starvation. Therefore, based on previous studies in mice, we suggest that FGF-21 increase may
depend upon activating transcription factor 4 and the integrated stress response (ISR) [32,36], which
itself is influenced by many factors including nutritional status and potentially the type of MD [22]. It is
increasingly clear that several different mitochondrial stresses, including the mitochondrial unfolded
protein response [37], mtDNA depletion, and inhibition of mitochondrial translation [38], can activate
ISR. The type of mitochondrial stress caused by specific molecular defects that ultimately activate
ISR-dependent FGF-21 expression may therefore underlie the variability of plasma FGF-21 levels
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observed in the MD group. Furthermore, its rather indirect relationship to MD limits its usefulness as
a biomarker for the disease.

In general, we tended to find relatively consistent FGF-21 values in duplicate samples. Anecdotally,
in two patients undergoing intensive care, the highest values were associated with respiratory
deterioration (but without lactic acidosis), consistent with the high serum FGF-21 concentrations
in patients undergoing intensive care [15]. Given the known relationship between FGF-21 and body
weight [39], this type of response may play an important role both in progressive weight loss that
is frequently observed in MD [40] and in the poor response of patients to critical care. Further
investigation is needed in order to determine whether any apparent longitudinal change in serum
FGF-21 may be related to the clinical course of the disease. If so, measuring FGF-21 may prove to be
more useful for assessing disease progression and for the monitoring of the effects of therapies, rather
than as a diagnostic biomarker. If having high FGF-21 levels benefit mitochondrial patients, the FGF-21
analogue that has been trialled as a drug treatment for hyperglycaemia and obesity [41,42] would also
have potential as a therapy for MD.

In conclusion, our experience has shown that in clinical practice, FGF-21 measurements would
be helpful in only around one-third of patients who are investigated in a specialist MD clinic. In our
hands, a z-score of above 2.8 has given a specificity and a sensitivity of 93% and 21%, respectively. This
indicates that although the test may not be used for the diagnosis of MD, its availability would affect
the diagnostic pathway. In many patients, finding a high FGF-21 would suggest MD, and a targeted
diagnostic approach in such patients would be preferable to next-generation sequencing. In the past,
we used muscle biopsy to triage those patients needing detailed genetic investigation. Now, based
on high serum FGF-21 values, we are able to identify those adult patients that would benefit from
genetic investigations without prior muscle biopsy. The availability of this assay has thus modified
our diagnostic pathway in adults, whereas muscle biopsy remains more important in children [43].

FGF-21 is now a useful adjunct to our clinical examination. Furthermore, because it is stable in
samples at room temperature, we can analyse specimens sent in from peripheral clinics. However,
further work is needed to determine whether it is useful in children, as currently there is insufficient
reference data, and we saw a high proportion of false positives in this age group. Our clinic cohort
was limited by the low number of disease controls having either non-mitochondrial myopathies or
conditions that secondarily affect mitochondria. Further data are also needed to determine whether
the apparent longitudinal changes in FGF-21 are related to the clinical course. Finally, growth and
differentiation factor 15 (GDF-15) was recently identified in transcriptosome profiling and has been
found to be a biomarker for MD. GDF-15 is held to have a superior sensitivity but a lower specificity
compared with FGF-21 [22,44]. It remains to be seen whether combining FGF-21 with GDF-15 and
conventional lactate measurements offers any advantage in stratifying patients investigated for MD.
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Abstract: In the last ten years, the use of fluorescent probes developed to measure oxygen has
resulted in several marketed devices, some unreasonably expensive and with little flexibility. We have
explored the use of the effective, versatile, and inexpensive Redflash technology to determine oxygen
uptake by a number of different biological samples using various layouts. This technology relies
on the use of an optic fiber equipped at its tip with a membrane coated with a fluorescent dye
(www.pyro-science.com). This oxygen-sensitive dye uses red light excitation and lifetime detection
in the near infrared. So far, the use of this technology has mostly been used to determine oxygen
concentration in open spaces for environmental studies, especially in aquatic media. The oxygen
uptake determined by the device can be easily assessed in small volumes of respiration medium and
combined with the measurement of additional parameters, such as lactate excretion by intact cells
or the membrane potential of purified mitochondria. We conclude that the performance of by this
technology should make it a first choice in the context of both fundamental studies and investigations
for respiratory chain deficiencies in human samples.

Keywords: respiration assay; oxygen uptake; glycolysis; mitochondriopathy

1. Introduction

A number of cell functions directly rely on the capacity of mitochondria to utilize oxygen through
the mitochondrial respiratory chain (RC) [1]. Accordingly, in a number of clinical conditions, measuring
the ability of mitochondria to use oxygen can shed light on the disease mechanism and/or help in
establishing a diagnosis [2]. An impaired capacity for oxygen uptake is in particular observed in most
primary mitochondriopathies of genetic origin. These are relatively rare disorders, but encompass
numerous medical specialties [3]. In addition, both primary and secondary impairments of mitochondrial
function are now regarded as instrumental in the course of a set of common diseases, including different
cancers [4] and age-related neurodegenerative diseases [5]. This comes as no surprise given the role of
mitochondria as a crucial turntable for the overall cell metabolism, acting as determining actor for cell
differentiation, proliferation, and death. Finally, mitochondria represent a cellular sink for numerous
toxins [6] to which organisms are exposed, potentially affecting their own function [7].

Significant defects of the RC generally result in most tissues in an elevation of the redox status
of the matrix pyridine nucleotides and a reduced capacity of mitochondria to oxidize pyruvate [8].
This unused pyruvate is instead reduced to lactate by cytosolic lactate dehydrogenase and is excreted
from the cells. Accordingly, the suspicion of an RC defect can be reinforced by the demonstration
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of abnormal acetoacetate/hydroxybutyrate (tracing the redox status of the mitochondrial pyridine
nucleotide pool) and lactate/pyruvate ratios in the body fluids [2].

An impairment of the RC activity might also reduce mitochondrial ATP production. Under
these circumstances, as to match a cellular unsatisfied demand for ATP, an activation of glycolysis,
an alternative way to produce ATP (yet less efficient than the RC), will take place producing both ATP
and pyruvate, thus again favoring lactate production and excretion [9].

Starting with the pioneer work of Otto Heinrich Warburg during the last century [10], a number
of devices have been developed to quantify the capacity of biological samples to consume oxygen.
Successively using gas pressure in a closed chamber (Warburg apparatus [10]), oxygen-dependent
current flow at the surface of an electrode (Clark oxygen electrode [11]), or oxygen-sensing fluorophore
(oxygen extracellular fluxes; Seahorse technology [12]), methods have substantially increased in
sensitivity, reducing volumes to be used from several milliliters to a few tens of microliters; however,
price varied inversely, from a few to now more than €150,000. As a sensitive, versatile, and cheap
alternative, we describe here the use of the Redflash technology (FireSting O2; PyroScience; Aachen,
Germany) to measure oxygen uptake by various biological systems in an aqueous medium. The method
measures the luminescence of an oxygen-sensitive sensor molecule covalently attached to a polymer
membrane, which covers the tip of an optic fiber connected to a PC-controlled meter (Figure 1).
The luminescence measurement uses red light excitation and lifetime detection in the near infrared.
This represents a quite sensitive, very low-cost alternative in terms of quantifying oxygen uptake by
intact cells or isolated mitochondria.

Figure 1. The optode device. The tip of the optic fiber (in red) is covered by a polymer membrane
coated with a fluorescent oxygen-sensitive dye (in green) fixed to the optic fiber with silicone glue. The
optic fiber receives red light (excitation) from, and re-emits infrared light (emission) to, an analyzer
box that can be connected to a personal computer. The fluorescence of the dye is proportional to its
oxygen-dependent oxidation state, which is fully reversible. Time-dependent variation of the infrared
emission reflects variation of the oxygen at the membrane surface. By inserting the tip of the optic
fiber into any aerated medium, it appears possible to determine at any time the oxygen tension in the
medium and so to estimate oxygen consumption in the medium.

In addition, thanks to the convenient flexibility offered by the optic fiber, this device was fitted
to the cuvette of a spectrophoto- or spectroflurometer, allowing for concurrent measurement of
oxygen uptake plus an additional optical signal. Using such a configuration, it was possible to
concomitantly and continuously measure mitochondrial substrate oxidation and membrane potential,
or cell respiration and glycolysis (specifically through lactate excreted).

2. Material and Methods

2.1. Zebra Fish Embryos

Zebrafish (Danio rerio) stocks of the wild-type AB strain were maintained at 28 ◦C in a standard
zebrafish facility (Aquatic Habitat, Pentair, Minneapolis, MN, USA). Embryos were collected by natural
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spawning and raised under a standard 14:10 h light/dark photoperiod [13]. Developmental stages
were determined as days post-fertilization (dpf), as described [14]. Three-day-old embryos were used
throughout this study.

2.2. Rat Liver Mitochondria

Liver mitochondria from 6-week-old Wistar Han IGS female rats (Charles River,
Saint-Germain-sur-l’Arbresle, France) were isolated and purified by isopycnic density-gradient
centrifugation in Percoll, as previously described [15–17].

2.3. Cell Culture

Primary skin fibroblasts were derived from healthy individuals and grown under standard
condition at 37 ◦C in a 5% CO2, in DMEM with 4.5 g/L glucose, 4 mM glutamine as Glutamax, 10 mM
pyruvate, 10% FCS, 200 μM uridine, and penicillin/streptomycin (100 U/mL). Upon confluence, cells
were trypsinized, pelleted at 1500× g, 5 min, and used immediately for analysis.

2.4. Mouse Astrocytes

Astrocytes were prepared from meninges-free cerebellum of 6–7-day-old control and Harlequin
mice with a mixed genetic background (B6CBACaAw-J/A-Pdcd8/J). The Harlequin mouse has been
previously shown defective for complex I due to a mutation in the Aif gene [18]. Mice were housed
with a 12 h light/dark cycle with free access to food and water. Astrocytes were plated into culture
flasks in DMEM containing glucose (1 g/L) and 10% fetal calf serum at 37 ◦C in a 5% CO2. Upon
confluence, flasks were shaken (180 rpm × 30 min; RockingOrbital shaker, VWR, Fontenay sous Bois,
France) to remove contaminated microglia cells. Astrocytes are then detached from the culture flash by
trypsin and pelleted at 1500× g, 5 min [19].

2.5. Ethics Statement

Details of the mouse study were approved by the Robert Debré-Bichat Ethics Committee
on Animal Experimentation (http://www.bichat.inserm.fr/comite_ethique.htm; Protocol Number
2010-13/676-003) in accordance with the French and European Laws on animal protection.

2.6. Organism, Organs, or Cells Respiration

Different layouts were selected to fit the conditions imposed by the biological material selected.
A first set-up (Figure 2A) allowed us to set tissue or organ samples on a nylon net (1 mm2 mesh) about
halfway-up of the measuring chamber equipped with a handmade cap (HMC No. 1) allowing for
substrate or inhibitor additions. The respiration was simultaneously measured with a macro-optode
(3 mm tip diameter) inserted on the top of the chamber and with the oxygen Clark electrode at the
bottom. Respiration medium A (400 μL) consisting in 0.25 mM sucrose, 10 mM KH2PO4 (pH 7.2), 5 mM
MgCl2, 5 mM KCl, and 1 mg/mL bovine serum albumin was thermostated (37.5 ◦C) and magnetically
stirred (high speed, stirring bar 2.0 × 5.0 mm). A second layout (Figure 2B) was used to measure
oxygen uptake by cells or mitochondria with the macro-optode in a smaller volume (200 μL medium
A; HMC No. 1). Using a third layout, the respiration of one to five zebrafish embryos (3 dpf) was
recorded with a micro-optode (50 μm tip diameter) in a minimal volume of PBS (30 μL) (PyroScience,
Aachen, Germany) (Figure 3A). The assay was carried out in a flat-bottom glass tube (6 mm diameter)
positioned on a magnetic stirrer, maintained at room temperature, and equipped with a handmade
cape (HMC No. 2), allowing for the micro-optode insertion and the addition of chemicals with a
5 μL syringe. A 2 mm × 2 mm ball-shaped magnetic flea slowly rotating, harmlessly aside from the
embryos, was placed in the glass tube.
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Figure 2. In vitro oxygen uptake by tissue sample and cells in suspension. (A) Both the Hansatech
polarographic device (bottom) and the FireSting optode work simultaneously allowing to record strictly
similar rates of oxygen uptake (about 25% resistant to 0.6 mM cyanide) by a mouse brain hemisphere
place on a nylon net at mid-height in 400 μL of respiratory medium A (see Material and Methods).
(B) Fully cyanide-sensitive human primary fibroblast respiration (about 1 × 106 cells for 50 μM O2/min)
recorded in 200 μL of respiratory medium A. Numbers along the traces are nmol/min/mg protein.
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Figure 3. Respiration of Zebrafish embryos, and oxygen tension coupled to membrane potential
determination by rat liver mitochondria. (A) Cyanide-sensitive respiration of Zebrafish embryos (1 and
5) measured at ambient temperature (20 ◦C) using a micro-optode in 30 μL of PBS (linear rates observed
for 10 min). Notice the spherical magnetic stirrer avoiding to hurt the embryos. (B) Using an open
layout, oxygen level changes linked to mitochondrial substrate oxidation was measured concomitantly
to the membrane potential. Oxygen was measured using the macro-optode placed in a 3 mL quartz cell
thermostated at 38 ◦C and magnetically stirred. Oxygen uptake (red trace) was started by the addition
of succinate followed by the addition of a limiting amount of ADP (decreased level of oxygen, due
to high rate of consumption; oxidation state 3 [20]), the exhaustion of which exhaustion in a higher
oxygen level (oxidation state 4). The addition of malonate (a long established inhibitor of the succinate
dehydrogenase [21]) fully inhibited oxygen uptake, and the level of oxygenation of the medium came
back to initial value by re-equilibration with air. The membrane potential measured simultaneously
(blue trace) rose upon succinate addition (quenching of rhodamine fluorescence) to drop down upon
the ADP addition. After ADP exhaustion, the membrane potential rose again, while adding malonate
worked to abolish most of it. Numbers along the traces are nmol/min/mg protein.
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2.7. Mitochondrial Substrate Oxidation and Membrane Potential

Oxygen uptake and membrane potential were simultaneously measured in a 37.5 ◦C-water-
jacket-thermostated, 1.5 mL quartz-cuvette using the Flx-Xenius XC spectrofluorometer (SAFAS,
Monaco, France) with a modified optical path fitted to the magnetically stirred cuvette (Figure 3B).
Measurements were made using rat liver mitochondria in 750 μL of respiratory medium A with
a macro-optode fitted to a hand-made open cap (HMC No. 3). Mitochondria were successively
given 100 nM rhodamine, 10 mM succinate, 50 μM ADP (to ensure state 3, phosphorylating
condition), and, after ADP exhaustion (state 4), 10 mM malonate, a specific inhibitor of the succinate
dehydrogenase. Membrane potential variation was determined by the fluorescence change of
rhodamine (503 nm λ excitation; 527 nm λ emission).

2.8. Respiration and Lactate Excretion

Cell oxygen consumption and lactate excretion were measured using a similar device in 750 μL of
respiratory medium A except for the handmade cap (HMC n◦3), closing the cuvette yet allowing for
micro-syringe (5 and 10 μL) insertion. Purified rabbit muscle lactate dehydrogenase (5 IU; EC 1.1.1.27)
and 2 mM NAD+ were added to the cuvette to measure the lactate excreted by the cells, plus 17 mM
glutamate and pig heart glutamate–pyruvate transaminase (6 IU; EC 2.6.1.2) to avoid any accumulation
of pyruvate that might decrease LDH activity [22,23]. A final addition of known amounts of an NADH
solution (4 μM) enabled the calibration of NADH fluorescence. Under these conditions, the rate of
lactate excretion by the cell can be calculated from the rate of NAD+ reduction (365 nm λ excitation;
460 nm λ emission).

2.9. Protein Determination and Chemicals

Protein was determined using the Bradford method [24], and all chemicals were of the highest
purity grade from Sigma-Aldrich.

2.10. Free 3D Printable Model Accessories

STS files corresponding to several of the layouts described in this paper (HMC No. 1, 3 and 4) are
available free on demand.

3. Results

3.1. Reducing the Volume for Oxygen Consumption

We initially tested the macro- (extremity diameter, 3 mm) and micro-optode (extremity diameter,
50 μm) devices under the standard conditions of polarographic analysis used for more than 30 years in
our laboratory to measure oxygen consumption by tissues, intact cells, or isolated mitochondria [2]
(Figure 2). The macro-optode was first inserted in the top compartment of a closed, magnetically stirred,
thermostated chamber equipped with an oxygen-recording Clark-electrode at the bottom compartment.
The compartments were separated by a nylon grid (1 mm holes) holding a piece of tissue, yet allowing
a free magnetic stirring of the 400 μL of respiratory medium. Identical responses were obtained from
the optode and polarographic device (Figure 2A). With a quite similar configuration but without the
electrode disk, the assay medium could be reduced to 200 μL without affecting oxygen detection by
the macro-optode device (Figure 2B). Noticeably, this latter does not significantly consume oxygen
(at variance with a Clark electrode).

We next manufactured a device to use a micro-optode in a much smaller volume of respiratory
medium (30–50 μL). Using a magnetically stirred (ball stirrer) 1 mL glass tube, containing 30 μL of
PBS and the micro-optode device fitted to a handmade cap, it was possible to quantify the respiration
of as few as 1 to 5 Zebrafish embryos, the respiration of which being proportional to the number of
Zebrafish embryos studied.

35



J. Clin. Med. 2017, 6, 58

3.2. Simultaneous Determination of Mitochondrial Oxygen Consumption and Membrane Potential

In order to simultaneously measure oxygen tension and membrane potential, we next placed the
macro-optode in a magnetically stirred, thermostated quartz cell (750 μL) using an open handmade
cap (Figure 3B). We then measured the changes in oxygen tension by the optode signal (red trace)
and the mitochondrial membrane potential (blue trace) inversely proportional to the quenching of
rhodamine-123 fluorescence (Figure 3B).

3.3. Simultaneous Determination of Cell Respiration and Lactate Excretion

The macro-optode was finally inserted into a handmade cap closing a 37 ◦C-thermostated,
magnetically stirred, 1.5 mL quartz-cell containing 750 μL of respiration medium (Figure 4A).
By supplementing the medium with NAD+, lactate dehydrogenase (LDH), glutamate,
and glutamate–pyruvate transaminase (GPT), it was possible to spectrofluorimetrically estimate
the NADH accumulation due to the LDH-catalyzed oxidation of any excreted lactate to pyruvate
(Figure 4B). Noticeably, in the presence of an excess of added glutamate and GPT, the pyruvate is readily
transaminated to alanine and α-ketoglutarate, avoiding LDH substrate inhibition by pyruvate. To quantify
the fluorescent signal, a known amount of NADH was added at the end of the assay. This allowed us in a
few minutes to accurately measure the rates of oxygen consumption by respiring intact cells together with
lactate production indicative of glycolytic flux. This is exemplified in the case of astrocytes prepared from
control or Harlequin mice, the latter being defective for respiratory chain complex I [18,22].

Figure 4. Cont.
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Figure 4. Respiration and lactate excretion by mouse-cultured astrocytes. (A) The macro-optode
fitted to a magnetically stirred, 37.5 ◦C-thermostated quartz-cell by a closed cap (yet allowing
for the addition of substrates and inhibitors) measures oxygen uptake due to cyanide-sensitive
respiration (red traces) by control astrocytes or astrocytes prepared from the CI-defective Harlequin
mice. The concomitant fluorometric determination of NADH (blue traces) allows for a determination
of the rate of the excretion of lactate, thanks to its conversion to pyruvate brought about by added
lactate dehydrogenase in the presence of added NAD+. Numbers along the traces are nmol/min/mg
protein. (B) The additional presence of glutamate and glutamate transaminase avoided inhibition of
the LDH reaction by accumulated pyruvate.

4. Discussion

The comprehensive diagnostic of suspected oxidative phosphorylation (OXPHOS) defect requires
the complementary assays of RC complex activity and of mitochondrial oxygen consumption [2].
Similarly, the significance of numerous base changes in the several hundred genes encoding OXPHOS
components revealed by systematic sequencing can only be established by an extensive characterization
of OXPHOS activities [3]. In addition to the determination of the activity of OXPHOS complexes,
when possible, this includes the study of the cell respiration, the mitochondrial oxidation of various
respiratory substrates, the determination of the ADP/O and respiratory control values. A complete
investigation of oxidative properties supposes the use of an adaptable device allowing for the addition
of multiple substrates and inhibitors in the assay medium and to register the oxygen consumption
in real time. To this end, the Clark oxygen electrode that replaced the previous Warburg apparatus
represented major progress, allowing for the use of much less precious material.

Here we have shown that it is possible to use RedFlash technology to reduce (by at least two-thirds)
the amount of biological sample to be studied, as compared with previous devices. This represents
similar progress in terms of the biological material required and the ease of use. The device is stable
for months/years, as long as the probe is kept dry and not exposed to strong light. Various optodes
have been used for several years in other fields of biology [25–27] and a careful comparison between
these devices and the Clark electrode already been reported [28].

In the context of screening for OXPHOS defects, an immediate benefit of using this technology
is smaller muscle biopsies or blood samples needed to be taken from patients and a reduction of
the amount of cultured cells to be used, i.e., fewer traumas for patients and a lower cost in terms
of cell cultures. The flexibility of the optic fiber allows one to adapt the device to various specific
environments, such as spectrophoto- or spectrofluorometer cuvettes. As such, it is suitable for the
simultaneous determination of cell respiration and lactate cell excretion. More specific than suspending
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medium acidification [29], an increased rate of lactate excretion can be taken as an indication of a
reduced rate of mitochondrial pyruvate oxidation or increased pyruvate production by glycolysis [22].
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Abstract: The relationship between 114 cases with decreased enzymatic activities of mitochondrial
respiratory chain (MRC) complexes I-V (C I-V) in muscle and metabolites in urine and plasma was
retrospectively examined. Less than 35% disclosed abnormal plasma amino acids and acylcarnitines,
with elevated alanine and low free carnitine or elevated C4-OH-carnitine as the most common
findings, respectively. Abnormal urine organic acids (OA) were detected in 82% of all cases. In CI
and CII defects, lactic acid (LA) in combination with other metabolites was the most common finding.
3-Methylglutaconic (3MGA) acid was more frequent in CIV and CV, while Tyrosine metabolites,
mainly 4-hydroxyphenyllactate, were common in CI and IV defects. Ketones were present in all
groups but more prominent in combined deficiencies. There was a significant strong correlation
between elevated urinary LA and plasma lactate but none between urine Tyrosine metabolites and
plasma Tyrosine or urinary LA and plasma Alanine. All except one of 14 cases showed elevated
FGF21, but correlation with urine OA was weak. Although this study is limited, we conclude that
urine organic acid test in combination with plasma FGF21 determination are valuable tools in the
diagnosis of mitochondrial diseases.

Keywords: mitochondrial disease; mitochondrial respiratory chain; plasma amino acids; plasma
carnitines; urine organic acid; FGF21

1. Introduction

Mitochondria are essential organelles present in eukaryotic cells. They perform vital roles in many
cellular pathways; however, their main function is to supply cellular energy in the form of adenosine
triphosphate (ATP) via oxidative phosphorylation (OXPHOS) performed by the mitochondrial
respiratory chain (MRC). The MRC located in mitochondrial inner membrane is comprised of
ninety proteins organized into five multi-subunit enzymatic protein complexes. These proteins
and many other auxiliary proteins are essential for maintaining MRC, and OXPHOS is encoded
by two genomes, the nuclear genome and the mitochondrial genome (mtDNA). Consequences
of OXPHOS dysfunction include not only energy (ATP) depletion but also elevated oxidative
stress, disturbed mitochondrial membrane potential, subsequently leading to imbalanced calcium
homeostasis, autophagy/mycophagy, apoptosis, and ultimately to cell death. Mitochondrial diseases
affecting one or more MRC complexes are common (prevalence 5 to 15 cases per 100,000 individuals),
disabling, progressive, or fatal disorders affecting several vital organs including the brain, optic nerves,
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the liver, skeletal muscles, and the heart, manifesting at birth, during infancy, and in adulthood [1–3].
They are mostly caused by mutations in genes leading to dysfunction of one or multiple MRCs
or auxiliary proteins crucial for OXPHOS but could also be secondary to other conditions [4].
The extreme heterogeneity of mitochondrial disorders makes diagnosis complex and sometimes
requires the investigation of MRC function in the affected tissues. Before an invasive procedure such
as muscle biopsy is performed, a metabolic workup is usually performed in blood and/or urine.
Exome sequencing has recently become a valuable diagnostic tool; however, the interpretation is
complex when numerous pathogenic and/or new variants are detected [1–3,5]. In this retrospective
study, we investigated the relationship between common metabolic tests and MRC dysfunction
detected in muscle in order to facilitate the diagnostic workup of mitochondrial diseases.

2. Materials and Methods

2.1. Mitochondrial Respiratory Chain Enzymatic Analysis

The enzymatic activities of MRC complexes I-V and citrate synthase CS (a mitochondrial control
enzyme) were determined by spectrophotometric methods in isolated muscle mitochondria, as we
have previously described [6].

2.2. Metabolic Tests

Acylcarnitines were determined by electrospray–tandem mass spectrometry in plasma or dry
bloodspots (Micromass, Waters, Milford, MA, USA) [7]. Organic acids in urine were determined
qualitatively by gas chromatography–mass spectrometry (GC-MS) (Agilent, Santa Clara, CA, USA) [8].
Plasma amino acid analysis was performed on a Biochrom 30 amino acid analyzer according to the
manufacturer’s instructions (Biochrom, Holliston, MA, USA).

2.3. Fibroblast Growth Factor 21

Fibroblast growth 21 (FGF 21) was determined in plasma, by a solid phase sandwich
enzyme-linked immunosorbant assay using the Human FGF-21 Quantikine ELISA kit (R&D systems,
Minneapolis, MN, USA) according to the manufacturer’s instructions.

2.4. Statistical Analysis

Where indicated, the relationship between two parameters was assessed by the Spearman’s
rank-order correlation test using IBM SPSS statistics for Windows, version 24.0 (IBM Co., Armonk,
NY, USA).

3. Results

3.1. Distribution of MRC Deficiencies

Enzymatic analysis of MRC complexes I-IV was performed in 1163 muscle samples, referred to our
laboratory for diagnostic purposes over a ten-year period (2006–2016). Mean age of the patients was
4.9 years ranging between 1 day and 67 years. Of these, 193 were found to be defective (17% diagnostic
yield) in one or several MRC complexes (<50% residual activity of control mean, normalized to CS)
(Figure 1A). The most common defect found (63 samples) were combined deficiencies including two
or more MRC complexes but with normal or elevated CII activity. Other frequent defects were isolated
CI (40 samples) and CIV (44 samples). Less frequent were deficiencies in CV (28 samples) and CII
(6 samples). The rarest isolated defect was CIII with only one sample. Two cases which were designated
“CoQ level” as the combined activity of CI + III and CII + III were decreased, while each measured
separately disclosed normal activity. We also included a group designated as a general decrease
where all respiratory chain complexes activities were decreased relative to CS. Metabolic workup data
obtained from urine and/or plasma for diagnostic purposes was available for 114 of the 193 (59%)
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patients with decreased MRC activities in muscle (Figure 1B). This distribution reflected the total
deficiencies (Figure 1C), with the exception of CIII, where no data was available and the proportion of
CV defects somewhat increased. For comparison, we also obtained one or more metabolic parameters
from 150 patients with clinical suspicion of mitochondrial diseases but with normal activities of MRC
complexes I-V.

Figure 1. Distribution of MRC deficiencies: (A) The relative proportion of MRC defects according to
groups. (B) The number of samples from each group with available metabolic test data. (C) The relative
proportion of MRC defects with available metabolic test data.

3.2. Plasma Amino Acids

Plasma amino acids were measured in 49 samples but of these only 17 (34%) were abnormal,
mostly disclosing elevated Alanine in alone or in combination with elevated Glutamine and/or
tyrosine. Thus 50% or more in each group tested normal with the exception of two generally decreased
cases that were both abnormal (Figure 2A). The most frequent abnormality was Alanine followed
by Glutamine and Tyrosine (Figure 2B). Although quantitative data are available for many samples
(analysis performed in our laboratory) we opted not to include these measurements as some samples
were reported as abnormal without quantification (data reported from other sources). 10 tests disclosed
elevated Alanine only, 4 with elevated Alanine and Glutamine and 4 elevated Alanine Glutamine and
tyrosine. Other amino acids were inconsistent, for example Citrulline was elevated in two samples
while decreased in one and branched chain amino acids, Proline, Phenylalanine and Methionine
were elevated in in one case each (results not shown). As Alanine is also derived from lactate via
transamination of pyruvate we assessed the correlation to plasma lactate in 19 samples with data
available for both parameters; however, the association was weak at best and statistically not significant.
Only 9 of 90 (10%) of cases with normal MRC disclosed abnormal plasma amino acids of these, 3 had
elevated Alanine. Taken together, the amino acid analysis was not very informative with respect to
predicting MRC dysfunction but is vital for the differential diagnosis of other conditions such as urea
cycle disorders.
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Figure 2. Plasma amino acids: (A) The relative proportion abnormal to abnormal plasma amino acid
(AA) tests results according to groups; (B) The relative proportion of the most frequent abnormalities.

3.3. Acylcarnitines

Acylcarnitine analysis test results were available from either plasma or dry bloodspots from
61 cases, of which 21 (34%) were abnormal. e most affected groups are CI defects, and approximately
half were abnormal, as were the two cases of general defects. In the other groups, the test was
mostly normal (Figure 3A). The most common abnormalities were low free C0-carnitine and elevated
C4OH-(3-hyroxybutyryl)-carnitine. Elevation of medium- or long chain- (MC/LC) carnitines was
only detected in two CV defects and one combined deficiency case (Figure 3B). Since elevated
C4OH– carnitine is associated with ketosis, we evaluated the association with urinary ketones as
detected by the organic acid analysis (see next section) from 17 samples and did not find any statistically
significant correlation between the two parameters. Of 101 tests from patients with normal MRC, only
nine (9%) had abnormal acylcarnitines, mostly with decreased in free carnitine and only one showing
elevated C4OH-carnitine. Accordingly, as was the case with amino acid analysis, the acylcarnitine
test was not significantly informative with respect to most MRC defects, but abnormality was more
frequent than in cases with normal MRC.

3.4. Urinary Organic Acids

Urinary organic acids were qualitatively evaluated in 75 cases, of which 66 (82%) disclosed
elevated levels of one or more metabolites. Notably, all samples in the groups CI and CII, and the
general decrease, were abnormal, as was the majority of CIV and CV, and the combined defects.
The single CoQ level sample tested normal (Figure 4A). The most frequent abnormalities were
lactic acid (LA) concomitantly with ketones and/or TCA (Krebs cycle) metabolites and/or Tyrosine
metabolites and/or dicarboxylic acids (DCA) and/or 3-methylglutaconic acid (3MGA). In all groups
together, LA and ketones (mainly 3-hydroxybutyrate) were equally common followed by TCA and
tyrosine metabolites (mainly 4-hydroxyphenyllactate), whereas 3MGA and DCA were less common
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(Figure 4B). Other occasionally occurring metabolites were methylmalonic acid, branched chain
ketoacids, glutaric acid, and acylglycines but without any specific pattern (not shown). Interestingly,
the distribution of the metabolites varied according the MRC defects (Figure 5).

Figure 3. Plasma acylcarnitines: (A) The relative proportion abnormal to abnormal acylcarnitines
(Ac. Carn) tests results according to groups; (B) The relative proportion of the most common abnormalities.

Figure 4. Urinary organic acids: (A) The relative proportion abnormal to abnormal urinary
organic acids (OA) tests results according to groups; (B) The relative proportion of the most
common abnormalities.
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In CI defects, 75% excreted elevated levels of LA, while this proportion was less than 36% or less
in the other groups (Figure 5A). The combined defects group is characterized by a higher proportion
of ketones (50%) and DCA (25%) (Figure 5D). Both CIV and CV defects disclosed a higher percentage
of 3MGA than the other groups. However, almost a third of the samples in this group were normal
(Figure 5B,D). Tyrosine metabolites (mainly 4-hydroxyphenyllactate) were common in groups CI and
CIV. For comparison, 32 out of 88 (36%) cases with normal MRC disclosed an abnormal organic acid
test; however, no specific pattern resembling the findings in MCR defects was recognized. For example,
four cases had elevated ketones, six elevated LA, and four elevated Tyrosine metabolites, but mostly
separately, LA was never observed in combination with another metabolite. On the contrary, in the
MRC defective group, LA was elevated concomitantly with ketones and/or Tyrosine metabolites in
22 (91%) of 24 samples with elevated lactate. Interestingly, the “normal” group contained six samples
with low/moderately elevation of methylmalonic acid in combination with other metabolites, while
only one case was detected in the MRC defect group. This finding could possibly be related to a
nutritional deficiency (vitamin B12) rather than an inborn metabolic disease. Consequently, the organic
acid test is quite informative, and the results could be helpful in guiding the investigation towards
a specific group of MRC defects. The number of cases with CII and III, and the general defects, was
too small to be evaluated. Still, one out of two CII cases disclosed elevated succinate and fumarate.
As expected, the correlation between urinary and plasma LA examined in 23 samples was statistically
significant (R 0.843 P0.0). Additionally, we examined the relationship between Tyrosine metabolites
in urine and plasma Tyrosine in 10 samples and did not find any statistically significant correlation,
as only two samples disclosed elevated Tyrosine.

Figure 5. Urinary organic acids in (A) CI defects; (B) CIV defects; (C) CV defects; (D) combined defects
with normal CII.

3.5. Plasma FGF21

The level of plasma FGF21 was measured in 14 samples, and all except one disclosed high levels
(331–10,700 pg/mL (Normal < 250 pg/mL). Notably, eight samples with high FGF21 were found in the
combined group with normal complex II. Nevertheless, we did not find any significant relationship to
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the urinary organic acid test. The correlation with urinary OA was at best weak (R 0.377, P0.356), as
four samples with high FGF21 showed normal urinary OD, while one sample with normal FGF21 had
an abnormal urinary organic acid profile. We also measured FGF 21 in 25 cases with normal MRC of
which four disclosed elevated FGF21. Still, taken together, the correlation between abnormal MRC
activities and plasma FGF21 is significant (R0.690, P0.0).

4. Discussion

The purpose of this study was to retrospectively examine the correlation between biochemical
findings and MRC enzymatic activity in an unbiased manner. Obviously, this study is limited as
it includes neither clinical (not reported in a systematic manner) nor molecular data (not available
for most cases; however, from our limited knowledge, we estimate that at least 20% of the cases are
molecularly defined). We made an effort, but were unable to establish correlations between the clinical
symptoms and the different groups. We kindly refer to the literature for this complex issue [1–5].
Moreover, only data obtained from muscle are presented since we did not have pertinent data for
liver tissue; therefore, conditions such as certain mtDNA depletion syndromes with variable tissue
expression could have been overlooked in this study [9]. The limit of less than 50% residual activity
normalized to citrate synthase was determined to potentially include cases of mtDNA heteroplasmy,
and, from our experience, this cutoff is relevant [10]. On the other hand, a partial deficiency could also
be secondary [4] to other conditions linked or apparently not linked to MRC function, as exemplified by
decreased cytochrome c oxidase activity in Troyer syndrome [11], thus the inclusion criteria is indeed a
complex, unresolved issue. Additionally, we did not include cases with pyruvate dehydrogenase E1 or
E3 deficiency. Nevertheless, this study provides some pertinent information that could facilitate the
decision of how to proceed with the workup of a patient clinically suspected to harbor a mitochondrial
disease, and provides a complement to other studies [1]. According to the presented data, plasma
amino acids did not disclose a significant correlation with MRC dysfunction as most showed a normal
profile while a small proportion disclosed mainly elevated Alanine without significant correlation with
plasma LA. We also did not detect any specific correlation with Citrulline and/or Arginine, as has been
previously reported in MELAS [12], the reason for this, could be that our cohort did not include this
specific condition. According to our data, acylcarnine test is also not very informative. Theoretically,
impaired MRC should affect mitochondrial fatty acid oxidation with subsequent accumulation of
acylcarnitine; however, we mostly detected signs of ketosis or decreased free carnitine. These findings
are in accord with the consensus reported by the Mitochondrial Medicine Society [5]. Obviously,
if indicated, both amino acid and acylcarnitine tests are important to rule out urea cycle disorders,
amino acid degradation defects, fatty acid oxidation defects, primary/secondary carnitine deficiency,
etc. and should therefore not be neglected. It is also anticipated that patients exhibiting abnormal
acylcarnitine or amino acids, patterns consistent with a known inborn error of metabolism, would
not be referred for a muscle biopsy. Still in the context of mitochondrial diseases urinary organic acid
analysis seems to be considerably more informative, as the four out of five groups of MRC defects
disclosed abnormally elevated excretion of one of several metabolites. Moreover, it was possibly to
link certain patterns with certain MRC defects. LA and ketones, mostly concurrently, were prevalent
in CI and combined defects. Notably, the combined defects encompass combinations of CI,III,IV,V
defects, while complex II, which is solely encoded by the nuclear genome, is normal, so this group
includes both mtDNA depletion and translation defects [1,9,13]. 3MGA aciduria is relatively prevalent
in CIV and CV defect and is among several other disorders, been linked TMEM70 mutations in CV [14].
Recently elevated urinary 3MGA levels were reported in mitochondrial membrane defects with or
without enzymatic MRC dysfunction, thus 3MGA remains an important biomarker for mitochondrial
disease [15,16]. Although quantitative measurement in urine was not performed, elevated urine and
LA were, as expected, closely correlated, serving as an additional marker of hyper lactic acidemia
>6–10 mM [17]. Elevated 4-hydroxyphenyllactate, a Tyrosine metabolite in urine, and Tyrosine in
plasma are also associated with liver dysfunction [18]. In this respect, the organic acid analysis is
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more sensitive as a marker since many cases showed increased 4-hydroxyphenyllactate while only a
few had elevated Tyrosine. The more prevalent occurrence of urinary tyrosine metabolites in CI and
CIV indicate liver involvement in the pathogenesis of these conditions. The significant correlation
between abnormal MRC activities and plasma FGF21 confirms that this protein is a good marker
for MRC dysfunction in accord with previously reported findings [19]. Moreover, the finding that
elevated FGF21 was prevalent in the combined group and suspected of mitochondrial translation or
maintenance defects is certainly consistent with the recent report by Lehtonen et al. [20]. Nevertheless,
as some discrepancies were observed between plasma FGF21 and urine organic acids, it seems that the
combination of these two tests would be more informative than each one alone. As we have previously
pointed out, this study is limited, and there are several other biochemical parameters that were not
included in this because of a lack of sufficient data. Among these are growth differentiation factor 15,
amino acids, liver function tests, pyruvate, muscle pathology, etc. [5,20,21]. Nevertheless, according
to our findings, testing patients suspected of a mitochondrial diseases, for organic acids in urine and
FGF21 in plasma is informative and the results facilitate the decision whether to perform a biopsy or
not. Alternatively, or in addition, these tests could also be useful in guiding the filtering of variants in
exome analysis.

We conclude that urine organic acid test in combination with plasma FGF21 determination are
valuable tools in the diagnosis of mitochondrial diseases.
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Abstract: Current strategies for preventing the transmission of mitochondrial disease to offspring
include techniques known as mitochondrial replacement and mitochondrial gene editing. This
technology has already been applied in humans on several occasions, and the first baby with donor
mitochondria has already been born. However, these techniques raise several ethical concerns, among
which is the fact that they entail genetic modification of the germline, as well as presenting safety
problems in relation to a possible mismatch between the nuclear and mitochondrial DNA, maternal
mitochondrial DNA carryover, and the “reversion” phenomenon. In this essay, we discuss these
questions, highlighting the advantages of some techniques over others from an ethical point of view,
and we conclude that none of these are ready to be safely applied in humans.

Keywords: mitochondrial disease; mitochondrial replacement; gene editing; ethics; pronuclear
transfer; maternal spindle transfer; polar body transfer; CRISPR; TALENs

1. Introduction

Mitochondria are organelles present in the cytoplasm of most eukaryotic cells. Although their
main function is the production of cellular energy, they also play an important role in other cell
processes, such as calcium signalling, regulation of cell metabolism, embryonic development and
programmed cell death [1]. In addition, they are implicated in the pathogenesis of numerous diseases,
in particular neurodegenerative disorders [2].

These organelles contain their own DNA, known as mitochondrial DNA (mtDNA) [3], which
is a circular double-helix DNA molecule, which in humans contains 37 genes: 13 of these code for a
polypeptide involved in the respiratory chain, 22 for transfer RNAs (tRNA) and two for ribosomal
RNAs (rRNA), all responsible for the translation of these 13 peptides [4]. The mitochondrial electron
transport chain is composed of freely moving respiratory complexes and mobile electron carriers that
coexist with larger structures called respiratory supercomplexes [5].

Mitochondrial biogenesis and function is dual, depending on both the nuclear and mitochondrial
genome. Thus, the replication of mtDNA, its packaging in nucleoids (DNA-protein complexes), and
its transcription and translation are processes that depend, to a large extent, on nuclear-encoded
proteins [6]. Furthermore, the processes of mitochondrial fusion and fission, which enable
intermitochondrial cooperation and compartmentalisation of organelles, respectively, are controlled by
products that come completely from the expression of the nDNA [7]. With respect to mitochondrial
function, 79 of the 92 subunits that comprise the oxidative phosphorylation (OXPHOS) system are
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encoded by the nDNA [6]. Thus, primary respiratory chain defects may be due to hereditary alterations
in the mtDNA (deletions, rearrangements or point mutations) or nDNA genes that encode subunits
for this system, as well as somatic mutations resulting from the action of free radicals, which either
directly damage the mtDNA or prevent correct repair of the damage [8].

Mitochondrial alterations cause a decrease in cellular energy that can affect different organs,
expressing various clinical phenotypes [6], and can cause significant morbidity and mortality [9,10].
The prevalence of diseases due to mutations in mtDNA is approximately 1 per 5000 individuals, although
it may be much higher in certain regions due to genetic founder mutations and high consanguinity [2].
Furthermore, one in 200 healthy individuals is a carrier of a pathogenic mitochondrial mutation that
can affect the offspring of female carriers [11].

The proportion of mutant mtDNA can vary between tissues and over time. In the case of the
most common point mutations, the disease manifests at cellular level if a threshold of 80%–90%
mutated mitochondria is exceeded [12,13]. The proportion necessary for the disease to manifest varies
depending on the mutation, the tissue and even on the individual, since environmental factors, physical
exercise or the nuclear genetic load itself can also have an effect [14].

mtDNA is inherited exclusively from the mother, however, the level of heteroplasmy varies
between individuals descended from the same mutant mtDNA mutation carrier mother. This is due
to the “bottleneck” effect that occurs in mitochondrial transmission. Only a fraction of the mother’s
mitochondria pass to the offspring, which explains the variation in the level of heteroplasmy between
different generations and between siblings. This genetic drift has been thought to be random, but
recent studies point towards differences in the behaviour of the mtDNA bottleneck, depending on the
specific mtDNA mutation [15]. Knowing the expected probability for the heteroplasmy values in the
offspring is important for genetic counselling of the future parents [16–18].

2. Treatment of Mitochondrial Diseases

Although vitamin supplements, drugs and physical exercise have been used as treatment in
isolated cases and small clinical trials, there is currently no evidence on the effectiveness of these
interventions on mitochondrial disorders [19], so new treatment approaches are being developed [2].
However, the highest expectations have been placed on two types of novel techniques that seem to
have great potential for application, so that both women affected by a disease due to an alteration in
their mtDNA and asymptomatic carriers can have children free from the mutation.

The first group is based on the use of healthy donor mitochondria. These are known as
mitochondrial replacement techniques: maternal spindle transfer (MST), pronuclear transfer (PNT),
and the most recent, polar body transfer (PBT). Although the first two were authorised for clinical
use in the United Kingdom in October 2015 [20], the Human Fertilisation and Embryology Authority
(HFEA) announced in June 2016 that the safety and efficacy of these techniques had to be confirmed
before any medical centre could request a license to offer mitochondrial donation. To that end, a group
of scientists was convened to review the latest advances in this respect [21]. The review by the panel of
experts was published in November 2016, and recommends that “in specific circumstances, MST and
PNT are cautiously adopted in clinical practice where inheritance of the disease is likely to cause death
or serious disease and where there are no acceptable alternatives” [22]. After that, on 15 December
2016, the HFEA approved the use of mitochondrial donation in certain specific cases. Clinics wishing
to offer these techniques to patients can now apply to the HFEA for permission to do so and then two
committees will assess the suitability of the clinic and each particular clinic case [23].

These techniques are aimed at eradicating the maternal mtDNA in the individual’s cells.
Nevertheless, there is always some carryover, which can mean that mutant mtDNA levels increase
during subsequent development—a phenomenon known as “genetic instability” [24], “genetic
drift” [25] or “reversion” [26]—and the disease reappears in later generations. A recent study calculated
that, for a clinical threshold of 60%, reducing the mutant mtDNA transferred to below 5% would
eradicate the disease forever in that lineage, while if this figure is exceeded, the likelihood that the
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disease will reappear in subsequent generations is high, so it is important to limit mutant mtDNA
transmission to levels below 3% [27]. These low levels have already been achieved with the MST
technique in primates [28] and human oocytes [29], with PNT in preimplantation human embryos [30],
and with PBT in mouse oocytes and embryos [31]. However, these are probabilistic calculations, so no
claims can be made with complete certainty in this respect. Moreover, there is no data of this type on
the “reversion” phenomenon.

These techniques may be relatively easy to carry out and feasible for many clinics which can
perform intracytoplasmic sperm injection (ICSI), if they can use donor eggs, but realizing them with
the precision that is required for optimal results is not so simple. Thus, in the last scientific review
of the safety and efficacy of mitochondrial donation to the HFEA, the panel of experts state that
“key recommendations are conditional on a number of considerations, including a requirement for
appropriate levels of skill being demonstrated by named practitioners within a named clinic, and
relevant key performance indicators being met” [22]. In addition, in the report of the the Institute
of Medicine (IOM) of the National Academies of Sciences, Engineering, and Medicine to the Food
and Drug Administration (FDA), there is a section devoted to the “Expertise of Investigators and
Centers” where they point out that “Most MRT approaches contemplated at present would involve
highly intricate micro-manipulations of human gametes and/or embryos. Use of the techniques
would therefore require operator skill, which evolves over time, varies from one individual to another,
and resists specification in a protocol” ([32], p. 138). Finally, in the announcement of the HFEA on
15 December, it states that “HFEA’s Licence Committee will first assess a clinic’s suitability, looking
at existing staff expertise, skill and experience at the clinic, as well as its equipment and general
environment” [23].

The second group includes two gene editing techniques: CRISPR-Cas 9 (clustered regularly
interspaced short palindromic repeats) and TALENs (transcription activator-like effector nucleases).
These techniques, unlike the previous, have not been specifically designed to act on the mitochondria,
but they can also be used to correct the mtDNA. Gene editing has been applied in some studies to
reduce the levels of mutant mtDNA in heteroplasmic cells [33–36]. However, in order for its action to
prevent the transgenerational transmission of mitochondrial diseases, it needs to act on the germline.

2.1. Mitochondrial Replacement Techniques

2.1.1. Pronuclear Transfer

PNT consists of performing in vitro fertilisation using the eggs of the affected woman—whose
mitochondria contain mutant mtDNA—and the sperm of the future father, and subsequent extraction
of the pronuclei on day 1 of development, leaving behind most of the mutated mitochondria. These
pronuclei are transferred to an enucleated zygote with healthy mitochondria (Figure 1); they are
transferred to an enucleated zygote, not an egg, since the developmental state must be the same.
The hybrid zygote is then developed in vitro until it reaches an appropriate state for transfer to the
uterus. Thus, this technique is not strictly preventive, since the gene transfer takes place once the
zygote is produced.

Craven et al. applied this technique in embryos with an abnormal number of pronuclei, and
succeeded in eliminating more than 98% of the maternal mitochondria [30], which, in principle, is
sufficient to prevent clinical manifestation of the disease [37], and its transmission to subsequent
generations [27]. PNT has also been applied in normally-fertilised human embryos, with a percentage
of mtDNA carryover that did not exceed 5% in any case, and which in most embryos was less than
2% [25]. However, it was observed that, in a stem cell line derived from a blastocyst with 4% mtDNA
carryover, the mother’s mtDNA gradually increased its proportion with respect to that of the donor.
The causes of this reversion are unknown, although it is speculated (among other reasons) that one
haplotype may have a replicative advantage over another in specific combinations [22]. The case of
an infertile woman who had become pregnant with triplets using this technique was later published,
although none of the foetuses reached full term [38].
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Figure 1. Pronuclear transfer.

2.1.2. Maternal Spindle Transfer

MST consists in extracting the chromosomes in metaphase II from the mother’s egg—whose
mtDNA has some mutation—to then transfer them to a healthy donor egg, in which the chromosomes
have been removed. The hybrid egg is fertilised in vitro and then transferred to the mother’s uterus
(Figure 2). This technique, however, is strictly preventive, as the individual created will be free from
mitochondrial disease from the moment of conception.

Figure 2. Maternal spindle transfer.

MST was performed in primates (Macaca mulatta) in 2009, resulting in the birth of four healthy
monkeys, in which the presence of maternal mitochondria was not detected, with a sensitivity of
3% [28]. These were the first animals born following an MST procedure. The technique was then
tested in human eggs, and although 52% of the zygotes were abnormally fertilised, the rest were able
to develop to blastocysts and produce stem cells in a manner similar to the controls [29]. So far, the
efficiency of the technique has improved to reach a carryover less than 1% [26]. However, Yamada et al.
and Kang et al. observed that, despite the low levels of mtDNA carryover, there was sometimes
gradual loss of the donor mtDNA and re-establishment of the maternal haplotype [24,26].

In April 2016, the first child resulting from this technique was born in Mexico [39]. The mother was
an asymptomatic carrier of a mitochondrial mutation that caused Leigh syndrome, a fatal neurological
disorder. Despite the fact that she did not have the syndrome, the disease could be transmitted to her
children and, in fact, she had suffered four miscarriages and had two children with the disease, who
died at the ages of six years and eight months, respectively. The child, who has 1% of its mother’s
mtDNA, was healthy at three months, although it is not known if any abnormality might appear in
the future.
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2.1.3. Polar Body Transfer

A potential new technique for mitochondrial replacement, PBT, was described in a 2014
publication [31].

The first polar body (PB1) is formed during egg maturation. In this process, the DNA duplicates,
so that the egg contains four chromosome sets. Of these, two will remain within the egg, while the other
two will package, forming the PB1, which is extruded and will not be present in the resulting embryo.
The second polar body (PB2) is formed during fertilisation. One set of the remaining chromosomes
is packaged, forming the PB2, while the other set will form the nuclear DNA of the embryo together
with the sperm DNA.

Polar bodies contain very few mitochondria, which is an advantage for avoiding mitochondrial
carryover. PBT consists in transferring the PB1 to an unfertilised enucleated donor egg (PB1T) or the
PB2 to a half enucleated zygote (PB2T) (Figure 3). Thus, the first strategy is strictly preventive, while
the second is not.

Figure 3. (A) first polar body transfer; (B) second polar body transfer.

Wang et al. compared PB1T with MST and PB2T with PNT [31]. With regard to the developmental
outcomes, they found that the rate of embryos developing to the blastocyst stage was the same for PB1T
and MST (87.5% and 85.7%, respectively), while PB2T was less efficient than PNT (55.5% and 81.3%,
respectively). The number of live births was also similar to those they obtained for unmanipulated
embryos (control). Regarding donor mtDNA carryovers in the F1 and F2 offspring, they found that
mtDNA carryover with PNT was much higher than with PB1T, MST and PB2T, which achieved low or
undetectable mtDNA carryover. This could be due to the mtDNA amplification around pronuclei that
occurs in zygotic activation [31], or to the inexperience of Wang et al. with this technique [40].
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2.2. Mitochondrial Gene Editing

2.2.1. CRISPR/Cas9

CRISPR/Cas9 was identified by Mojica as a natural system that provides bacteria with an adaptive
response against viruses [41]. In 2012, Doudna and Charpentier published a study in which they
detailed how this system could be used to perform programmed gene editing in different cell types [42].
The method consists in using a custom single guide RNA (sgRNA) fragment that has a dual function.
On one hand, it acts as a guide to find the piece of DNA to be modified and binds to it. On the other,
it recruits the enzyme Cas9, whose function is to cut the DNA. This enables the desired pieces of
DNA to be cut, allowing the modification or removal of specific sequences. Unlike other gene editing
methods, CRISPR-Cas9 is cheap, easy to use and very efficient, with the result that its use has become
widespread in laboratories throughout the world within a very short period of time.

We are only beginning to glimpse the enormous possibilities offered by this new biotechnology
tool, which as well as a multitude of applications in the medical field, has environmental, agricultural
and livestock applications [43]. The healthcare applications arouse most interest due to their direct
impact on people’s lives, and at the same time the most controversy, mainly in relation to germline
genetic modification (gametes and embryos).

Although there is considerable reluctance among the scientific community in the use of this
technique in the germ line [44,45], studies using non-viable embryos have already been carried
out [46,47]. These studies show that the technique worked with a low efficiency of on-target gene
modification and that it generated off-target mutations and mosaicism in the embryos.

CRISPR/Cas9 has already been successfully employed to produce mitochondrial sequence-specific
cleavage, as a proof of concept of the potential of this technique to target specific mitochondrial
genes [48]. In the same work, researchers engineered a new version of the enzyme Cas9, mitoCas9,
whose localization is restricted to mitochondria matrix. This is highly relevant, since it would reduce
the risk of off-target mutations in the embryos and prospective children.

2.2.2. TALENs

TALENs are engineered nucleases composed of a transcription activator-like effector
DNA-binding domain from Xanthomonas fused to a FokI nuclease domain [49]. When the action of
the TALENs is directed specifically at the mtDNA, they are called mito-TALENs [33], which can be
used to cleave the mutated mtDNA. In this respect, TALENs has already been used to selectively
eliminate defective mtDNA in both unfertilised mouse eggs and in murine embryos; moreover, these
genetically modified mice also gave birth to two successive generations of healthy mice [50]. When
an mRNA encoding mito-TALENs was injected in an oocyte from a heteroplasmic mouse model
carrying two different mtDNA haplotypes (NZB and BALB), mtDNA heteroplasmy shift was achieved.
Furthermore, mito-TALENs successfully targeted and reduced the levels of human mtDNA mutation
when injected in human patient cells fused to mouse oocytes.

3. Bioethical Issues

Techniques involving mitochondrial transfer raise a series of bioethical issues. Firstly, a significant
increase in the number of egg donors would be required to conduct the necessary research and for its
clinical application. It has been proposed that in order to manage this increase, a regulation would
have to be implemented that would guarantee the donor’s well-being, through proper recruitment and
support and a limitation on the number of donations per donor that protects them against the negative
effects of repeated ovarian hyperstimulation [14]. In this regard, Baylis argues that there is a risk of
coercion and exploitation in disadvantaged women [51]. Although we consider this as something to
be taken very much into account, it does not constitute an ethical problem intrinsic to mitochondrial
replacement techniques, but rather a consequence dependent on the human individuals involved,
which must be strictly regulated.
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We believe that the ethical issues really intrinsic to the clinical use of these techniques stems
mainly from the fact that they involve a genetic modification of the germline, and that children born
following their use would have a genetic link to three people: their parents and the donor. We must
also consider the fact that it is currently planned to extend the application of these techniques to the
field of infertility treatment. Thus, what it was first proposed as an exceptional application in the case
of mitochondrial diseases, once it has gained acceptance, the intention would be to extend it to other
fields, giving weight to the “slippery slope” argument used by those opposed to these techniques: that
once the door has been opened to germline genetic modification, it is merely a matter of time until its
use is extended to various applications [52].

3.1. Germline Genetic Modification

Genetic modification of the germline occurs when foreign DNA is introduced into the gametes or
early embryo, which will pass to any children and, therefore, future generations. While somatic gene
modification is generally accepted, since it does not alter the genome overall and is not transmissible to
offspring, germline gene modification is more controversial. In this case, the risks of the genetic
modification are very difficult to predict, exacerbated by the fact that the modification will be
transmitted to the offspring. Furthermore, persons born following the application of these techniques
cannot give their informed consent, and germline genetic manipulation could be used for human
enhancement instead of therapeutic purposes.

Nevertheless, there is no general consensus among investigators as regards including these
techniques in the field of germline gene modification [53]. The main argument against this inclusion
is that the nucleus remains intact, and that no genome is modified, but whole mitochondria are
replaced [14]. It is the donor mtDNA that, in different proportions according to the technique, will
appear in the individual and in subsequent generations. Therefore, in principle, current ethical
restrictions for modification of nDNA would not apply. However, the fact is that it is the nuclear
genome that is transferred and replaced, so some authors have claimed that the term “mitochondrial
replacement” or “mitochondrial transfer” is used to intentionally misguide the public debate [54–56].
Intentionally or not, the truth is that these terms do not faithfully reflect what is carried out in these
techniques, not only because it is the nDNA that is actually transferred, but also because that nucleus
is introduced into an egg or zygote which, as well as other mitochondria, has many other cytoplasmic
factors of which very little is currently known, apart from the fact that they are critical for early
embryonic development [57].

Another argument is that mtDNA in humans contains only 37 genes, approximately 0.1% of the
genome [14]. However, oocytes can contain around 200,000 copies of the mitochondrial genome, which
is 50% of the total amount of DNA [58]. In addition, if the number of genes are taken into account,
more are modified with these techniques, since in the therapy directed to the nucleus a single gene or
a few are modified, surely less than 37. In addition, the Y chromosome contains only 86 genes, but its
modification would be considered ethically relevant, which leads to think that what is important is
the function of these genes [14], which, in the case of mitochondrial DNA, is not known in depth, as
explained later.

Finally, mtDNA does not follow Mendelian inheritance, but is transmitted exclusively via
maternal means, the reason why the males would not transmit the modification. For this reason
and for the aforementioned, Newson and Wrigley propose the term “conditionally inheritable genomic
modification” (CIGM) to classify these techniques [53].

In our view, establishing this new category is not correct insofar as it seeks a conceptual
dissociation from germline gene modification, which, in our opinion, is any genetic modification
that, being carried out in gametes or embryos, will affect all the cells of the resultant organism, which
is fulfilled in the case at hand. The method, inheritance mechanism, and type and degree of change
are only associated factors that do not affect this definition. Likewise, the fact that it is transmitted to
later generations is only a consequence that until now was fulfilled in all cases. In the same way, the
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Nuffield Council on Bioethics states that it will “refer to the techniques [ . . . ] as ‘germline therapies’
because they introduce a change that is incorporated into the (mitochondrial) genes of the resulting
people, and so will be incorporated into the germline that they will go on to develop [14].

However, the really important question is whether the modification of mtDNA can be considered
an event of sufficient genetic importance. Certainly, there is an objection to the establishment of a
strict dichotomy between nDNA and mtDNA. The view that mitochondria are responsible only for the
production of cellular energy, so that its modification would not pose the same ethical disadvantages
as the modification of the nDNA, which could alter essential characteristics of the individual [59],
is challenged by evidence that suggests that mtDNA may have a relevant effect on the phenotype,
influencing our personal identity. This is due to the close interconnection between nDNA and mtDNA,
which has become highly specific over evolutionary time [60].

Thus, one study reported the involvement of mtDNA in cognitive functioning in mice [61],
while another detected associations between the mtDNA variant and susceptibility to alcoholism [62].
Another study showed that mice bred so that their nDNA and mtDNA came from different strains
tended to age with better health than mice whose nDNA and mtDNA corresponded ancestrally [63].
This study suggest that the mtDNA variant in the individual has a great effect on its interaction
with the nDNA, which, in turn, affects the synthesis, functionality and half-life of the mitochondrial
proteins, oxidative stress, insulin signalling, obesity and the parameters of aging, including telomere
shortening and mitochondrial dysfunction, resulting in profound differences in longevity. In other
studies with both vertebrate and invertebrate models, these novel combinations have led to negative
health effects [60]. In mice, altered respiration and growth in hybrid cell lines [64], reduced male
exercise ability and growth [65] and reduced learning and explorative behavior in males [61] have
been reported. In fruit flies, the negative health outcomes of mitochondrial replacement include
altered male nuclear gene expression [66], altered male aging [67,68], altered female aging [69,70],
male infertility [66,71], altered male fertility [72], altered male and female juvenile viability [73] and
impaired mitochondrial function [74]. In seed beetles, different studies show altered egg-to-adult
development time [75], altered metabolic rates [76], altered male fertility [77] and altered survival
in females [78]. Lastly, reduced juvenile viability and reduced mitochondrial function and ATP
production has been reported in copepods [79]. Therefore, novel combinations of nDNA and mtDNA
occurring in MRT may be mismatched, that is, may not be fully compatible, which can lead to health
complications. In our opinion, each specific case should be examined, weighing the possible positive
and negative consequences of the application and/or omission of treatment. Thus, the severity of the
disease, the probability of transmitting it and the risks derived from the technique must be considered.
It is therefore essential to have as much information as possible about the symptoms of the disease,
mechanism of transmission of the mtDNA to offspring and the interaction between the mtDNA and
nDNA to determine—in addition to the safety problems that could arise with mismatch of these two
genomes—if the mtDNA replacement would have any effect on our identity and, if so, to what extent.
Thus, further research is necessary in order to minimize risk to children that would be born after the
application of these techniques.

The report of the IOM points out that before clinical studies are started, preclinical research
must be conducted, not only on animals but also on human gametes and embryos, since it “might be
necessary to learn about and optimize the physical manipulations of oocytes and embryos required
for MRT, establish optimal timing for applying the techniques in gamete provider and intended
mother gametes, and provide a better understanding of the appropriate application of reagents to
achieve desired effects” [32]. The last report to the Human Fertilisation and Embryology Authority
(HFEA) carried out by an independent expert panel to undertake a review of mitochondrial donation
techniques indicates some research areas of interest, such as whole genome sequencing approaches to
investigating mitochondrial disease genetics, studies in ES cells to investigate mtDNA bottlenecks and
the effects of specific variants on mtDNA dynamics in combination with specific nuclear alleles, or to
study methods to reduce mitochondrial carryover when performing the techniques [22]. With regard
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to PBT, which is technically less developed, the panel recommends studies “carried out using normal
human oocytes subjected to PBT and the embryos and embryonic stem (ES) cell lines derived from
them, to explore whether they develop normally and have minimal carryover of mtDNA [ . . . ] and an
examination of methods to prevent premature activation of oocytes or detect abnormally fertilised
oocytes” [40].

In addition, we must examine whether there are other possibilities that are either free from, or
have less severe negative effects, in both the medical and moral plane. In this respect, it is important
to consider that MST and PB1T act on the egg, while PNT and PB2T require the destruction of one
embryo for each embryo produced, which is a considerable and unacceptable ethical difficulty for many.
The report of the IOM to the FDA states that “In addition to manipulation, MRT would involve the
creation and possible destruction of embryos, both in the research phase and in clinical use. The ethical,
social, and policy concerns surrounding the creation and destruction of embryos are long-standing
[ . . . ]. The manipulation, creation, and destruction of embryos are opposed by a range of groups, and
federal funding for research involving these processes is severely restricted [ . . . ]. Religious, ethical,
social, and policy issues are associated with the creation, manipulation, and destruction of human
embryos.” ([32], pp. 102–106).

Taking this into account and given that the terms of safety and efficacy available data do not
indicate whether one technique is preferable to the other [22], we think that, on ethical grounds, there
is a strong reason to prefer MST and PB1T over PNT and PB2T. In fact, the couple who had the first
child born of these techniques [39] chose MST for this reason, since they are Muslims [80].

3.2. Application of Mitochondrial Transfer in Cases of Infertility

The factors contained in the cytoplasm of the oocyte are crucial for embryonic development,
such that they may be involved in certain fertility problems [57]. Specifically, it has been found that
mitochondrial dysfunction is related with various fertility problems [81]. Hence, almost 20 years ago,
a technique was developed to make it possible for women who had poor embryonic development and
repeated failures of the embryos implantation to have children: so-called ooplasmic transfer [82].

Although the exact mechanism by which this technique contributes to the correct development of
the pregnancy is unknown, it is thought that it acts by “rejuvenating” the eggs of infertile women, as it
provides better quality cytoplasmic factors, such as mtDNA, mRNA, proteins and other molecules [83].
In 1997, the first baby resulting from this technique was born [84], and by 2001, around 30 had been
born [14]. However, some security issues appeared. Two foetuses conceived after the application
of the technique were affected by Turner’s syndrome and were aborted, one spontaneously and the
other induced [85], and a born child was diagnosed with pervasive developmental disorder (PDD) at
18 months [86].

After the publication of these cases, in 2001, the United States Food and Drug Administration
banned the practice of this technique. However, it is offered in other countries, such as India, Turkish
Republic of Northern Cyprus, Ukraine, Armenia, Georgia, Israel, Turkey, Thailand, Singapore,
Germany and Austria [14].

The advent of the new mitochondrial replacement techniques has led to renewed interest in this
approach to infertility, giving rise to a lively debate in the scientific community [87].

In relation to this, the company Ovascience (Waltham, MA, United States) offers its Augment
treatment, which is designed to improve a patient’s egg health, when it is compromised due to poor
egg quality, age or other reasons. In this treatment, mitochondria from a patient’s own immature
egg cells are obtained from an ovarian tissue sample and added to the patient’s mature eggs along
with sperm during in vitro fertilisation (IVF). In 2013, the first child resulting from this technique was
born [88].

Another possibility is to use donor mitochondria, as in the mitochondrial transfer techniques.
Two Ukrainian women with fertility problems but with healthy mitochondria have already become
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pregnant using this method [89]. Similarly, Zhang et al. used PNT to achieve a pregnancy in a woman
who had had two failed IVF cycles, achieving a triplet pregnancy, none of which reached full term [38].

One central question to be resolved is whether mitochondrial replacement really improves the
health of the egg, thus improving fertility. As regards Augment, no animal studies with a control
group have been done to determine the efficacy of this technique in improving fertility, or its safety for
offspring [87]. With respect to mitochondrial transfer, Cohen, one of the doctors who participated in
the development of ooplasmic transfer points out that this cannot be emphatically affirmed. Since only
a small number of women participated in his studies, there was no control group and the ooplasm
contains many other factors in addition to the mitochondria, which could explain the successful
cases [87]. In fact, in the UK, the use of mitochondrial replacement techniques has been approved in
cases of mitochondrial disease only and not to treat infertility.

When the ethical and safety problems of these techniques have not yet been resolved, they
continue to take steps forward in its clinical application [90], strengthening the slippery slope argument.
The fear is that boundaries for use of these techniques would continue to be eroded. Françoise Baylis
states: “It provides scientists with ‘a quiet way station’ in which to refine the micromanipulations
techniques essential for other human germline interventions (including nDNA germline modification)
and human cloning” ([56], p. 12). Thus, research in this field approaches us to the possible modification
of the nDNA in the germinal line not only conceptually, but also technically, which could eventually
culminate in the production of “designer babies”. In an earlier paper, the author suggests that these
techniques may be used for creating genetic ties in lesbian couples [51].

This is related with a second central question, which is whether the two objectives of reproductive
medicine involving germline genome editing, i.e., infertility treatment and disease prevention, are
ethically the same [91]. We think that the reasons why the use of these techniques is generally wanted
to be limited, for the time being, for disease prevention [23], are not ethical in nature, but have more to
do with safety concerns. Limiting its application to these concrete cases implies that if things go wrong,
the number of affected individuals will be much lower than if their use had also extended to cases of
infertility, which are much more common. However, if the safety of these techniques is proven, there
is no doubt that their use will be generalized to other fields, as this is already happening nowadays.
Certainly, if their safety and efficacy were proven, it would be difficult to deny treatment to some and
to allow it to others on ethical grounds, since in both cases it is not a matter of curing a patient but of
producing a new individual.

3.3. Donor-Recipient Relationship

In terms of the donor–recipient relationship, as mitochondria have their own DNA, their donations
have implications not seen in organ or tissue donation, since any children conceived will have a genetic
link with three people: their parents and the donor. Today, only a few children have been born
following ooplasmic transfer, a technique which consists of adding ooplasm (with its mitochondria)
from a young healthy donor to the eggs of a woman with fertility problems. There is no evidence
that these people have attempted to establish any type of relationship with their donors or vice versa.
However, given the small number of cases, these data do not have great importance [14].

Thus, only assumptions can be made about the consequences that being genetically related to three
people will have for the child. In 2014, BBC News introduced a girl, named Alana Saarinen, who was
born from ooplasmic transfer, and stated that she would not consider the donor of her mitochondria
a third parent [92]. In fact, taking into account the minimal proportion of DNA contributed by the
mitochondria (0.1%), it does not seem reasonable to consider the donor as a third progenitor (or a
second mother). Therefore, this term does not seem correct for referring to the donor. Moreover,
calling the donor “mother” could be harmful for the child, since it could affect the development of
their personal identity and their perception of the parental unit.

As regards the child’s possible interest in contacting the donor or vice versa, this is something
that could happen, as occurs in other cases of organ, tissue or gamete donation. Thus, mitochondrial
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donation techniques must be legally regulated so that matters of confidentiality and possible contact
with the donors are guaranteed.

One potential way of avoiding this problem is to apply the new gene editing techniques (CRISPR
and TALENs) to the mitochondria, in the unfertilised egg (which would be a preventive approach) or
in the already created embryo (which would be a curative approach). This would involve correcting
the mitochondrial mutation by eliminating the mutant gene and replacing it with the correct one.
In this case, the contribution of a donor would not be necessary, so the child would have only its
parent’s DNA. Nevertheless, it still remains germline editing.

4. Conclusions

It is important to consider that not all the techniques used or proposed in the prevention of
mitochondrial disease have the same ethical implications. Thus, within the mitochondrial replacement
techniques, MST and PB1T act on the female gamete, while PNT and PB2T entail the destruction of
one embryo for every healthy embryo produced, so from an ethical point of view, we consider that the
first two are more advisable. This consideration is also effective in the case of the use of mitochondrial
replacement to resolve fertility issues. Apart from these differences, the safety evidence up to now is
far from reassuring in all cases.

Moreover, gene editing techniques do not require the intervention of a donor with healthy
mitochondria, which avoids the problem of the genetic link of the individual with three persons, and
with the legal and ethical problems that this entails.

From our perspective, studies must be conducted in animal models on mitochondria–nucleus
communication, transmission of mtDNA to the offspring—especially as regards the variable
transmission of heteroplasmy due to the bottleneck effect—and symptoms of mitochondrial diseases,
before we can successfully undertake these techniques. Since animal studies have limitations in
predicting outcomes in humans, subsequent research in humans would be necessary.

It therefore does not seem prudent to continue moving forward in the application of mitochondrial
replacement techniques in humans, nor for infertility treatment nor for disease prevention, when there
is still so much to discover about the biology of mtDNA, more so when the intention is not to treat sick
people, but to produce new individuals in vitro. We therefore propose a moratorium on their use in
humans until we have gained an in depth understanding of the biological mechanisms involved.
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Abstract: Treatment for mitochondrial dysfunction is typically guided by expert opinion with a
paucity of empirical evidence of the effect of treatment on mitochondrial activity. We examined citrate
synthase and Complex I and IV activities using a validated buccal swab method in 127 children
with autism spectrum disorder with and without mitochondrial disease, a portion of which were on
common mitochondrial supplements. Mixed-model linear regression determined whether specific
supplements altered the absolute mitochondrial activity as well as the relationship between the
activities of mitochondrial components. Complex I activity was increased by fatty acid and folate
supplementation, but folate only effected those with mitochondrial disease. Citrate synthase activity
was increased by antioxidant supplementation but only for the mitochondrial disease subgroup. The
relationship between Complex I and IV was modulated by folate while the relationship between
Complex I and Citrate Synthase was modulated by both folate and B12. This study provides
empirical support for common mitochondrial treatments and demonstrates that the relationship
between activities of mitochondrial components might be a marker to follow in addition to absolute
activities. Measurements of mitochondrial activity that can be practically repeated over time may be
very useful to monitor the biochemical effects of treatments.

Keywords: antioxidants; autism spectrum disorder; B12; Complex I; Complex IV; electron transport
chain; fatty acids; folate; mitochondrial disease; mitochondrial dysfunction

1. Introduction

Primary mitochondrial disease, as well as secondary mitochondrial dysfunction, is becoming
increasingly recognized [1]. Indeed, the contribution of the mitochondria to many diverse, common
disorders such as diabetes, obesity, cancer and heart, neurologic and psychiatric disease is significant.
What is less well known is the optimal treatment for mitochondrial disease and dysfunction. Several
expert opinion papers provide insight into the recognized management of patients with mitochondrial
disease. However, such expert opinion is based on a paucity of clinical evidence [2,3]. Although new
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novel therapies have undergone increasing investigation recently, most of the published information
remains in the preclinical stage, isolated to evidence from model organisms [4]. Although clinical trials
have been conducted, the rarity of certain mitochondrial diseases; small subject numbers; heterogeneity
in symptoms; severity of specific mitochondrial diseases; short treatment and follow-up periods;
variability in outcomes measures; and the use of measures that are not specifically designed to measure
mitochondrial outcomes, are all factors which probably contribute to the lack of positive findings in
clinical trials [5,6]. Thus, there has been a recent call to develop new biomarkers of mitochondrial
function that can be used in future well-designed clinical trials [7].

Biochemical measurements of mitochondrial function can be variable or difficult to obtain.
For example, laboratory measures are commonly very sensitive to collection techniques and laboratory
processing, resulting in significant variability. Magnetic resonance spectroscopy is a promising
technique to non-invasively measure energy metabolism in muscle and brain tissues, but is limited
to centers with specialized equipment. In addition, to date, none of these markers have been found
to be systematically altered in high-quality clinical trials [7]. Direct measurement of mitochondrial
function by enzymology typically requires biopsies that are somewhat invasive, limiting their ability
to be repeated to follow the disease status. In 2012, Goldenthal et al. developed and validated
the non-invasive buccal swab technique, demonstrating the correspondence between enzymology
measurements in buccal tissue and muscle biopsy in individuals with mitochondrial disease [8].
The buccal swab technique has been used to measure mitochondrial function in individuals with
mitochondrial disease [8–10], specific genetic syndromes [10,11] and Autism Spectrum Disorder
(ASD) [12,13].

ASD is a behaviorally defined disorder which now affects ~2% of children [14]. Recent studies
suggest that ASD is linked to mitochondrial dysfunction [13,15,16], although the exact nature of
mitochondrial abnormalities in ASD appears to be complicated. For example, classic mitochondrial
disease is found in 5% of children with ASD [16], yet up to 50% of children with ASD may have
biomarkers of mitochondrial dysfunction [16,17] and a higher rate of abnormal electron transport
chain (ETC) activity is found in immune cells [18,19] and post-mortem brain tissue [20]. Perhaps more
unique is the fact that ETC activity in muscle [21,22], skin [23], buccal cells [11–13] and the brain [20]
has been documented to be significantly increased, rather than decreased, in individuals with ASD,
consistent with in vitro data showing elevated mitochondrial respiration in cell lines derived from
children with ASD [24,25]. More recently, mitochondrial respiration in cell lines has been shown to
be related to the stereotyped behaviors and restricted interests subscale on the Autism Diagnostic
Observation Scale (ADOS) with elevated respiratory rates corresponding to worse behavior [26].

Individuals with ASD are a particularly important group of patients that would benefit from a
biomarker of mitochondrial dysfunction as well as a marker of the effect of treatments on mitochondrial
function. First, the great majority of children with ASD do not have genetic mutations to explain their
mitochondrial dysfunction [16], making diagnosis complicated. Second, many children with ASD
are treated with supplements that potentially target the mitochondrial but it is unclear whether such
treatments influence mitochondrial function [27]. Understanding which treatments would be most
helpful and effective for children with ASD, especially on an individual basis, would be tremendously
helpful for guiding treatment in a personalized medicine fashion.

In this study, we aimed to ask whether the functional effect of common treatments that target
the mitochondria can be measured with a non-invasive buccal swab technique and what are the
measures that might be sensitive to the effect of treatment. To this end, we measured the activity of
ETC Complex I and IV as well as Citrate Synthase. We not only examined the absolute level of activity
of mitochondrial components, but also the relationship between the components, to better understand
whether treatments not only modulated the activity level but how the mitochondrial components
work together. To this end, we utilized the data from our study of the natural history of mitochondrial
function in children with ASD to examine the mitochondrial function on individuals taking and
abstaining from common treatments that affect the mitochondrial. Since specific supplements were not
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systematically manipulated, it is not possible to equate the findings from this study to a clinical trial of
specific supplements. Rather, this study is designed to answer the question of whether the technique
and measurements used in the study show promise for future research.

2. Material and Methods

The study was approved by the Institutional Review Board at the University of Arkansas for
Medical Sciences (Little Rock, AR, USA) under two protocols (#137162 originally approved on August
7th 2012 and #136272 originally approved on May 25th 2012). Parents of participants provided written
informed consent.

2.1. Participants

2.1.1. Autism Spectrum Disorder

Individuals with ASD who met the inclusion and exclusion criteria had mitochondrial function
measured up to four times using the buccal swab technique described below. Inclusion criteria
included: (i) age 3 to 14 years of age and (ii) ASD diagnosis. Exclusion criteria included prematurity.

The ASD diagnosis was defined by one of the following: (i) a gold-standard diagnostic instrument
such as the ADOS and/or Autism Diagnostic Interview-Revised; (ii) the state of Arkansas diagnostic
standard, defined as the agreement of a physician, psychologist and speech therapist; and/or
(iii) Diagnostic Statistical Manual (DSM) diagnosis by a physician along with standardized validated
questionnaires and diagnosis confirmation by the Principal Investigator.

2.1.2. Mitochondrial Disease

Individuals included in this study were screened for mitochondrial disease through a standard
clinical protocol [23,28]. Mitochondrial disease was diagnosed in a portion of the individuals using
a combination of biochemical, enzymology and genetic testing. In general, the modified Walkers
criterion was used to diagnose mitochondrial disease, although in some cases with clear repeated
biochemical abnormalities with clinical symptomatology that lacked an identifiable genetic component,
the Morava criterion was used [15].

2.1.3. Historical Healthy Controls

Controls of similar age and gender included 68 healthy individuals without neurological disease
as described in previous studies [12]. Controls ranged in age from 3 to 21 years of age [mean (Standard
Deviation (SD)) 10.1 years (4.6 years)] with 33 (49%) being female. In a previous report, it was found
that there was no correlation between enzyme activities and age and no difference in protein activities
across ethnicity or race in both controls and mitochondrial disease patients [8].

2.2. Measures of Mitochondrial Function

The buccal cells were collected using Catch-All Buccal Collection Swabs (Epicentre Biotechnologies,
Madison, WI, USA). Four swabs were collected by firmly pressing a swab against the inner cheek
while twirling for 30 s. Swabs were clipped and placed in 1.5 mL microcentrifuge tubes that were
labeled and placed on dry ice for overnight transportation to the Goldenthal laboratory.

Buccal extracts were prepared using an ice-cold buffered solution (Buffer A, ABCAM, Cambridge,
MA, USA) containing protease inhibitor cocktail and membrane solubilizing non-ionic detergent and
cleared of insoluble cellular material by high speed centrifugation at 4 ◦C. Duplicate aliquots of the
protein extract were analyzed for protein concentration using the bicinchoninic acid method (Pierce
Biotechnology, Rockford, IL, USA). Samples were typically stored at −80 ◦C for up to 1 week prior to
enzymatic analysis.

Dipstick immunocapture assays measured ETC Complex I activity using 50 μg extracted
protein [8–10]. Signals were quantified using a Hamamatsu immunochromato MS 1000 Dipstick
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reader (ABCAM, Cambridge, MA, USA). Raw mABS (milliAbsorbance) results were corrected for
protein concentration and data were expressed as percentages of the values obtained with control
extracts run on the same assay. ETC Complex IV and Citrate Synthase (CS) activity was assessed using
standard spectrophotometric procedures in 0.5 mL reaction volume. Specific activities of respiratory
complexes and citrate synthase were initially expressed as nanomoles/min/mg protein. This activity
was then normalized to control values so that the final value represented a z-score. This allowed for
the direct comparison of activities across complexes and citrate synthase.

2.3. Statistical Analysis

Analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA). Graphs were
produced using Excel version 14.0 (Microsoft Corp, Redmond, WA, USA). Normal control values for
mitochondrial function were based upon the established controls from the Goldenthal laboratory [12].
A mixed-model linear regression was used to account for both within-subject variation from repeated
measurements on the same individual as well as between-subject variation such as mitochondrial
disease subgroup. The module “glimmix” in SAS was used with an p ≤ 0.05.

A series of analyses first examined the effect of specific supplements on overall normalized
mitochondrial activities including an interaction the with mitochondrial disease subgroup
(mitochondrial disease vs no mitochondrial disease). Main effects and interactions in the model
are F-distributed so they were evaluated using a F-test. If the interaction was significant, post-hoc
orthogonal contrasts were used to determine whether the effect of the supplement was specific to
one subgroup. Post-hoc orthogonal contrasts are t-distributed and thus were evaluated using a
t-distribution. The supplements that were found to have a significant effect were then entered into
a stepwise backward mixed-model regression (with mitochondrial disease subgroup interaction if
significant in individuals regressions) with a criteria of p ≤ 0.05 to keep in the model. Essentially,
at each step, the variable with the highest p-value was eliminated and the model was recalculated until
all of the variables in the model were significant at the p ≤ 0.05 level. Of course, variables that were
dependents of an interaction were kept in the model irrespective of their significance.

Similarly, a series of analyses examined the effect of specific supplements on the relationship
between the normalized mitochondrial component activities, including an interaction with the
mitochondrial disease subgroup. If the interaction was significant, post-hoc orthogonal contrasts were
used to determine whether the effect of the supplement on the relationship between the mitochondrial
components (i.e., the slope of the regression) was specific to one subgroup. The supplements that were
found to be significant were then entered into a stepwise backward mixed-model regression (with
mitochondrial disease subgroup interaction if significant in the single supplement models). As before,
at each step, the variable with the highest p-value was eliminated and the model was recalculated until
all of the variables in the model were significant at the p ≤ 0.05 level. Variables that were dependents
of an interaction were kept in the model irrespective of their significance.

3. Results

3.1. Participants

A total of 127 individuals with ASD who met the inclusion and exclusion criteria had
mitochondrial function measured. Of the 127 participants, 38 had mitochondrial function measured
twice, seven had mitochondrial function measured three times and one participant had mitochondrial
function measured four times. The mean age at the first mitochondrial function measurement was
8.3 years (SD = 4.0 years) with 77% being male. Age and gender were entered into the regressions
initially but were found not to be significant so they were not included in the subsequent analyses.
A total of 15% of the sample was clinically diagnosed with mitochondrial disease. Mitochondrial
disease was found to be a significant factor in the regression analyses so it was included in most
analyses. The only exceptions were for the analysis of multivitamin (MVI) and herbal supplements
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where there were too few individuals with mitochondrial disease taking these supplements for a valid
analysis of this effect by subgroup.

3.2. Supplements

Participants were not on any supplements for 118 measurements. Of those measurements,
26 participants were naïve to supplements, whereas for 92 measurements, supplements were held for an
average of 21.3 days (SD 15.4 days; Range 1–61 days) before the measurements. For 55 measurements,
supplements were given as scheduled. The specific supplements taken by the participants are outlined
in Table 1. The factors of (a) time since taking the supplement when supplements were held, and
(b) naivety to supplementation, were entered into the regressions initially but were found not to be
significant so they were not included in the subsequent analyses.

Table 1. Supplements taken by participants.

Supplement % Taking Regularly
% Taking During

Mitochondrial Testing
% Holding During

Mitochondrial Testing

Amino Acids 23% 4% 19%
B12 38% 13% 25%

B Vitamins 36% 10% 26%
Carnitine 42% 13% 29%

Coenzyme Q10 36% 9% 27%
Fatty Acids 45% 16% 29%

Folate 54% 16% 38%
Herbal 17% 6% 11%

Multivitamin 26% 12% 14%
Antioxidants 46% 14% 32%

Other Vitamins 49% 14% 35%

3.3. Supplement Effect on Mitochondrial Complexes and Citrate Synthase Activity

3.3.1. Normalized Complex I Activity

Carnitine, antioxidant and other vitamin supplementation were associated with significantly
higher Complex I activity [F(1.44) = 7.58, p < 0.01, F(1.44) = 6.54, p = 0.01, F(1.44) = 6.70, p = 0.01,
respectively] (See Table 2).

Table 2. Means (Standard Error) of Normalized Complex I activity on and off supplements.

Supplement Off Supplement On Supplement

Carnitine −0.1 (0.28) 1.4 (0.46)
Antioxidants 0.1 (0.26) 1.5 (0.50)

Other Vitamins 0.1 (0.27) 1.4 (0.45)

Fatty acids and folate supplementation influenced Complex I activity with this influence different
for the mitochondrial disease subgroup (See Table 3). Fatty acid supplementation significantly
increased Complex I activity overall [F(1.44) = 16.86, p < 0.0005] but also interacted with mitochondrial
disease subgroup [F(1.44) = 4.53, p < 0.05]. This interaction resulted from this increase being more
marked for the mitochondrial disease subgroup when the subgroups were analyzed separately despite
the fact that both the no mitochondrial disease [t(44) = 2.05, p < 0.05] and the mitochondrial disease
[t(44) = 3.56, p < 0.001] subgroups demonstrated a significant effect of supplementation. Folate
supplementation significantly increased Complex I activity overall [F(1.44) = 11.15, p < 0.005] but there
was an interaction with mitochondrial disease subgroup [F(1.44) = 5.61, p < 0.05]. This interaction
resulted from folate only significantly influencing Complex I activity in the mitochondrial disease
group [t(44) = 3.28, p < 0.005] when the subgroups were analyzed separately.
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Table 3. Means (Standard Error) of Normalized Complex I activity on and off supplements by
Mitochondrial Disease group. Supplements that are confirmed to be significant in the stepwise
regression are bolded and italicized.

Supplement
No Mitochondrial Disease Mitochondrial Disease

Off Supplement On Supplement Off Supplement On Supplement

Fatty Acids 0.1 (0.20) 1.2 (0.48) −0.3 (0.47) 3.1 (0.84)
Folate 0.2 (0.21) 0.7 (0.5) −0.3 (0.49) 2.7 (0.79)

Complex I was not significantly influenced by amino acid, B12, MVI, B vitamins, Coenzyme Q10
(CoQ10), or herbal supplementation.

To determine which supplements were driving the effect on Complex I activity, the supplements
that demonstrated a significant effect on Complex I activity were entered into a stepwise backwards
regression. The regression demonstrated that fatty acids supplementation significantly increased
Complex I activity [F(1.43) = 6.39, p < 0.05] without an interaction between subgroups and that the
effect of folate on Complex I activity was influenced by the subgroup [F(1.43) = 5.94, p < 0.05] since the
effect of folate was isolated to the mitochondrial disease group [t(43) = 2.42, p < 0.05].

3.3.2. Normalized Citrate Synthase Activity

Fatty acids, folate and antioxidant supplementation influenced Citrate Synthase activity with
this influence being different for the mitochondrial disease subgroup (See Table 4). Fatty acid
supplementation significantly increased Citrate Synthase activity [F(1.44) = 9.58, p < 0.005] but also
interacted with the mitochondrial disease subgroup [F(1.44) = 4.69, p < 0.05]. This interaction resulted
from fatty acids significantly influencing Citrate Synthase activity only in the mitochondrial disease
group [t(44) = 3,02, p < 0.005] when the subgroups were analyzed separately. Folate supplementation
significantly increased Citrate Synthase activity [F(1.44) = 7.00, p = 0.01] but also interacted with
the mitochondrial disease subgroup [F(1.44) = 7.56, p < 0.01]. This interaction resulted from folate
significantly influencing Citrate Synthase activity only in the mitochondrial disease group [t(44) = 3.13,
p < 0.005] when the subgroups were analyzed separately. Antioxidant supplementation significantly
increased Citrate Synthase activity [F(1.44) = 7.37, p < 0.01] but also interacted with the mitochondrial
disease subgroup [F(1.44) = 8.30, p < 0.01]. This interaction resulted from antioxidants significantly
influencing Citrate Synthase activity only in the mitochondrial disease group [t(44) = 3.22, p = 0.01]
when the subgroups were analyzed separately.

Table 4. Means (Standard Error) of Normalized Citrate Synthase activity on and off supplements
by Mitochondrial Disease group. Supplements that are confirmed to be significant in the stepwise
regression are bolded and italicized.

Supplement
No Mitochondrial Disease Mitochondrial Disease

Off Supplement On Supplement Off Supplement On Supplement

Fatty Acids 0.8 (0.17) 1.2 (0.40) 0.3 (0.40) 2.6 (0.70)
Folate 0.9 (0.18) 0.8 (0.40) 0.2 (0.42) 2.4 (0.66)

Antioxidants 0.9 (0.17) 0.8 (0.42) 0.2 (0.41) 2.7 (0.71)

To determine which supplements were driving the effect on Complex I activity, the supplements
that demonstrated a significant effect on Citrate Synthase activity were entered into a stepwise
backwards elimination regression. The regression only selected antioxidant supplementation for
improvement in Citrate Synthase activity (results same as above).

Citrate Synthase was not significantly influenced by amino acid, B12, B vitamins, multivitamin,
CoQ10, carnitine, other vitamins or herbal supplementation.

70



J. Clin. Med. 2017, 6, 18

3.3.3. Normalized Complex IV Activity

Normalized Complex IV activity was not significantly influenced by amino acid, B12, B vitamins, CoQ10,
carnitine, other vitamins, herbal, fatty acids, folate, multivitamin or antioxidant supplementation.

3.4. Supplement Effect on Relationship between Mitochondrial Complexes and Citrate Synthase Activity

3.4.1. The Relationship between Normalized Complex I and Complex IV Activity

The relationship between Normalized Complex I and Complex IV activity was not influenced
by amino acids, multivitamin, B12, herbal, other vitamins or CoQ10. B vitamins, fatty acids, folate,
antioxidants and carnitine all influenced the relationship between Normalized Complex I and Complex
IV activity with this relationship influenced by whether or not the participant was in the mitochondrial
disease subgroup.

Most of the supplements predominantly influenced the mitochondrial disease subgroup.
B vitamins significantly influenced the relationship between complexes [F(1.40) = 5.88, p < 0.05]
with this effect interacting with the mitochondrial disease subgroup [F(1.40) = 7.45, p < 0.01] since
the effect was significant only in the mitochondrial disease subgroup [t(40) = 3.09, p < 0.005]. Fatty
acids significantly influenced the relationship between complexes [F(1.40) = 12.64, p = 0.001] with this
effect interacting with the mitochondrial disease subgroup [F(1.40) = 7.45, p < 0.01] since the effect
was significant only in the mitochondrial disease subgroup [t(40) = 3.17, p < 0.005]. Antioxidants
significantly influenced the relationship between complexes [F(1.40) = 14.34, p = 0.0005] with this effect
interacting with the mitochondrial disease subgroup [F(1.40) = 10.01, p < 0.005] because the effect was
only significant in the mitochondrial disease subgroup [t(40) = 3.83, p < 0.0005]. Carnitine significantly
influenced the relationship between complexes [F(1.40) = 7.64, p < 0.01] with this effect interacting with
the mitochondrial disease subgroup [F(1.40) = 4.49, p < 0.05] because the effect was only significant in
the mitochondrial disease subgroup [t(40) = 2.71, p < 0.01].

Folate influenced the relationship between Normalized Complex I and Complex IV activity
[F(1.40) = 18.13, p = 0.0001] with the effect of folate being influenced by the mitochondrial disease
subgroup [F(1.40) = 7.04, p = 0.01]. The effect of folate was more marked in the mitochondrial disease
subgroup [t(40) = 3.75, p < 0.001] than the non-mitochondrial disease subgroup [t(40) = 2.07, p < 0.05]
but folate did influence mitochondrial function for both those with and without mitochondrial disease.

To determine which supplements were driving the effect, the supplements that demonstrated
significant effects were entered into a stepwise backwards regression. The regression demonstrated
that folate supplementation significantly improved the relationship between Normalized Complex
I and Complex IV activity. Figure 1 depicts the effect of folate supplementation on the relationship
between Normalized Complex I and Complex IV activity. Those on folate supplementation had a
stronger relationship between Complex I and Complex IV activity as compared to individuals not on
folate supplementation. The regression coefficients suggest that each increase in Complex IV activity
results in a 2.4 times increase in Complex I activity if an individual was on folate supplementation
while this increase was only 0.9 times if an individual was not on folate supplementation.
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Figure 1. The relationship between Normalized Complex I and IV activity. Folate supplementation is
associated with a significantly greater slope in the relationship between complex activities.

3.4.2. The Relationship between Normalized Complex I and Citrate Synthase Activity

The relationship between Normalized Complex I and Citrate Synthase activity was not influenced
by amino acids, MVI, fatty acids, herbal, other vitamins or CoQ10. B vitamins, B12, folate, antioxidants
and carnitine all influenced the relationship between Normalized Complex I and Complex IV activity.

Some supplements predominately influenced the mitochondrial disease subgroup. The effect
of B vitamins on the relationship between mitochondrial components was significantly influenced
by the mitochondrial disease subgroup [F(1.40) = 5.44, p < 0.05] because the effect was isolated to the
mitochondrial disease subgroup [t(40) = 2.43, p < 0.05]. B12 significantly influenced the relationship
between mitochondrial components [F(1.40) = 4.27, p < 0.05] with this effect being influenced by the
mitochondrial disease subgroup [F(1.40) = 6.24, p = 0.01] because the effect was only significant for the
mitochondrial disease subgroup [t(40) = 2.53, p < 0.05].

Folate, antioxidants and carnitine appear to influence the relationship between Normalized
Complex I and Citrate Synthase activity without a difference in this effect across subgroups [F(1.40) =
21.36, p < 0.0001, F(1.40) = 7.09, p = 0.01 and F(1.40) = 4.74, p < 0.05, respectively].

To determine which supplementation was driving the effect, the supplements that demonstrated
significant effects were entered into a stepwise backwards elimination regression. The regression
demonstrated that folate and B12 supplementation significantly altered the relationship between
Normalized Complex I and Citrate Synthase activity [F(1.41) = 28.23, p < 0.0001 and F(1.41) = 8.35,
p < 0.005, respectively] without an interaction between subgroups. Figure 2 depicts these relationships.
Folate increased the slope of the relationship between Normalized Complex I and Citrate Synthase
activity such that any increase in Citrate Synthase resulted in a 1.5 times increase in Normalized
Complex I activity if an individual was on folate, whereas it resulted in only a 0.5 times increase
in Normalized Complex I activity if the individual was not on folate. For B12 supplementation, an
increase in Citrate Synthase resulted in a 0.8 times increase in Complex I activity if an individual was
supplementing with B12, whereas this was only 0.6 times if an individual was not supplementing
with B12.
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(a) (b)

Figure 2. The relationship between normalized Complex I and Citrate Synthase activity. (a) Folate and
(b) B12 supplementation are associated with a significantly greater slope in the relationship between
Complex I and Citrate Synthase.

3.4.3. The Relationship between Normalized Complex IV and Citrate Synthase Activity

None of the supplements were found to influence the relationship between Normalized Complex
IV and Citrate Synthase activity.

4. Discussion

This study examined the effect of common mitochondrial treatments on specific mitochondrial
components in a group of children diagnosed with ASD, some of which also were diagnosed with
co-morbid mitochondrial disease. Measurement of mitochondrial function is important in ASD since
many children with ASD appear to have mitochondrial dysfunction even if they are not diagnosed
with classic mitochondrial disease. Furthermore, the influence of mitochondrial treatment in ASD is
important as randomized controlled clinical trials have demonstrated that common treatments for
mitochondrial disease, such as L-carnitine, improve ASD symptoms, suggesting that such treatments
may have a role in the treatment of ASD [27]. However, what remains unclear is whether these
treatments are targeting mitochondrial function per se.

In addition, in this study, we examined not only whether common mitochondrial supplements
affect the absolute levels of activity of three mitochondrial components, but whether the treatments
alter the relationship between the components. This may be important, as optimal coupling of the
various mitochondrial components is essential for the mitochondria to function optimally.

Results from this study suggested that several common mitochondrial supplements such as fatty
acids and antioxidants appeared to influence Complex I and Citrate Synthase activity, respectively, with
this influence being more marked for the mitochondrial disease subgroup. This is not unexpected as
such treatments are sometimes recommended for individuals with mitochondrial disease, particularly
antioxidants. Fatty acids are not always recommended for individuals with mitochondrial disease.
Several studies have suggested that omega 3 fatty acids, which are the most fatty acids prescribed
to children with ASD, have positive effects on behavior [29]. Interestingly, recent research has
highlighted the role of fatty acids in preserving mitochondrial function in such diseases as stroke [30]
and cancer [31] as well as improving muscle health through modulation of mitochondrial function [32].
The findings that these effects were more marked in the mitochondrial disease subgroup suggest that
these treatments are indeed targeting and improving mitochondrial function and further suggest that
certain treatments may be best targeted to subpopulations of individuals with ASD.

Folate was found to be potentially important in modulating the relationship between both
Complex I and IV and Complex I and Citrate Synthase, while B12 appeared to be potentially important

73



J. Clin. Med. 2017, 6, 18

in the relationship between Complex I and Citrate Synthase. In a clinical trial on individuals with
ASD, the combination of B12 and folate has been shown to improve cognitive development [28] and
glutathione [33], the major intrinsic antioxidant that is essential for protecting the mitochondrial.
In another clinical trial, B12 alone has been shown to improve methylation in individuals with
ASD [34]. Folate is also essential for mitochondrial function as one-carbon metabolism is highly
compartmentalized [35]. Most notable in the context of mitochondrial disease, is that mitochondria
often replicate to compensate for poorly functioning mitochondria. Since mitochondria contain their
own DNA, folate is needed for the synthesis of purines and pyrimidine nucleotides [35]. Thus, given
the important role of folate in many critical cellular processes, it should not be surprising that it was
found to be important in mitochondrial function.

This study has many limitations, including the lack of systematically manipulating the treatment
studied and simultaneous treatments with multiple supplements in many cases. In addition,
the subgroups of individuals with mitochondrial disease were not diagnosed with one specific
mitochondrial disease. Nevertheless, this study provides a novel framework to build upon in order to
consider the development of alternative methods for monitoring mitochondrial function.

5. Conclusions

This study provides empirical support for common mitochondrial treatments and demonstrates
that the relationship between activities of mitochondrial components might be a marker to follow
in addition to absolute activities. In addition, measurements of mitochondrial activity that can be
practically repeated over time, especially those that are non-invasive such as the buccal swab technique,
may be very useful to monitor the biochemical effects of mitochondrial targeted treatments.

Acknowledgments: This study has not been published previously although data from the same patient have
been used in other publications. This trial is registered on clinicaltrials.gov as NCT02000284. This research was
supported, in part, by the Autism Research Institute (San Diego, CA, USA), the Arkansas Biosciences Institute
(Little Rock, AR, USA), the Jane Botsford Johnson Foundation (New York, NY, USA) and the Arkansas Children’s
Research Institute (Little Rock, AR, USA). None of the sponsors were involved with the design or conduct of
the study, collection, management, analysis, or interpretation of the data; or preparation, review, approval of the
manuscript or decision to submit the manuscript for publication. The first two and last authors, Richard E Frye,
John Slattery and Leanna Delhey, had full access to all of the data in the study and take responsibility for the
integrity of the data and the accuracy of the data analysis. Funds for covering the costs to publish in open access
were provided by the Gupta family.

Author Contributions: Leanna M. Delhey, John C. Slattery, Stephen G. Kahler and Richard E. Frye designed the
study and wrote the protocol, collected the data, analyzed the data, drafted the manuscript. Ekim Nur Kilinc,
Li Yin and Marie L. Tippett analyzed and collected the data. Shannon Rose, Sirish C. Bennuri, Shirish Damle and
Agustin Legido performed laboratory analysis. Michael J. Goldenthal designed the study and supervised the
laboratory analysis of mitochondrial function. All authors contributed to and have approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The sponsors and funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in
the decision to publish the results.

References

1. Niyazov, D.M.; Kahler, S.G.; Frye, R.E. Primary mitochondrial disease and secondary mitochondrial
dysfunction: Importance of distinction for diagnosis and treatment. Mol. Syndromol. 2016, 7, 122–137.
[CrossRef] [PubMed]

2. Camp, K.M.; Krotoski, D.; Parisi, M.A.; Gwinn, K.A.; Cohen, B.H.; Cox, C.S.; Enns, G.M.; Falk, M.J.;
Goldstein, A.C.; Gopal-Srivastava, R.; et al. Nutritional interventions in primary mitochondrial disorders:
Developing an evidence base. Mol. Genet. Metab. 2016, 119, 187–206. [CrossRef] [PubMed]

3. Parikh, S.; Goldstein, A.; Koenig, M.K.; Scaglia, F.; Enns, G.M.; Saneto, R.; Anselm, I.; Cohen, B.H.; Falk, M.J.;
Greene, C.; et al. Diagnosis and management of mitochondrial disease: A consensus statement from the
mitochondrial medicine society. Genet. Med. Off. J. Am. Coll. Med. Genet. 2015, 17, 689–701. [CrossRef]
[PubMed]

74



J. Clin. Med. 2017, 6, 18

4. Viscomi, C. Toward a therapy for mitochondrial disease. Biochem. Soc. Trans. 2016, 44, 1483–1490. [CrossRef]
[PubMed]

5. Chinnery, P.; Majamaa, K.; Turnbull, D.; Thorburn, D. Treatment for mitochondrial disorders.
Cochrane Database Syst. Rev. 2006. [CrossRef]

6. Pfeffer, G.; Majamaa, K.; Turnbull, D.M.; Thorburn, D.; Chinnery, P.F. Treatment for mitochondrial disorders.
Cochrane Database Syst. Rev. 2012. [CrossRef]

7. Pfeffer, G.; Horvath, R.; Klopstock, T.; Mootha, V.K.; Suomalainen, A.; Koene, S.; Hirano, M.; Zeviani, M.;
Bindoff, L.A.; Yu-Wai-Man, P.; et al. New treatments for mitochondrial disease-no time to drop our standards.
Nat. Rev. Neurol. 2013, 9, 474–481. [CrossRef] [PubMed]

8. Goldenthal, M.J.; Kuruvilla, T.; Damle, S.; Salganicoff, L.; Sheth, S.; Shah, N.; Marks, H.; Khurana, D.;
Valencia, I.; Legido, A. Non-invasive evaluation of buccal respiratory chain enzyme dysfunction in
mitochondrial disease: Comparison with studies in muscle biopsy. Mol. Genet. Metab. 2012, 105, 457–462.
[CrossRef] [PubMed]

9. Yorns, W.R., Jr.; Valencia, I.; Jayaraman, A.; Sheth, S.; Legido, A.; Goldenthal, M.J. Buccal swab analysis of
mitochondrial enzyme deficiency and DNA defects in a child with suspected myoclonic epilepsy and ragged
red fibers (merrf). J. Child. Neurol. 2012, 27, 398–401. [CrossRef] [PubMed]

10. Ezugha, H.; Goldenthal, M.; Valencia, I.; Anderson, C.E.; Legido, A.; Marks, H. 5q14.3 deletion manifesting
as mitochondrial disease and autism: Case report. J. Child. Neurol. 2010, 25, 1232–1235. [CrossRef] [PubMed]

11. Frye, R.E.; Cox, D.; Slattery, J.; Tippett, M.; Kahler, S.; Granpeesheh, D.; Damle, S.; Legido, A.; Goldenthal, M.J.
Mitochondrial dysfunction may explain symptom variation in phelan-mcdermid syndrome. Sci. Rep. 2016,
6, 19544. [CrossRef] [PubMed]

12. Goldenthal, M.J.; Damle, S.; Sheth, S.; Shah, N.; Melvin, J.; Jethva, R.; Hardison, H.; Marks, H.; Legido, A.
Mitochondrial enzyme dysfunction in autism spectrum disorders; a novel biomarker revealed from buccal
swab analysis. Biomark. Med. 2015, 9, 957–965. [CrossRef] [PubMed]

13. Legido, A.; Jethva, R.; Goldenthal, M.J. Mitochondrial dysfunction in autism. Semin. Pediatr. Neurol. 2013, 20,
163–175. [CrossRef] [PubMed]

14. Zablotsky, B.; Black, L.I.; Maenner, M.J.; Schieve, L.A.; Blumberg, S.J. Estimated prevalence of autism and
other developmental disabilities following questionnaire changes in the 2014 national health interview
survey. Nat. Health Stat. Rep. 2015, 87, 1–20.

15. Frye, R.E.; Rossignol, D.A. Mitochondrial dysfunction can connect the diverse medical symptoms associated
with autism spectrum disorders. Pediatr. Res. 2011, 69, 41R–47R. [CrossRef] [PubMed]

16. Rossignol, D.A.; Frye, R.E. Mitochondrial dysfunction in autism spectrum disorders: A systematic review
and meta-analysis. Mol. Psychiatry 2012, 17, 290–314. [CrossRef] [PubMed]

17. Frye, R.E. Biomarkers of abnormal energy metabolism in children with autism spectrum disorder. N. Am. J.
Med. Sci. 2012, 5, 141–147. [CrossRef]

18. Giulivi, C.; Zhang, Y.F.; Omanska-Klusek, A.; Ross-Inta, C.; Wong, S.; Hertz-Picciotto, I.; Tassone, F.;
Pessah, I.N. Mitochondrial dysfunction in autism. JAMA 2010, 304, 2389–2396. [CrossRef] [PubMed]

19. Napoli, E.; Wong, S.; Hertz-Picciotto, I.; Giulivi, C. Deficits in bioenergetics and impaired immune response
in granulocytes from children with autism. Pediatrics 2014, 133, e1405–e1410. [CrossRef] [PubMed]

20. Palmieri, L.; Papaleo, V.; Porcelli, V.; Scarcia, P.; Gaita, L.; Sacco, R.; Hager, J.; Rousseau, F.; Curatolo, P.;
Manzi, B.; et al. Altered calcium homeostasis in autism-spectrum disorders: Evidence from biochemical
and genetic studies of the mitochondrial aspartate/glutamate carrier agc1. Mol. Psychiatry 2010, 15, 38–52.
[CrossRef] [PubMed]

21. Frye, R.E. Novel cytochrome b gene mutations causing mitochondrial disease in autism. J. Pediatr. Neurol.
2012, 10, 35–40.

22. Frye, R.E.; Naviaux, R.K. Autistic disorder with complex iv overactivity: A new mitochondrial syndrome.
J. Pediatr. Neurol. 2011, 9, 427–434.

23. Frye, R.E.; Melnyk, S.; Macfabe, D.F. Unique acyl-carnitine profiles are potential biomarkers for acquired
mitochondrial disease in autism spectrum disorder. Transl. Psychiatry 2013, 3, e220. [CrossRef] [PubMed]

24. Rose, S.; Frye, R.E.; Slattery, J.; Wynne, R.; Tippett, M.; Pavliv, O.; Melnyk, S.; James, S.J. Oxidative stress
induces mitochondrial dysfunction in a subset of autism lymphoblastoid cell lines in a well-matched case
control cohort. PLoS ONE 2014, 9, e85436. [CrossRef] [PubMed]

75



J. Clin. Med. 2017, 6, 18

25. Rose, S.; Frye, R.E.; Slattery, J.; Wynne, R.; Tippett, M.; Melnyk, S.; James, S.J. Oxidative stress induces
mitochondrial dysfunction in a subset of autistic lymphoblastoid cell lines. Transl. Psychiatry 2014, 4, e377.
[CrossRef] [PubMed]

26. Rose, S.; Bennuri, S.C.; Wynne, R.; Melnyk, S.; James, S.J.; Frye, R.E. Mitochondrial and redox abnormalities
in autism lymphoblastoid cells: A sibling control study. FASEB J. 2016. [CrossRef] [PubMed]

27. Frye, R.E.; Rossignol, D.A. Treatments for biomedical abnormalities associated with autism spectrum
disorder. Front. Pediatr. 2014, 2, 66. [CrossRef] [PubMed]

28. Frye, R.E.; Delatorre, R.; Taylor, H.; Slattery, J.; Melnyk, S.; Chowdhury, N.; James, S.J. Redox metabolism
abnormalities in autistic children associated with mitochondrial disease. Transl. Psychiatry 2013, 3, e273.
[CrossRef] [PubMed]

29. Frye, R.E.; Rossignol, D.; Casanova, M.F.; Brown, G.L.; Martin, V.; Edelson, S.; Coben, R.; Lewine, J.;
Slattery, J.C.; Lau, C.; et al. A review of traditional and novel treatments for seizures in autism spectrum
disorder: Findings from a systematic review and expert panel. Front. Public Health 2013, 1, 31. [CrossRef]
[PubMed]

30. Berressem, D.; Koch, K.; Franke, N.; Klein, J.; Eckert, G.P. Intravenous treatment with a long-chain omega-3
lipid emulsion provides neuroprotection in a murine model of ischemic stroke—A pilot study. PLoS ONE
2016, 11, e0167329. [CrossRef] [PubMed]

31. Agnihotri, N.; Sharma, G.; Rani, I.; Renuka; Bhatnagar, A. Fish oil prevents colon cancer by modulation of
structure and function of mitochondria. Biomed. Pharmacother. 2016, 82, 90–97. [CrossRef] [PubMed]

32. Yoshino, J.; Smith, G.I.; Kelly, S.C.; Julliand, S.; Reeds, D.N.; Mittendorfer, B. Effect of dietary n-3 pufa
supplementation on the muscle transcriptome in older adults. Physiol. Rep. 2016. [CrossRef] [PubMed]

33. James, S.J.; Melnyk, S.; Fuchs, G.; Reid, T.; Jernigan, S.; Pavliv, O.; Hubanks, A.; Gaylor, D.W. Efficacy of
methylcobalamin and folinic acid treatment on glutathione redox status in children with autism. Am. J.
Clin. Nutr. 2009, 89, 425–430. [CrossRef] [PubMed]

34. Hendren, R.L.; James, S.J.; Widjaja, F.; Lawton, B.; Rosenblatt, A.; Bent, S. Randomized, placebo-controlled
trial of methyl b12 for children with autism. J. Child Adolesc. Psychopharmacol. 2016, 26, 774–783. [CrossRef]
[PubMed]

35. Desai, A.; Sequeira, J.M.; Quadros, E.V. The metabolic basis for developmental disorders due to defective
folate transport. Biochimie 2016, 126, 31–42. [CrossRef] [PubMed]

© 2017 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/).

76



Journal of

Clinical Medicine

Review

Biomarkers for Detecting Mitochondrial Disorders

Josef Finsterer 1,*,† and Sinda Zarrouk-Mahjoub 2,†

1 Krankenanstalt Rudolfstiftung, Postfach 20, 1180 Vienna, Austria
2 El Manar and Genomics Platform, Pasteur Institute of Tunis, University of Tunis, Tunis 1068, Tunisia;

sinda.z.m@gmail.com
* Correspondence: fifigs1@yahoo.de; Tel.: +43-171-1659-2085
† These authors contributed equally to this work.

Received: 9 December 2017; Accepted: 19 January 2018; Published: 30 January 2018

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.

Keywords: biomarker; diagnosis; mitochondrial disorder; mtDNA; oxidative phosphorylation; ATP

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
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(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.
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Abstract: Oxidative stress arises when cellular antioxidant defences become overwhelmed by
a surplus generation of reactive oxygen species (ROS). Once this occurs, many cellular biomolecules
such as DNA, lipids, and proteins become susceptible to free radical-induced oxidative damage, and
this may consequently lead to cellular and ultimately tissue and organ dysfunction. Mitochondria,
as well as being a source of ROS, are vulnerable to oxidative stress-induced damage with a number
of key biomolecules being the target of oxidative damage by free radicals, including membrane
phospholipids, respiratory chain complexes, proteins, and mitochondrial DNA (mt DNA). As a result,
a deficit in cellular energy status may occur along with increased electron leakage and partial
reduction of oxygen. This in turn may lead to a further increase in ROS production. Oxidative
damage to certain mitochondrial biomolecules has been associated with, and implicated in the
pathophysiology of a number of diseases. It is the purpose of this review to discuss the impact of such
oxidative stress and subsequent damage by reviewing our current knowledge of the pathophysiology
of several inherited mitochondrial disorders together with our understanding of perturbations
observed in the more commonly acquired neurodegenerative disorders such as Parkinson’s disease
(PD). Furthermore, the potential use and feasibility of antioxidant therapies as an adjunct to lower
the accumulation of damaging oxidative species and hence slow disease progression will also
be discussed.

Keywords: mitochondria; oxidative stress; reactive oxygen species; antioxidant

1. Introduction

Up to 90% of cellular metabolic energy is generated by mitochondria via the oxidative
phosphorylation pathway [1]. In concert with glycolysis, the tricarboxylic acid (TCA) cycle additionally
generates a small amount of energy via substrate level phosphorylation, although the vast proportion
of metabolic energy is harnessed via the generation of reducing power and subsequent donation of
high energy electron pairs through the electron carriers NADH and FADH2, which ultimately feed
directly into mitochondrial respiratory chain (MRC). The MRC is composed of four multi-subunit
proteins; complex I (NADH: ubiquinone reductase; EC 1.6.5.3), complex II (succinate: ubiquinone
reductase; EC 1.3.5.1), complex III (ubiquinol: cytochrome c reductase; EC 1.10.2.2), and complex IV
(cytochrome c oxidase; EC 1.9.3.1) [2], each of which contain a variety of cofactors such as hemes,
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flavins, and iron–sulphur clusters. In addition to these redox cofactors, two mobile electron carriers,
namely coenzyme Q10 (ubiquinone) and cytochrome c are involved in transferring electrons between
the complexes. As a result of the passage of electrons between chains, protons are pumped out of
the mitochondrial matrix and into the intermembrane space, creating a proton-motive force. It is the
subsequent dissipation of these protons through the mitochondrial ATPase enzyme which results in
the direct phosphorylation of ADP to ATP [3].

It has been well established that the formation of reactive oxygen species (ROS) is a significant
component produced during the generation of ATP. Under normal conditions, approximately 1% of
total oxygen utilized by the MRC is converted to ROS, although under pathological conditions this
may increase dramatically. Mitochondrial ROS, particularly in the form of the superoxide radical ( O•2 )
is mostly generated either in the matrix from complex I or both in the intermembrane space and matrix
from complex III [4]. Mitochondria are additionally a site of nitric oxide (NO) synthesis which in
turn may form the peroxynitrite ion (ONOO−) when NO reacts with O•2 , leading to the generation
of equally undesirable reactive nitrogen species (RNS) [5]. O•2 is rapidly removed by conversion
to hydrogen peroxide (H2O2) either by a manganese-dependent superoxide dismutase (Mn-SOD)
or a copper, zinc-dependent superoxide dismutase (Cu, Zn-SOD), and then ultimately reduced to
water by glutathione peroxidase (GPx) utilizing the active and reduced form of glutathione (GSH)
as a cofactor (Figure 1) [6,7]. A large number of biomolecules have over the years been recognised
as potent antioxidants. GSH itself, besides being a cofactor for the enzymatic antioxidant GPx, also
serves as non-enzymatic antioxidant by directly removing free radicals as well as other oxidative
agents [7]. Similarly, other powerful non-enzymatic antioxidants known to act as potent free radical
scavengers include ascorbate (vitamin C) [8], α-tocopherol (vitamin E) [9], ubiquinol-10, the reduced
form coenzyme Q10 [10], α-lipoic acid (ALA) [11], and carotenoids (β-carotene) [12].

 

Figure 1. A schematic underlies the pathway of mitochondrial free radical generation and their
enzymatic antioxidant defences. The mitochondrial O•2 is subsequently converted to H2O2 either
by manganese-dependent superoxide dismutase (Mn-SOD) or copper, zinc-dependent superoxide
dismutase (Cu, Zn-SOD), and then ultimately reduced to water by glutathione peroxidase (GPx).

It is the uncontrolled or overproduction of ROS (oxidative stress) or RNS (nitrosative stress)
which can indiscriminately cause damage to cellular molecules, including DNA, proteins and
lipids [13]. Furthermore, it is believed that the accumulation of these free radical species, resulting in
oxidative/nitrosative stress, could lead to impaired MRC function and this in turn may be a major
contributory factor to the pathophysiology of various inherited and acquired disorders [14,15].

In this review, the potential impact of oxidative stress and subsequent molecular and cellular
damage will be discussed, including lessons learnt from our knowledge of the pathophysiology
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of a number of inherited mitochondrial disorders together with our growing understanding of
perturbations observed in the more commonly acquired neurodegenerative disorders. Furthermore,
we will consider the potential use of antioxidant therapies as an adjunct to standard pharmacological
care as a means to limit free radical accumulation and thereby attempt to slow disease progression.

2. Inherited Mitochondrial Disorders

2.1. Inherited Mitochondrial DNA (mtDNA) Disorders

Inherited mitochondrial disorders are generally believed to be one of the most common inborn
errors of metabolism, with an overall birth prevalence of about 1:5000 [3], with those resulting
from mitochondrial DNA (mtDNA) mutations estimated at about 1:8000 [16]. Furthermore, mtDNA
mutations are rare in children, accounting for less than 10% of all mitochondrial disorders affecting
infants [17]. At least 200 pathogenic point mutations affecting the mtDNA-encoded MRC complexes
I, III, and IV as well as tRNAs have recently been reported [18]. In comparison with nuclear-DNA
(nDNA), mtDNA is particularly vulnerable to oxidative damage since it lacks protective histones and
has limited repair mechanisms, as well as being located in close proximity to the MRC which is known
to be the major source of ROS generation in the cell [19,20]. Therefore, mtDNA has a potentially higher
mutation rate than nDNA. A unifying hypothesis, known as “mitochondrial catastrophe”, postulates
that the accumulation of mtDNA lesions results in a decline in MRC function, which in turn, leads to
the generation of further ROS, and eventually cell death [21]. This phenomenon therefore provides an
insightful working hypothesis that oxidative stress could be considered as a major cause of rather than
as a consequence of mtDNA disorders.

Leber’s hereditary optic neuropathy (LHON) (OMIM 540000) is one of the most well-known
inherited mtDNA disorders. It is caused in most cases by three mtDNA point mutations within MRC
complex I subunits [22] and results predominantly in visual loss as the main clinical feature [23].
The aetiology of oxidative stress in the mechanism of LHON disorder has been described [24,25]. It is
worth emphasizing that MRC complex I is one of the major sources of ROS generation, predominately
in the form of O•2 , and it is this reactive species that is implicated to have significant effects in some,
if not all of LHON disorders [26]. The inhibition of MRC complex I causes a significant increase in
oxidative stress, which in turn promotes apoptosis and cell death. [27]. A recent study of patients
with LHON demonstrated an increase in plasma free radical formation as well as a reduction in
antioxidant levels compared to controls [28]. In addition to a reduction of MRC complex I activity and
consequential increased O•2 levels, increases in protein carbonyl, and lipid peroxidation have also
been reported in mutant mitochondrially encoded NADH dehydrogenase 6 (MT-ND6) subunit of MRC
complex I. However, the mitochondrial antioxidant enzymes Mn-SOD and GPX were not altered in
this study, suggesting that the mutation threshold might not be significant [29]. Interestingly, increased
lipid peroxidation and raised levels of the potent oxidant hydroxyl radical (OH•) together with an
elevation in the activity of both Mn-SOD and Cu, Zn-SOD have also been observed [30]. Consistent
with this, increased levels of chemical ROS markers have been demonstrated in LHON neurons [31]
as well as the marker of oxidative DNA damage, 8-hydroxy-2′-deoxyguanosine (8-OHDG), being
elevated in white blood cells of LHON patients [32]. It should be further noted that in addition to
endogenous ROS production, exogenous ROS sources such as those contained in tobacco smoke
have also been linked to the onset of LHON disorders [33], thereby strengthening the evidence of
ROS-mediated events.

2.2. An Inherited Mitochondrial Lipid Disorder

Barth syndrome (BTHS) (OMIM 302060), is a rare X-linked genetic disorder, characterized by
cardiomyopathy, neutropenia, skeletal weakness, and growth disorders [34]. In fact, it has been
previously described as a mitochondrial disorder as BTHS patients show symptoms consistent with
known mitochondrial disorders [35]. It is mainly caused by a mutation in the tafazzin (TAZ) gene,
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which encodes a putative enzyme acyltransferase, an enzyme largely responsible for enzymatic
remodelling of cardiolipin (CL) [36]. CL is a phospholipid component found exclusively within the
inner mitochondrial membrane (IMM) and constitutes approximately 25% of the total lipid contents
in mitochondria [37]. It plays a crucial role in aspects of maintaining the functional properties of
mitochondrial components [38]. For example, it is required for the enhancement of the enzymatic
function of the MRC complexes following CL binding [39] and its molecular interaction with all
individual respiratory complexes is necessary for their assembly into super-complexes [40]. CL also
plays an essential role in the retention of cytochrome c which protects against apoptosis [41].

The biochemical findings following MRC enzyme studies in 1983 by Barth together with other
groups have indicated evidence of multiple MRC defects [42]. However, results are somewhat
conflicting, suggesting the possibility that primary MRC deficiency may result in a secondary loss of
other MRC activities. This latter possibility was previously been investigated in human astrocytoma
cells by Hargreaves et al. in 2007 where a pharmacologically-induced MRC complex IV deficiency was
found to result in a secondary loss of MRC complex II–III activity due to the progressive nature of
MRC defects [43]. Interestingly, loss of CL content has been associated with mtDNA instability [44]
suggesting another possible mechanism that the dysfunctional MRC encoded by mtDNA may be the
consequence of oxidative damage as mtDNA structurally lacks protective histones [45]. Increased
ROS levels have evidently been implicated in the TAZ mutation seen in cardiomyopathy which is
a hallmark clinical feature of BTHS syndrome [46]. It is worth highlighting that CL is a susceptible
target for oxidative damage for the following reasons: (1) CL has a naturally high unsaturated content,
which is easily attacked by free radical species; (2) It is involved in the structural assembly of the MRC,
a major intracellular site for ROS production; and (3) In addition to CL peroxidation, calcium-mediated
detachment of cytochrome c from CL is induced by generating further ROS levels and this results in
apoptotic cell death.

2.3. An Inherited Mitochondrial Protein Disorder

Friedreich ataxia (FRDA) (OMIM 229300), is a progressive neurodegenerative disorder with
an autosomal recessive mode of inheritance, affecting roughly 1:50,000 live births [47]. In addition to
neuronal injury in the dorsal root ganglia (DRG) and sensory peripheral nerves, FRDA patients also
manifest with non-neurological symptoms including diabetes, cardiomegaly, and muscle weakness [48].
FRDA is caused by a GAA expansion in the frataxin gene, the product of which is predominantly
located in mitochondria [49]. The exact role of the frataxin protein is not yet fully understood.
However, it has been proposed to play crucial roles primarily in regulating iron machinery, and
functioning as a mitochondrial Fe–S cluster chaperone [50,51]. In this regard, increased iron capacity
and the loss of activity of mitochondrial Fe–S cluster-containing enzymes has been observed in FRDA
patients, highlighting the important function of frataxin in iron metabolism [47,49,52]. In addition
to its well-established role in iron metabolism, frataxin can protect against iron-mediated oxidative
stress [53]. In a previous study, exposure of fibroblast obtained from patients with FRDA to ferrous
ions and H2O2 reduced the viability of the cells compared to control patients [54]. The most direct
evidence of the critical function of frataxin in protecting against oxidative stress however comes from
the observation of a combined reduction in activity of nuclear factor E2-related factor 2 (Nrf2) and
GSH levels in the YG8R mouse model of FRDA [55]. In contrast, an increased resistance to oxidative
stress induced by the overexpression of mitochondrial frataxin has been reported in Drosophila [56].
Since the discovery of the gene in 1996, dysfunction of mitochondrial Fe–S cluster-containing enzymes
including MRC complexes I and III as well as aconitase resulting in oxidative stress has been found to
make a major contribution to the pathophysiology of FRDA [57].

Aconitase (EC 4.2.1.3) is a multi-domain enzyme, containing a closely associated iron–sulphur
cluster, and exists in two slightly different structural forms: an active [4Fe-4S]2+ and an inactive
[3Fe-4S]1+ cluster [58]. The active form of aconitase is highly sensitive to oxidation by the superoxide
anion, which in turn, converts it to the inactive form. This oxidation reaction is accompanied
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by the release of a ferrous ion, which subsequently contributes to the generation of OH• via the
Fenton reaction [59]. As a consequence, oxidative damage to mtDNA, lipids, and proteins may
occur [60]. Since the aconitase enzyme is susceptible to direct attack by free radicals, it has been
recognized as an oxidative stress marker in mitochondria, suggesting it may function as a mitochondrial
redox sensor [61]. Aconitase exists in two isoenzyme forms in mammalian cells: the mitochondrial
aconitase (m-aconitase), and cytosolic aconitase (c-aconitase), which both enzymatically catalyse the
isomerization of citrate to isocitrate. In addition to its role in the TCA cycle, c-aconitase, also known as
iron-responsive protein-1 (IRP1) additionally performs a dual role in the regulation of iron homeostasis
through binding to iron-responsive elements (IREs) and controlling cellular iron levels [62]. Despite the
m-aconitase being identical in function (with 25% sequence homology identity) to that of c-aconitase,
it is clearly not recognized to have role as an IRP [63]. However, the brain is highly dependent on
m-aconitase activity [64], and is regulated by a 5′IRE in its mRNA [65]. As a consequence of inactivation
of m-aconitase; neurons could be highly vulnerable to free radical attack and subsequent iron overload,
resulting in a dramatic increase in oxidative stress [66]. Due to its important role in TCA cycle energy
metabolism, dysfunction of aconitase may consequently lead to TCA cycle impairment, a deficit in
MRC activity, and a decline in ATP production, which in turn, could lead to subsequent accumulation
of ROS generation, and resultant oxidative damage (Figure 2) [67].

 

Figure 2. A potential mechanism for the oxidative inactivation of m-aconitase by mitochondrial O•2 .
This oxidation reaction is accompanied by the release of a ferrous ion, which subsequently contributes
to the generation of OH• via Fenton reaction. This scenario could consequently lead to an impairment
of tricarboxylic acid (TCA) cycle capacity, a deficit in mitochondrial respiratory chain (MRC) activity,
and a decline in ATP production, which in turn, leads to further oxidative damage.

3. Parkinson’s Disease (PD)

PD is a chronic and progressive neurological disorder. It is currently ranked as the second most
common neuromuscular disorder after Alzheimer’s disease, affecting roughly 1% of people almost
exclusively in the over 60 age group [68]. Furthermore, the male sex is particularly susceptible to
this disorder, with larger proportion of men being affected than women [69]. Clinically, PD patients
commonly experience motor symptoms such as bradykinesia, tremor (particularly in the hands and/or
arms), muscle stiffness (rigidity), and postural instability [70]. During later stages of the disorder,
non-motor symptoms may manifest such as depression, sleep disturbances, anxiety, constipation,
and in some cases dementia. Despite receiving intensive research interest over several decades and in
particular with a large focus on the mechanistic aspects of PD, the exact aetiological mechanism is still
poorly understood. Under normal conditions, the neurotransmitter dopamine (DA) is produced in the
substantia nigra pars compacta (SNpc). However, a typical and major characteristic feature of PD is
a significant depletion in its levels. The formation of intracytoplasmic eosinophilic inclusions, known
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as Lewy bodies (LBs), is another pathological sign of PD observed in a majority, but not all PD cases [71].
For several decades, it was postulated that PD is likely caused by environmental factors, until 1997
when the autosomal dominant mutation in the alpha-synculein (SNKA) gene was discovered [72].
Since this discovery, at least five other mutant genes that are linked to familial PD, including parkin,
PTEN-induced putative kinase 1 (PINK1), DJ-1, High temperature requirement protein A2 (HTRA2),
and leucine-rich-repeat kinase 2 (LRRK2) have also been identified [73]. These gene products appear to
be in part localized to mitochondria and therefore may contribute towards mitochondrial dysfunction
and oxidative stress [73].

Evidence of MRC dysfunction in PD emerged in the early 1980s following the intravenous
injection of 1-methyl-4-phenyl-1,2,3,4-tetrahydropyridine (MPTP) by drug abusers, producing the
neurotoxin 1-methyl-4-phenylpyridinium (MPP+) via the monoamine oxidase-B (MAO-B) enzyme,
which consequently induced Parkinson-like symptoms [72]. Similarly, in animal models, rats and
primates were shown to share Parkinson-like symptoms following the administration of MPTP [74].
In parallel with MPTP, a chronic low-dose infusion of rotenone to rats additionally induced similar
features of Parkinson disorders [75]. Taken together, these MRC complex I inhibitors have become
widely used to create PD models to investigate the pathogenesis and therapeutic approaches for
this disorder. Further studies conducted to support the role of mitochondrial dysfunctions have
shown strong links to the aetiopathogenesis of PD. Studies of post-mortem PD patient brain tissue
demonstrated MRC complex I deficiency in the substantia nigra and frontal cortex [76]. Consistent with
these findings, MRC complex I deficiency was also shown in platelets [77] and skeletal muscle [78]
from individuals with PD. In this context, it seems that a reduction of MRC complex I activity is
systemic, thereby simultaneously affecting many tissues. In addition to a decrease in the activity of
MRC complex I, a reduction in MRC complex III activity was further demonstrated in lymphocytes and
platelets in patients with PD [79]. Remarkably, loss of MRC complex III activity may contribute to the
impairment in function of MRC complex I since the stability of MRC complex I is evidently dependent
on a correctly assembled MRC complex III [80]. Taken together, inhibition of MRC complex I and III
can have devastating consequences, leading to excessive free radical species generation, oxidative
stress and subsequent depletion of ATP levels, elevated intracellular calcium levels, excitotoxicity, and
ultimately enhanced cell death (Figure 3) [81].

 

Figure 3. A schematic showing the role of mitochondrial dysfunction in the pathogenesis of Parkinson’s
disease (PD). Neurotoxins, such as rotenone or 1-methyl-4-phenylpyridinium (MPP+) elicit MRC
complex I deficiency, and subsequently generate reactive oxygen species (ROS), reducing levels
of the antioxidant glutathione (GSH), with resulting oxidative stress. Oxidative stress induces
mitochondrial permeability by transiently opening a pore, which subsequently causes depolarization
of the mitochondrial membrane potential. These events ultimately lead to neural cell death via the
release of pro-apoptotic mitochondrial proteins, including cytochrome c and apoptosis-initiating factor.
DA: dopamine.
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Any discussion would be incomplete without a reference to the interplay of iron and its
contribution to mitochondrial dysfunction. Amongst all transition metals, iron is considered to be the
most abundant metal in the brain, predominately in the basal ganglia [82]. It significantly contributes
to the proper functioning of neurotransmitters, myelination, and mitochondria [83,84]. Brain iron
metabolism is primarily regulated by transferrin and ferritin [85]. It is commonly conjugated into
iron–sulphur clusters in many proteins, which have the potential ability to accept or donate electrons,
particularly in the MRC pathway [86]. The evidence supporting the alteration of the iron metabolism
in the neuropathology of PD is also overwhelming [87–90]. In fact, the potential mitochondrial ROS
toxicity due to a defect in MRC complex I activity has been widely demonstrated in PD models [91].
Nevertheless, the exact mechanism of whether an enhanced production of ROS-induced neuronal
injury is yet to be fully elucidated. Neurotoxins such the product of MPTP metabolism, commonly
used to create PD models [72,75,91], have been utilized to demonstrate the potential harmful effects
of the inactivation m-aconitase and high amounts of iron content on dopaminergic neurons [92].
In mice, this neurotoxin has been linked to the inactivation of m-aconitase, an increase in iron content,
and a depletion of DA level [93].

It appears that excess ROS production is a common denominator of these cascades. Iron and
iron derivatives contribute to the generation of the most active OH• via the Fenton reaction, which
in conjunction with DA autoxidation may further enhance oxidative stress, leading to degeneration
of dopaminergic neurons (Figure 4) [94–96]. Post-mortem brain tissue from PD patients exhibited
accumulation of iron content, which together with a reduction in the glutathione redox ratio of reduced
glutathione/oxidized glutathione (GSH/GSSG) is a potential indicator of oxidative stress [96,97].
In the glutathione-depleted Δgsh1 cell model, on the other hand, the mitochondrial (Fe–S) cluster was
unaffected, suggesting that m-aconitase is resistant to oxidative stress [98]. Furthermore, accumulation
of iron was found to potentiate LB formation in the substantia nigra of PD patients, supporting the
link between iron-mediated oxidative stress and the degeneration of dopaminergic neurons in PD [99].

 

Figure 4. A potential mechanism of dopamine metabolism and OH• radical formation in the striatum of
PD patients as a consequence of iron accumulation and decline in GSH levels. DDC: dopa decarboxylase;
3,4 DOPAL: 3,4-dihydroxyphenylacetaldehyde.

4. The Role of Antioxidants in the Prevention of Oxidative Damage

Despite extensive research to elucidate the underlying mechanism of mitochondrial dysfunction
in various conditions, there is no currently satisfactory treatment available. According to our recent
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understanding and knowledge regarding the mechanisms of mitochondrial dysfunction, it is however
without doubt that mitochondrial free radical-induced oxidative damage is a plausible pathogenic
facilitator in both inherited and acquired mitochondrial disorders. Alleviation of ROS/RNS free
radical-mediated oxidative stress and increased availability of ATP by antioxidants could be effective
therapeutic approaches to restore mitochondrial function, or at least to limit the progression of
symptoms in a tremendous number of patients with mitochondrial dysfunction.

To limit free radical-induced oxidative stress, the human body is endowed with a variety of
enzymatic and non-enzymatic antioxidant defence mechanisms. The two major antioxidants that
protect the cell from ROS and RNS are GSH and coenzyme Q10 [10,100,101]. By cooperative actions,
the primary function of the antioxidants is to scavenge and eliminate harmful ROS/RNS free radicals,
thereby minimizing or delaying mitochondrial damage and enhancing mitochondrial bioenergetics.

4.1. Glutathione (GSH)

The tripeptide GSH, is a major intracellular thiol-dependent antioxidant, which protects the
cellular components from free radical-induced oxidative damage [102]. Consequently, a compromised
cellular GSH status results in increased production of ROS and RNS [100,101]. Despite being
predominantly localised in the cytosol, GSH is also present in other intracellular organelles including,
mitochondria, the nucleus, and the endoplasmic reticulum [102]. It exists in two forms: a reduced
(GSH) and oxidized disulphide form (GSSG), with the ratio of reduced to oxidized forms being a key
indicator of OS. In addition to its vital antioxidant role, GSH also serves as a substrate for other
antioxidant defences including GPx, glutaredoxin (GRX), and thioredoxin (Trx) as well as maintaining
vitamins C and E to be functionally active [7]. Accumulating evidence suggests that the depletion of
GSH is associated with MRC defects [103,104]. The reduction of MRC complex I activity, followed by
a depletion in GSH, has been reported previously [105]. Interestingly, results from our group have
recently shown that GSH levels were significantly decreased in skeletal muscle from patients with
MRC defects, compared to the control group [106]. Furthermore, patients with multiple MRC defects
exhibited marked reductions in GSH levels, suggesting that oxidative stress may contribute to the
pathophysiology of MRC disorders. In neurological disorders, particularly PD, it is thought that GSH
depletion could be an early common event in PD pathogenesis before any significant impairment of
MRC complex I and iron metabolism occur [107]. With regards to the latter however, it is uncertain
whether this depletion occurs as a consequence of decreased ATP availability (required for GSH
biosynthesis) or is due to increased ROS levels. Thus, the replenishment of cellular GSH could hold
a promising therapeutic avenue for patients with inherited or acquired mitochondrial disorders. In rat
brain, the GSH ethyl ester (GEE) derivative has been subcutaneously administered to enhance GSH
levels. However, elevated brain levels were only evident post-administration directly to the left
cerebral ventricle [108]. Furthermore, following co-administration with neurotoxin MPP+, GGE has
been demonstrated to partially protect dopaminergic neuron against neurotoxicity. However, complete
protection was only achieved only after pre-treating with GEE [108]. As cysteine is a major component
in GSH, it hinders GSH passage across the blood–brain barrier (BBB). For this reason, the modified
N-acetyl cysteine (NAC) form, has been effectively utilized due to it is increased ability to penetrate
the BBB [109]. As such, it has also been shown to restore GSH level and consequently ameliorate
free radical-induced oxidative stress [110]. Encouragingly, lesions in dopaminergic tissue have been
reduced by approximately 30%, following administration with NAC, suggesting it is able to provide
neuroprotection [111].

4.2. Coenzyme Q10

For many years, the clinical use of coenzyme Q10 or ubiquinone and its quinone analogues has
been proven to be effective for treatment of mitochondrial disorders due to their capacity to augment
electron transfer in the MRC, increase ATP, and enhance mitochondrial antioxidant activity, which in
turn, can ameliorate the harmful effects of ROS [112]. In addition to its function as an electron carrier
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in the MRC pathway, Coenzyme Q10 also serves as a powerful free radical-scavenging antioxidant.
The reduced ubiquinol form of coenzyme Q10 serves this function [113].

The therapeutic potential of coenzyme Q10 in the treatment of mitochondrial disorders took
the spotlight in 1985 after Ogashara and colleagues reported sustained improvements in the clinical
phenotype of patients with Kearns–Sayre syndrome (KSS) following administration with coenzyme
Q10 [114]. More recently, Maldergem also reported that coenzyme Q10 therapy was beneficial to two
sisters diagnosed with Leigh’s encephalopathy [115]. Remarkably, the beneficial effects of CoQ10 in
two patients with KSS and hypoparathyroidism were also shown to help maintain calcium levels in
the serum of both patients, suggesting that treatment with coenzyme Q10 restored the capacity of
calcitriol, a hormone located in the mitochondria of proximal renal tubules [116]. Some degree of
sustained improvement has been noted with some patients whose clinical features can be associated
with mitochondrial disorders, such as ataxia, muscle stiffness, and exercise intolerance following
implementation of coenzyme Q10 therapy [114]. Despite the oral coenzyme Q10 supplementation being
significantly effective in patients with all forms of coenzyme Q10 deficiency, it has been shown to be
only partially effective in patients who present with neurological symptoms, suggesting that these
sequelae may be somewhat refractory to coenzyme Q10 supplementation [117]. The efficacy of the
synthetic ubiquinone analogues such as idebenone has been reported in patients with mitochondrial
disorders including, LOHN, FRDA, and MELAS (mitochondrial encephalomyopathy, lactic acidosis
and stroke like episodes) [118,119]. It has also been recommended that patients with deficient levels
of coenzyme Q10 should be given coenzyme Q10 supplementation rather than idebenone since the
synthetic analogue is not a potential replacement for coenzyme Q10 in the MRC [120]. However,
in addition to its beneficial effects, idebenone may reduce MRC complex I activity, thereby affecting
the mitochondrial bioenergetics function [121]. Hence, further clinical studies regarding the overall
benefits of idebenone need to be conducted to address this issue.

Both the impairment of mitochondrial function and oxidative stress have been potentially linked
to neurodegenerative pathogenesis, particularly in PD. Strategies to enhance mitochondrial function
and suppress oxidative stress may therefore contribute to the development of novel therapies for
PD. As coenzyme Q10 performs two roles, one in mitochondrial energy metabolism and the other as
a free-radical scavenger, low levels of coenzyme Q10 may therefore result in the impairment of the MRC
activities as well as in the accumulation of ROS levels, and thereby contribute towards the pathogenesis
of PD. Coenzyme Q10 deficiency associated with PD has been previously described [122,123].
A reduction in coenzyme Q10 level was demonstrated in the plasma [124] and platelets [125] in
patients with PD, thereby suggesting that systemic effects may be important. For the first time,
a UK study demonstrated that coenzyme Q10 levels were lower in the brain cortex of patients with
PD [123]. The neuroprotective role of coenzyme Q10 has also been investigated in both animal and
human cell models [126–128]. Using in vitro models of PD, coenzyme Q10 has been reported to protect
dopaminergic neurons against neurotoxin-induced PD symptoms using either rotenone, paraquat or
MPP+ [129]. Another study has shown that coenzyme Q10 treatment improved both MRC complex I
and complex IV activities in skin fibroblast from PD patients [128]. To investigate the neuroprotective
potential of coenzyme Q10 treatment in PD, 80 patients with early stage PD were randomly allocated to
participate in a 16-month multicentre clinical trial [130]. Results showed that participants who received
high doses of coenzyme Q10 had a large improvement in their motor functions, whilst lower doses
only provided mild benefits. It was therefore concluded that the beneficial effect of coenzyme Q10

treatment may contribute to a reduction in the progression of PD.

4.3. Other Antioxidants

There is a considerable body of scientific literature which focuses on the beneficial effects of
other antioxidants, including vitamins C and E, creatine, α-lipoic acid, urate, melatonin, and their
derivatives as potential mediators in treating mitochondrial disorders [131–134]. Many patients with
mitochondrial dysfunction, however, have not shown any significant clinical improvements when
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treated with theses antioxidants alone. However, it could be hypothesized that in combination,
a cocktail therapy may improve mitochondrial conditions to an extent not seen previously with a single
antioxidant agent. Several recent studies have also demonstrated some initial promise in the use of
mitochondrial-targeted antioxidants with different modes of action to provide additional beneficial
effects, such as mitoquinone (MitoQ) and mitotocopherol (MitoVitE) [135]. However, these compounds
need to be further investigated to evaluate their full efficacy and safety as potential therapeutic
treatments for mitochondrial disorders.

4.4. Ketogneic Diet (KD)

The KD, in its various forms, has successfully been used to treat patients with pharmacoresistant
epilepsy [136–138]. Whilst the exact mechanism with regards to how the diet exerts its efficacy is not
known, there is growing evidence that, in part, this may occur as result of stimulation of mitochondrial
biogenesis [139]. This raises the possibility of use in patients with acquired and inherited mitochondrial
disorders. Recently, we have shown that a component of the medium chain triglyceride KD, decanoic
acid (C10), stimulates mitochondrial biogenesis and increases MRC complex I activity and antioxidant
status in neuronal cells [140]. Furthermore, cells from patients with MRC complex I deficiency have, in
some cases, been shown to respond positively to C10 exposure [141].

5. Conclusion Remarks

As highlighted in this review, free radical-induced oxidative damage to the biomolecules of the
mitochondria are intrinsically linked to the pathophysiology of a number of disorders (see summary
in Figure 5). Despite the number of markers available to determine evidence of oxidative stress
together with its pathological consequences, few clinical centres as yet include the determination of
this parameter as part of the diagnostic algorithm of patient evaluation. Furthermore, in view of the
vulnerability of mitochondrial biomolecules to oxidative damage by ROS or RNS, therapeutic strategies
should be targeted the free radical threshold [13] and the molecular structure targeted by these radicals.
Recent advances using mitochondrial-targeted antioxidants and dietary modification may hold
potential promise to provide therapeutic benefit for patients with oxidative stress-associated disorders.

 
Figure 5. A summary of oxidative stress-induced mitochondrial damage is a common mechanistic
link in the pathogenesis of inherited mitochondrial disorders and PD. CL: cardiolipin; mtDNA:
mitochondrial DNA.
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Abbreviations

ROS Reactive oxygen species
PD Parkinson’s disease
MRC Mitochondrial respiratory chain
GPx Glutathione peroxidase
GSH Reduced glutathione
CL Cardiolipin
mtDNA Mitochondrial DNA
LHON Leber’s hereditary optic neuropathy
BTHS Barth syndrome
FRDA Friedreich ataxia
MPTP 1-methyl-4-phenyl-1,2,3,4-tetrahydropyridine

References

1. Brealey, D.; Brand, M.; Hargreaves, I.; Heales, S.; Land, J.; Smolenski, R.; Dnavies, N.; Cooper, C.; Singer, M.
Association between Mitochondrial Dysfunction and Severity and Outcome of Septic Shock. Lancet 2002,
360, 219–223. [CrossRef]

2. Land, J.; Hughes, J.; Hargreaves, I.; Heales, S. Mitochondrial disease: A historical, biochemical, and London
perspective. Neurochem. Res. 2004, 29, 483–491. [CrossRef] [PubMed]

3. Hargreaves, I.; Al Shahrani, M.; Wainwright, L.; Heales, S. Drug-Induced Mitochondrial Toxicity. Drug Saf.
2016, 39, 661–674. [CrossRef] [PubMed]

4. Chen, O.; Vazquez, E.; Moghaddas, S.; Hoppel, C.; Lesnefsky, E. Production of Reactive Oxygen Species by
Mitochondria: Central Role of Complex III. J. Biol. Chem. 2003, 278, 36027–36031. [CrossRef] [PubMed]

5. Heales, S.; Bolanos, J.; Stewart, V.; Brookes, P.; Land, J.; Clark, J. Nitric Oxide, Mitochondria and Neurological
Disease. Biochim. Biophys. Acta Bioenerg. 1999, 1410, 215–228. [CrossRef]

6. Turrens, J. Mitochondrial Formation of Reactive Oxygen Species. J. Physiol. 2003, 552, 335–344. [CrossRef]
[PubMed]

7. Birben, E.; Sahiner, U.; Sackesen, C.; Erzurum, S.; Kalayci, O. Oxidative Stress and Antioxidant Defense.
World Allergy Organ. J. 2012, 5, 9–19. [CrossRef] [PubMed]

8. Bunker, V. Free radicals, antioxidants and ageing. Med. Lab. Sci. 1992, 49, 299–312. [PubMed]
9. White, E.; Shannon, J.; Patterson, R. Relationship between Vitamin and Calcium Supplement Use and Colon

Cancer. Cancer Epidemiol. Biomark. Prev. 1997, 6, 769–774.
10. Duberley, K.; Heales, S.; Abramov, A.; Chalasani, A.; Land, J.; Rahman, S.; Hargreaves, I. Effect of Coenzyme Q10

Supplementation on Mitochondrial Electron Transport Chain Activity and Mitochondrial Oxidative Stress in
Coenzyme Q10 Deficient Human Neuronal Cells. Int. J. Biochem. Cell Biol. 2014, 50, 60–63. [CrossRef] [PubMed]

11. Smith, A.; Shenvi, S.; Widlansky, M.; Suh, J.; Hagen, T. Lipoic Acid as a Potential Therapy for Chronic
Diseases Associated with Oxidative Stress. Curr. Med. Chem. 2004, 11, 1135–1146. [CrossRef] [PubMed]

12. Fiedor, J.; Burda, K. Potential Role of Carotenoids as Antioxidants in Human Health and Disease. Nutrients
2014, 6, 466–488. [CrossRef] [PubMed]

13. Jacobson, J.; Duchen, M.; Hothersall, J.; Clark, J.; Heales, S. Induction of Mitochondrial Oxidative Stress
in Astrocytes by Nitric Oxide Precedes Disruption of Energy Metabolism. J. Neurochem. 2005, 95, 388–395.
[CrossRef] [PubMed]

14. Hayashi, G.; Cortopassi, G. Oxidative Stress in Inherited Mitochondrial Disease. Free Radic. Biol. Med. 2015,
88, 10–17. [CrossRef] [PubMed]

15. Stewart, V.; Heales, S. Nitric Oxide-Induced Mitochondrial Dysfunction: Implication for Neurodegeneration.
Free Radic. Biol. Med. 2003, 34, 287–303. [CrossRef]

96



J. Clin. Med. 2017, 6, 100

16. Chinnery, P.; Johnson, M.; Wardell, T.; Singh-Kler, R.; Hayes, C.; Taylor, R.; Bindoff, L.; Turnbull, D.
The Epidemiology of Pathogenic Mitochondrial DNA Mutations. Ann. Neurol. 2000, 48, 188–193. [CrossRef]

17. Lamont, P.; Surtees, R.; Woodward, C.; Leonard, J.; Wood, N.; Harding, A. Clinical and Laboratory Findings
in Referrals for Mitochondrial DNA Analysis. Arch. Dis. Child. 1998, 79, 22–27. [CrossRef] [PubMed]

18. Gillis, L.; Sokol, R. Gastrointestinal Manifestation of Mitochondrial Disease. Gastroenterol. Clin. N. Am. 2003,
32, 789–817. [CrossRef]

19. Sykora, P.; Wilson, D.; Bohr, V. Repair of Persistent Strand Breaks in the Mitochondrial Genome.
Mech. Aging Dev. 2012, 133, 169–175. [CrossRef] [PubMed]

20. Cline, S. Mitochondrial DNA Damage and Its Consequences for Mitochondrial Gene Expression.
Biochim. Biophys. Acta Bioenerg. 2012, 1819, 979–991. [CrossRef] [PubMed]

21. Leeuwenburgh, C.; Hiona, A. The Role Mitochondrial DNA Mutations in Aging and Sarcopenia.
Exp. Gerontol. 2008, 43, 24–33.

22. Huoponen, K.; Vilkki, J.; Aula, P.; Nikoskelainen, E.; Savontaus, M. A New mtDNA Mutation Associated
with Leber Hereditary Optic Neuroretinopathy. Am. J. Hum. Genet. 1991, 48, 1147–1153. [PubMed]

23. Sadun, A.; Morgia, C.; Carelli, V. Leber Hereditary Optic Neuropathy. Curr. Treat. Options Neurol. 2011, 13,
109–117. [CrossRef] [PubMed]

24. Battisti, C.; Formichi, P.; Cardaioli, E.; Bianchi, S.; Mangiavacchi, P.; Tripodi, S.; Tosi, P.; Federico, A. Cell
Response to Oxidative Stress Induced Apoptosis in Patients with Leber Hereditary Optic Neuropathy.
J. Neurol. Neurosurg. Psychiatry 2004, 75, 1731–1736. [CrossRef] [PubMed]

25. Lin, C.; Sharpley, M.; Fan, W.; Waymire, K.; Sadun, A.; Carelli, F.; Ross-Cisneros, F.; Baciu, P.; Sung, E.;
McManus, M.; et al. Mouse mtDNA Mutant Model of Leber Hereditary Optic Neuropathy. Proc. Natl. Acad.
Sci. USA 2012, 109, 20065–20070. [CrossRef] [PubMed]

26. Howell, N. Leber Hereditary Optic Neuropathy: Respiratory Chain Dysfunction and Degeneration of the
Optic Nerve. Vis. Res. 1998, 38, 1495–1504. [CrossRef]

27. Kirches, E. LHON: Mitochondrial Mutation and More. Curr. Genom. 2011, 12, 44–54. [CrossRef] [PubMed]
28. Wang, Y.; Gu, Y.; Wang, J.; Tong, Y. Oxidative Stress in Chinese Patients with Leber Hereditary Optic

Neuropathy. J. Int. Med. Res. 2008, 36, 544–550. [CrossRef] [PubMed]
29. Gonzalo, R.; Arumi, E.; Llige, D.; Marti, R.; Solano, A.; Montoya, J.; Arenas, J.; Andreu, A. Free

Radicals-mediated Damage in Transmitochondrial Cells Harboring the T14487C Mutation in the ND6
Gene of mtDNA. FEBS Lett. 2005, 579, 6909–6913. [CrossRef] [PubMed]

30. Luo, X.; Pitkanen, S.; Kassovska, S.; Robinson, B.; Lehotay. Excessive Formation of Hydroxyl Radicals
and Aldehydic Lipid Peroxidation Products in Cultured Skin Fibroblasts From Patients with Complex I
Deficiency. J. Clin. Investig. 1997, 99, 2877–2882. [CrossRef] [PubMed]

31. Wong, A.; Cavelier, L.; Collins-Schramm, H.; Seldin, M.; McGrogan, M.; Savontaus, M.; Cortopassi, G.
Differentiation-specific Effects of LHON Mutation Introduced into Neuronal NT2 Cells. Hum. Mol. Genet.
2002, 11, 431–438. [CrossRef] [PubMed]

32. Yen, M.; Kao, S.; Wang, A.; Wei, Y. Increased 8 hydroxy 2′ deoxyguanosine in Leukocyte DNA in Leber
Hereditary Optic Neuropathy. Investig. Ophthalmol. Vis. Sci. 2004, 45, 1688–1691. [CrossRef]

33. Sadun, A.; Carelli, V.; Salomao, S.; Berezovsky, A.; Quiros, P.; Sadun, F.; DeNegri, A.; Andrade, R.; Moraes, M.;
Passos, A.; et al. Extensive Investigation of a Large Brazilian Pedigree of 11778/haplogroup J Leber
Hereditary Optic Neuropathy. Am. J. Ophthalmol. 2004, 136, 231–238. [CrossRef]

34. Barth, P.; Scholte, H.; Berden, J.; Moorsel, J.; Luyt-Houwen, I.; Veer-Korthof, E.; Harten, J.; Sobotka-Plojhar, M.
An X-linked Mitochondrial Disease Affecting Cardiac Muscle, Skeletal Muscle and Neutrophil Leucocytes.
J. Neurol. Sci. 1983, 62, 327–355. [CrossRef]

35. Jefferies, J. Barth Syndrome. Am. J. Med. Genet. C Semin. Med. Genet. 2013, 163, 198–205. [CrossRef] [PubMed]
36. Barth, P.; Valianpour, F.; Bowen, V.; Lam, J.; Duran, M.; Vaz, F.; Wanders, R. X-linked Cardioskeletal Myopathy

and Neutropenia (Barth Syndrome): An Update. Am. J. Med. Genet. 2004, 126, 349–354. [CrossRef] [PubMed]
37. Pope, S.; Land, J.; Heales, J. Oxidative Stress and Mitochondrial Dysfunction in Neurodegeneration;

Cardiolipin a Critical Target? Biochim. Biophys. Acta Bioenerg. 2008, 1777, 794–799. [CrossRef] [PubMed]
38. Schlame, M.; Greenberg, R. The role of cardiolipin in The Structural Organization of Mitochondrial

Membranes. Biochim. Biophys. Acta Bioenerg. 2009, 1788, 2080–2083. [CrossRef] [PubMed]
39. Paradies, G.; Paradies, V.; Benedictis, V.; Ruggiero, F.; Petrosillo, G. Functional Role of Cardiolipin in

Mitochondrial Bioenergetics. Biochim. Biophys. Acta Bioenerg. 2014, 1837, 408–417. [CrossRef] [PubMed]

97



J. Clin. Med. 2017, 6, 100

40. Pfeiffer, K.; Gohil, V.; Stuart, R.; Hunte, C.; Brandt, U.; Greenberg, M.; Schagger, H. Cardiolipin Stabilizes
Respiratory Chain Supercomplexes. J. Biol. Chem. 2003, 278, 52873–52880. [CrossRef] [PubMed]

41. Vladimir, G.; Sten, O.; Boris, Z. Multiple Pathways of Cytochrome c Release from Mitochondria in Apoptosis.
Biochim. Biophys. Acta Bioenerg. 2006, 1757, 639–647.

42. Barth, P.; Wanders, R.; Vreken, P.; Janssen, E.; Lam, J.; Baas, F. X-linked Cardioskeletal Myopathy and
Neutropenia (Barth Syndrome) (MIM 302060). J. Inherit. Metab. Dis. 1999, 22, 555–567. [CrossRef] [PubMed]

43. Hargreaves, I.; Duncan, A.; Wu, L.; Agrawal, A.; Land, J.; Heales, S. Inhibition of Mitochondrial Complex
IV Leads to Secondary Loss Complex II–III Activity: Implication for the Pathogenesis and Treatment of
Mitochondrial Encephalomyopathies. Mitochondrion 2007, 7, 284–287. [CrossRef] [PubMed]

44. Martinez, L.; Forni, M.; Santos, V.; Pinto, N.; Kowaltowski, A. Cardiolipin is a Key Determinant for mtDNA
Stability and Segregation during Mitochondrial Stress. Biochim. Biophys. Acta Bioenerg. 2015, 1847, 587–598.
[CrossRef] [PubMed]

45. Alexeyev, M.; Shokolenko, I.; Wilson, G.; LeDoux, S. The Maintenance of Mitochondrial DNA Integrity—Critical
Analysis and Update. Cold Spring Harb. Perspect. Biol. 2013, 5, a012641. [CrossRef] [PubMed]

46. Saric, A.; Andreau, K.; Armand, A.; Moller, I.; Petit, P. Barth Syndrome: From Mitochondrial Dysfunctions
Associated with Aberrant Production of Reactive Oxygen Species to Pluripotent Stem Cell Studies.
Front. Genet. 2016, 6, 359. [CrossRef] [PubMed]

47. Rotig, A.; Lonlay, P.; Chretien, D.; Foury, F.; Koenig, M.; Sidi, D.; Munnich, A.; Rustin, P. Aconitase and
Mitochondrial Iron-sulphur Protein Defeciencey in Friedreich Ataxia. Nat. Genet. 1997, 17, 215–217. [CrossRef]
[PubMed]

48. Koeppen, A. Friedreich Ataxia: Pathology, Pathogenesis, and Molecular Genetics. J. Neurol. Sci. 2011, 303,
1–12. [CrossRef] [PubMed]

49. Abeti, R.; Parkinson, M.; Hargreaves, I.; Angelova, P.; Sandi, C.; Pook, M.; Giunti, P.; Abramov, A. Mitochondrial
Energy Imbalance and Lipid Peroxidation Cause Cell Death in Friedreich Ataxia. Cell Death Dis. 2016, 7, e2237.
[CrossRef] [PubMed]

50. Babcock, M.; Silva, D.; Oaks, R.; Davis-Kaplan, S.; Jiralerspong, S.; Montermini, L.; Pandolfo, M.; Kaplan, J.
Regulation of Mitochomdrial Iron Accumulation by Yfh1p, a putative Homolog of Frataxin. Science 1997,
276, 1709–1712. [CrossRef] [PubMed]

51. Gerber, J.; Muhlenhoff, U.; Lill, R. An Interaction between Frataxin and Isu1/Nfs1 That is Crucial for Fe/S
Cluster Synthesis on Isu1. EMBO Rep. 2003, 4, 906–911. [CrossRef] [PubMed]

52. Kaplan, J. Friedreich Ataxia is a Mitochondrial Disorder. Proc. Natl. Acad. Sci. USA 1999, 96, 10948–10949.
[CrossRef] [PubMed]

53. Bresgen, N.; Eckl, P. Oxidative Stress and the Homoeodynamics of Iron Metabolism. Biomolecules 2015, 5,
808–847. [CrossRef] [PubMed]

54. Wong, A.; Yang, J.; Cavadini, P.; Gellera, C.; Lonnerdal, B.; Taroni, F.; Cortopassi, G. The Friedreich Ataxia
Mutation Confers Cellular Sensitivity to Oxidant Stress Which is Rescued by Chelators of Iron and Calcium
and Inhibitors of Apoptosis. Hum. Mol. Genet. 1999, 8, 6. [CrossRef]

55. Yuxi, S.; Schoenfeld, R.; Hayashi, G.; Napoli, E.; Akiyama, T.; Carstens, M.; Carstens, E.; Pook, M.; Cortopa, G.
Frataxin Deficiency Leads to Defect in Expression of Antioxidants and Nrf2 Expression in Dorsal Root
Ganglia of the Friedreich Ataxia YG8R Mouse Model. Antioxid. Redox Signal. 2013, 19, 1481–1493.

56. Runko, A.; Griswold, A.; Kyung-Tai, M. Overexpression of Frataxin in the Mitochondria Increases Resistance
to Oxidative Stress and Extends Lifespan in Drosophila. FEBS Lett. 2008, 582, 715–719. [CrossRef] [PubMed]

57. Koenig, M.; Mandel, J. Deciphering the Cause of Friedreich Ataxia. Curr. Opin. Neurobiol. 1997, 7, 689–694.
[CrossRef]

58. Beinert, H.; Kennedy, M. Aconitase, a Two-faced Protein: Enzyme and Iron Regulatory Factor. FASEB J. 1993,
15, 1442–1449.

59. Vasquez-Vivar, J.; Kalyanaraman, B.; Kennedyl, M. Mitochondrial Aconitase is a Source of Hydroxyl Radical:
An Electron Spin Resonance Investigation. J. Biol. Chem. 2000, 275, 14064–14069. [CrossRef] [PubMed]

60. Houten, B.; Woshner, V.; Santos, J. Role of Mitochondrial DNA in Toxic Responses to Oxidative Stress.
DNA Repair (Amst.) 2006, 5, 145–152. [CrossRef] [PubMed]

61. Gardner, P.; Fridovich, I. Superoxide Sensitivity of the Escherichia Coli Aconitase. J. Biol. Chem. 1991, 266,
19328–19333. [PubMed]

98



J. Clin. Med. 2017, 6, 100

62. Haile, D.; Rouault, T.; Harford, J.; Kennedy, M.; Blondin, G.; Klausner, R. Cellualr Regulation of the
Iron-responsive Element Binding Protein: Disassembly of the Cubane Iron-sulfur Cluster Results in High
Affinity RNA Binding. Proc. Natl. Acad. Sci. USA 1992, 89, 11735–11739. [CrossRef] [PubMed]

63. Liang, L.; Ho, Y.; Patel, M. Mitochondrial Superoxide Production in Kainate-induced Hippocampal Damage.
Neuroscience 2000, 101, 563–570. [CrossRef]

64. Kim, H.; LaVaute, T.; Iwai, K.; Klausner, R.; Rouault, T. Identification of a Conserved and Functional
Iron-responsive Element in the 5′-Untranslated Region of Mammalian Mitochondrial Aconitase. J. Biol. Chem.
1996, 271, 24226–24230. [CrossRef] [PubMed]

65. Stankiewics, J.; Brass, S. Role of Iron in Neurotoxicity: A cause for Concern in the Elderly? Curr. Opin. Clin.
Nutr. Metab. Care 2009, 12, 22–29. [CrossRef] [PubMed]

66. Fariss, M.; Chan, C.; Patel, M.; Houten, B.; Orrenius, S. Role of Mitochondria in Toxic Oxidative Stress.
Mol. Interv. 2005, 5, 94–111. [CrossRef] [PubMed]

67. Reeve, A.; Simcox, E.; Turnbull, D. Aging and Parkinson’s disease: Why is Advancing Age the Biggest Risk
Factor? Aging Res. Rev. 2014, 14, 19–30. [CrossRef] [PubMed]

68. Eden, S.; Tanner, M.; Bernstein, A.; Fross, R.; Leimpeter, A.; Bloch, D.; Nelson, L. Incidence of Parkinson’s
Disease: Variation by Age, Gender, and Race/Ethnicity. Am. J. Epidemiol. 2003, 157, 1015–1022. [CrossRef]

69. Jankovic, J. Parkinson’s Disease: Clinical Features and Diagnosis. J. Neurol. Neurosurg. Psychiatry 2008, 79,
368–376. [CrossRef] [PubMed]

70. Stefanis, L. α-Synuclein in Parkinson’s Disease. Cold Spring Harb. Perspect. Med. 2012, 2, a009399. [CrossRef]
[PubMed]

71. Langston, J.; Ballard, P.; Tetrud, J.; Irwin, I. Chronic Parkinsonism in Humans due to a Product of
Meperidine-analog Synthesis. Science 1983, 219, 979–980. [CrossRef] [PubMed]

72. Abou-Sleiman, P.; Muqit, M.; Wood, N. Expanding Insights of Mitochondrial Dysfunction in Parkinson’s
Disease. Nat. Rev. Neurosci. 2006, 7, 207–219. [CrossRef] [PubMed]

73. Dauer, W.; Przedborski, S. Parkinson Disease: Mechanisms and Models. Neuron 2003, 39, 889–909. [CrossRef]
74. Blesa, J.; Phani, S.; Jackson-Lewis, V.; Przedborski, S. Classic and New Animal Models of Parkinson’s Disease.

J. Biomed. Biotechnol. 2012, 2012, 1–10. [CrossRef] [PubMed]
75. Parker, W.; Parks, J.; Swerdlow, R. Complex I Deficiency in Parkinson’s Disease Frontal Cortex. Brain Res.

2008, 1189, 215–218. [CrossRef] [PubMed]
76. Blandini, F.; Nappi, G.; Greenamyre, J. Quantitative Study of Mitochondrial Complex I in Platelets of

Parkinsonian Patients. Mov. Disord. 1998, 13, 11–15. [CrossRef] [PubMed]
77. Blin, O.; Desnuelle, C.; Rascol, O.; Borg, M.; Peyro, H.; Azulay, J.; Bille, F.; Figarella, D.; Coulom, F.; Pellissier, J.

Mitochondrial Respiratory Failure in Skeletal Muscle from Patients with Parkinson’s Disease and Multiple
System Atrophy. J. Neurol. Sci. 1994, 125, 95–101. [CrossRef]

78. Haas, R.; Nasirian, F.; Nakano, K.; Ward, D.; Pay, M.; Hill, R.; Shults, C. Low platelet Mitochondrial complex
I and Complex II/III Activity in Early Untreated Parkinson’s Disease. Ann. Neurol. 1995, 37, 714–722.
[CrossRef] [PubMed]

79. Acín-Pérez, R.; Bayona-Bafaluy, M.; Fernández-Silva, P.; Moreno-Loshuertos, R.; Pérez-Martos, A.; Bruno, C.;
Moraes, C.; Enríquez, J. Respiratory Complex III Is Required to Maintain Complex I in Mammalian
Mitochondria. Mol. Cell 2004, 13, 805–815. [CrossRef]

80. Keane, P.; Kurzawa, M.; Blain, P.; Morris, C. Mitochondrial Dysfunction in Parkinson’s Disease.
Parkinsons Dis. 2011, 2011, 1–18. [CrossRef] [PubMed]

81. Dominic, H.; Scott, A.; Ashley, B.; Peng, L. A Delicate Balance: Iron Metabolism and Disease of the Brain.
Front. Aging Neurosci. 2013, 5, 34.

82. Moos, T.; Nielsen, T.; Skjorringe, T.; Morgan, E. Iron Trafficking Inside the Brain. J. Neurochem. 2007, 103,
1730–1740. [CrossRef] [PubMed]

83. Winter, W.; Bazydlo, L.; Harris, N. The Molecular Biology of Human Iron Metabolism. Lab. Med. 2014, 45,
92–102. [CrossRef] [PubMed]

84. Conner, J.; Benkovic, S. Iron Regulation in the Brain: Histochemical, Biochemical, and Molecular
Considerations. Ann. Neurol. 1992, 32, 51–61. [CrossRef]

85. Brzoska, K.; Meczynska, S.; Kruszewski, M. Iron-sulfur Cluster Proteins: Electron Transfer and Beyond.
Acta Biochim. Pol. 2006, 53, 685–691. [PubMed]

86. Hirsch, E.; Faucheux, B. Iron Metabolism and Parkison’s Disease. Mov. Disord. 1998, 13, 39–45. [PubMed]

99



J. Clin. Med. 2017, 6, 100

87. Dexter, D.; Wells, F.; Lees, A.; Javoy-Agid, F.; Agid, Y.; Jenner, P.; Marsden, C. Increased Nigral Iron Content
and Alterations in Other Metal Ions Occurring in Brain in Parkinson’s Disease. J. Neurochem. 1989, 52,
1830–1836. [CrossRef] [PubMed]

88. Dexter, D.; Wells, F.; Javoy-Agid, F.; Agid, Y.; Lees, A.; Jenner, P.; Marsden, C. Incresed Nigral Iron Content in
Postmortem Parkinsonian Brain. Lancet 1987, 330, 1219–1220. [CrossRef]

89. Hirsch, E.; Brandel, J.; Galle, P.; Javoy-Agid, F.; Agid, Y. Iron and Aluminum Increase in the Substantia Nigra
of Patients with Parkinson’s Disease: An X-Ray Microanalysis. J. Neurochem. 1991, 56, 446–451. [CrossRef]
[PubMed]

90. Mazzio, E.; Soliman, K. Effects of Enhancing Mitochondrial Oxidative Phoshporylation with Reducing
Equivalents and Ubiquinone on 1-methyl-4-phenylpyridinium Toxicity and Complex I-IV Damage in
Neuroblastoma Cells. Biochem. Pharmacol. 2004, 67, 1167–1184. [CrossRef] [PubMed]

91. Shang, T.; Kotamraiu, S.; Kalivendi, S.; Hillard, C.; Kalyanaraman, B. 1-Methyl-4-phenylpyridinium-induced
Apoptosis in Cerebellar Granule Neurons is Mediated by Transferrin Receptor Iron-dependent Depletion
of Tetrahydrobiopterin and Neuronal Nitric Oxide Synthase-derived Superoxide. J. Biol. Chem. 2004, 279,
19099–19112. [CrossRef] [PubMed]

92. Li-Ping, L.; Patel, M. Iron-sulfur Enzyme Mediated Mitochondrial Superoxide Toxicity in Experimental
Parkinson’s Disease. J. Neurochem. 2004, 90, 1076–1084.

93. Ebadi, M.; Srinivasan, K.; Baxi, M. Oxidative Stress and Antioxidant Therapy in Parkinson’s Disease.
Prog. Neurobiol. 1996, 48, 1–19. [CrossRef]

94. Obata, T. Dopamine Efflux by MPTP and Hydroxyl Radical Generation. J. Neural Trans. 2002, 109, 1159–1180.
[CrossRef] [PubMed]

95. Jomova, K.; Valko, M. Advances in Metal-induced Oxidative Stress and Human Disease. Toxicology 2011,
283, 65–87. [CrossRef] [PubMed]

96. Nunez, T.; Urrutia, P.; Mena, N.; Aguirre, P.; Tapia, V.; Salazar, J. Iron Toxicity in Neurodegeneration. Biometals
2012, 25, 761–776.

97. Owen, J.; Butterfield, D. Measurment of Oxidized/Reduced Glutathione Ratio. Methods Mol. Biol. 2010, 648,
269–277. [PubMed]

98. Sipos, K.; Lange, H.; Fekete, Z.; Ullmann, P.; Lill, R.; Kispal, G. Maturation of Cytosolic Iron-sulfur Proteins
Requires Glutathione. J. Biol. Chem. 2002, 277, 26944–26949. [CrossRef] [PubMed]

99. Dias, V.; Junn, E.; Mouradian, M. The Role Oxidative Stress in Parkinson’s Disease. J. Parkinsons Dis. 2013, 3,
461–491. [PubMed]

100. Heales, S.; Bolanos, J. Impirment of Brain Mitochondrial Function by Reactive Nitrogen Species: The Role of
Glutathione in Dictating Susceptibility. Neurochem. Int. 2002, 40, 469–474. [CrossRef]

101. Dimonte, D.; Chan, P.; Sandy, M. Glutathione in Parkinson’s Disease: A link Between Oxidative Stress and
Mitochondrial Damage? Ann. Neurol. 1992, 32, 111–115. [CrossRef]

102. Mari, M.; Morales, A.; Colell, A.; Garcia-Ruiz, C.; Fernandez-Checa, J. Mitochondrial Glutathione, a Key
Survival Antioxidant. Antioxid. Redox Signal. 2009, 11, 2685–2700. [CrossRef] [PubMed]

103. Heales, S.; Davies, S.; Bates, T.; Clark, J. Depletion of Brain Glutathione is Accompanied by Impaired
Mitochondrial Function and Decreased N-acetyl Aspartate Concentration. Neurochem. Res. 1995, 20, 31–38.
[CrossRef] [PubMed]

104. Merad-Saidoune, M.; Biotier, E.; Nicole, A.; Marsac, C.; Martinou, J.; Sola, B.; Sinet, P.; Ceballos-Picot, I.
Overproduction of Cu/Zn-superoxide Dismutase or Bcl-2 Prevents the Brain Mitochondrial Respiratory
Dysfunction Induced by Glutathione Depletion. Exp. Neurol. 1999, 158, 428–436. [CrossRef] [PubMed]

105. Jha, N.; Jurma, O.; Lalli, G.; Liu, Y.; Pettus, E.; Greenamyrel, J.; Liu, R.; Forman, H.; Anderson, J. Glutathione
Depletion in PC12 Results in Selective Inhibition of Mitochondrial Complex I Activity: Implication for
Parkinson’s Disease. J. Biol. Chem. 2000, 275, 26096–26101. [CrossRef] [PubMed]

106. Hargreaves, I.; Sheena, Y.; Land, J.; Heales, S. Glutathione Deficiencey in Patients with Mitochondrial Disease:
Implication for Pathogenesis and Treatment. J. Inherit. Dis. 2005, 28, 81–88. [CrossRef] [PubMed]

107. Jenner, P.; Dexter, D.; Sian, J.; Schapira, A.; Marsden, C. Oxidative stress as a Cause of Nigral Cell Death in
Parkinson’s Disease and Incidental Lewy Body Disease. The Royal Kings and Queens Parkinson’s Disease
Research Group. Ann. Neurol. 1992, 32, 82–87. [CrossRef]

100



J. Clin. Med. 2017, 6, 100

108. Zeevalk, G.D.; Manzino, L.; Sonsalla, P.K.; Bernard, L.P. Characterization of Intracellular Elevation of
Glutathione (GSH) with Glutathione Monoethyl Ester and GSH in Brain and Neuronal Cultures: Relevance
to Parkinson’s Disease. Exp. Neurol. 2007, 203, 512–520. [CrossRef] [PubMed]

109. Farr, S.; Poon, H.; Dogrukol-Ak, D.; Drake, J.; Banks, W.; Eyerman, E.; Butterfield, D.; Morley, J.
The Antioxidants α-lipoic Acid and N-Acetylcysteine Reverse Memory Impairment and Brain Oxidative
Stress in Aged SAMP8 Mice. J. Neurochem. 2003, 84, 1173–1183. [CrossRef] [PubMed]

110. Kerksick, C.; Willoughby, D. The Antioxidant Role of Glutathione and N-Acetyl-Cysteine Supplements and
Exercise-Induced Oxidative Stress. Int. Soc. Sports Nutr. 2005, 2, 38–44. [CrossRef] [PubMed]

111. Munoz, M.; Rey, P.; Soto, R.; Guerra, M.; Labandeira, L. Systemic Administration of N Acetylcysteine Protects
Dopaminergic Neurons Against 6 Hydroxydopamine Induced Degeneration. J. Neurosci. Res. 2004, 76,
551–562. [CrossRef] [PubMed]

112. Hargreaves, I.P. Coenzyme Q10 as a Therapy for Mitochondrial Disease. Int. J. Biochem. Cell Biol. 2014, 49,
105–111. [CrossRef] [PubMed]

113. Duncan, A.; Heales, S.; Mills, K.; Eaton, S.; Land, J.; Hargreaves, I. Determination of Coenzyme Q10 Status
in Blood Mononuclear Cells, Skeletal Muscle, and Plasma by HPLC with Di-Propoxy-Coenzyme Q10.
Clin. Chem. 2005, 51, 2380–2382. [CrossRef] [PubMed]

114. Ogasahara, S.; Engel, A.; Frens, D.; Mack, D. Muscle Coenzymee Q Deficiency in Familial Mitocondrial
Encephalomyopathy. Proc. Natl. Acad. Sci. USA 1989, 86, 2379–2382. [CrossRef] [PubMed]

115. Maldergem, L.; Trijbels, F.; DiMauro, S.; Sindelar, P.; Musumeci, O.; Janssen, A.; Delberghe, X.; Martin, J.;
Gillerot, Y. Coenzyme Q-Responsive Leigh’s Encephalopathy in Two Sisters. Ann. Neurol. 2002, 52, 750–754.
[CrossRef] [PubMed]

116. Papadimitriou, A.; Hadjigeorgiou, G.; Divari, R.; Papagalanis, N.; Comi, G.; Bresolin, N. The Influence of
Coenzyme Q10 on Total Serum Calcium concentration in Two Patients with Kearns—Sayre syndrome and
hypoparathyroidism. Neuromuscul. Disord. 1996, 6, 49–53. [CrossRef]

117. Quinzii, C.; DiMauro, S.; Hirano, M. Human Coenzyme Q10 Deficiency. Neurochem. Res. 2007, 32, 723–727.
[CrossRef] [PubMed]

118. Koene, S.; Smeitink, J. Metabolic Manipulators: A Well Founded Strategy to Combat Mitochondrial
Dysfunction. J. Inherit. Metab. Dis. 2011, 34, 315–325. [CrossRef] [PubMed]

119. Napolitano, A.; Salyetti, S.; Vista, M.; Lombardi, V.; Siciliano, G.; Giraldi, C. Long-Term Treatment with
Idebenone and Riboflavin in a Patient with MELAS. Neurol. Sci. 2000, 21, 981–982. [CrossRef]

120. Mancuso, M.; Orsucci, D.; Filosto, M.; Simoncini, C.; Siciliano, G. Drugs and Mitochondrial Diseases: 40
Queries and Answers. Expert Opin. Pharmacother. 2012, 13, 527–543. [CrossRef] [PubMed]

121. Jaber, S.; Polster, B. Idebenone and Neuroprotection: Antioxidant, Pro-Oxidant, or Electron Carrier?
J. Bioenergy Biomembr. 2015, 47, 111–118. [CrossRef] [PubMed]

122. Shults, C.; Haas, R.; Passov, D.; Beal, M. Coenzyme Q10 Levels Correlate with the Activities of Complex I and
II/III in Mitochondria From Parkinsonian and Nonparkinsonian subjects. Ann. Neurol. 1997, 42, 261–264.
[CrossRef] [PubMed]

123. Hargreaves, I.; Lane, A.; Sleiman, P. The Coenzyme Q10 Status of the Brain Regions of Parkinson’s Disease
Patients. Neurosci. Lett. 2008, 447, 17–19. [CrossRef] [PubMed]

124. Sohmiya, M.; Tanaka, M.; Tak, N.W.; Yanagisawa, M.; Tanino, Y.; Suzuki, Y.; Okamoto, K.; Yamamoto, Y.
Redox Status of Plasma Coenzyme Q10 Indicates Elevated Systemic Oxidative Stress in Parkinson’s Disease.
J. Neurol. Sci. 2004, 223, 161–166. [CrossRef] [PubMed]

125. Gotz, M.; Gerstner, A.; Harth, R.; Dirr, A.; Janetzky, B.; Kuhn, W.; Riederer, P.; Gerlach, M. Altered Redox
State of Platelet Coenzyme Q10 in Parkinson’s Disease. J. Neural Transm. (Vienna) 2000, 107, 41–48.

126. Gille, G.; Hung, S.; Reichmann, H.; Rausch, W. Oxidative Stress to Dopaminergic Neurons as Models of
Parkinson’s Disease. Ann. N. Y. Acad. Sci. 2004, 1018, 533–540. [CrossRef] [PubMed]

127. Kooncumchoo, P.; Sharma, S.; Porter, J.; Govitrapong, P.; Ebadi, M. Coenzyme Q (10) Provides Neuroprotection
in Iron-Induced Apoptosis in Dopaminergic Neurons. J. Mol. Neurosci. 2006, 28, 125–141. [CrossRef]

128. Winkler-Stuck, K.; Wiedemann, F.; Wallesch, C.; Kunz, S. Effect of Coenzyme Q10 on the Mitochondrial
Function of Skin Fibroblasts from Parkinson Patients. J. Neurol. Sci. 2004, 220, 41–48. [CrossRef] [PubMed]

129. Moreira, P.I.; Zhu, X.; Wang, X.; Lee, Y.-G.; Nunomura, A.; Peterson, R.B.; Perry, G.; Smith, M.A. Mitochondria:
A Therapeutic Target in Neurodegeneration. Biochim. Biophys. Acta 2010, 1802, 212–220. [CrossRef] [PubMed]

101



J. Clin. Med. 2017, 6, 100

130. Shults, C.; Oakes, D.; Kieburtz, K.; Beal, M.; Haas, R.; Plumb, S.; Juncos, J.; Nutt, J.; Shoulson, I.; Carter, J.; et al.
Parkinson Study Group. Effects of Coenzyme Q10 in Early Parkinson Disease: Evidence of Slowing of the
Functional Decline. Arch. Neurol. 2002, 59, 1541–1550. [CrossRef] [PubMed]

131. Josef, F. Treatment of Mitochondrial Disorders. Eur. J. Pediatr. Neurol. 2010, 14, 29–44.
132. Josef, F.; Bindu, P. Therapeutic Strategies for Mitochondrial Disorders. Pediatr. Neurol. 2015, 52, 302–313.
133. Jin, H.; Kanthasamy, A.; Ghosh, A.; Anantharam, V.; Kaylanaraman, B.; Kanthasamy, G.

Mitochondria-targeted Antioxidants for Treatment of Parkinson’s Disease: Preclinical and Clinical Outcomes.
Biochim. Biophys. Acta 2014, 1842, 1282–1294. [CrossRef] [PubMed]

134. Teodoro, G.; Baraldi, G.; Sampaio, H.; Bomfim, H.; Queiroz, L.; Passos, A.; Carneiro, M.; Alberici, C.;
Gomis, R.; Amaral, G.; et al. Melatonin Prevents Mitochondrial Dysfunction and Insulin Resistance in Rat
Skeletal Muscle. J. Pineal Res. 2014, 57, 155–167. [CrossRef] [PubMed]

135. Smith, R.; Adlam, V.; Blaikie, F.; Manas, A.; Porteous, C.; James, A.; Ross, M.; Logan, A.; Cochemé, H.;
Trnka, J.; et al. Mitochondria-Targeted Antioxidants in the Treatment of Disease. Ann. N. Y. Acad. Sci. 2008,
1147, 105–111. [CrossRef] [PubMed]

136. Henderson, C.B.; Filloux, F.M.; Alder, S.C.; Lyon, J.L.; Caplin, D.A. Efficacy of the Ketogenic Diet as
a treatment Option for Epilepsy: Meta-Analysis. J. Child. Neurol. 2006, 3, 193–198.

137. Keene, D.L. A Systematic Review of the Use of the Ketogenic Diet in Childhood Epilepsy. Pediatr. Neurol.
2006, 1, 1–5. [CrossRef] [PubMed]

138. Neal, E.G.; Chaffe, H.; Schwartz, R.H.; Lawson, M.S.; Edwards, N.; Fitzsimmons, G.; Whitney, A.; Cross, J.H.
A Randomized Trial of Classical and Medium-Chain Triglyceride Ketogenic Diets in the Treatment of
Childhood Epilepsy. Epilepsia 2009, 5, 1109–1117. [CrossRef] [PubMed]

139. Bough, K.J.; Wetherington, J.; Hassel, B.; Pare, J.F.; Gawryluk, J.W.; Greene, J.G.; Shaw, R.; Smith, Y.;
Geiger, J.D.; Dingledine, R.J. Mitochondrial Biogenesis in The Anticonvulsant Mechanism of the Ketogenic
Diet. Ann. Neurol. 2006, 2, 223–235. [CrossRef] [PubMed]

140. Hughes, S.D.; Kanabus, M.; Anderson, G.; Hargreaves, I.P.; Rutherford, T.; O’Donnell, M.; Cross, J.H.;
Rahman, S.; Eaton, S.; Heales, S.J. The Ketogenic Diet Component Decanoic Acid Increases Mitochondrial
Citrate Synthase and Complex I Activity in Neuronal Cells. J. Neurochem. 2014, 3, 426–433. [CrossRef]
[PubMed]

141. Kanabus, M.; Fassone, E.; Hughes, S.D.; Bilooei, S.F.; Rutherford, T.; O’Donnell, M.; Heales, S.J.R.; Rahman, S.
The Pleiotropic Effects of Decanoic Acid Treatment on Mitochondrial Function in Fibroblasts from Patients
with Complex I Deficient Leigh Syndrome. J. Inherit. Metab. Dis. 2016, 39, 415–426. [CrossRef] [PubMed]

© 2017 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/).

102



Journal of

Clinical Medicine

Review

Statins, Muscle Disease and Mitochondria

Radha Ramachandran 1,2,* and Anthony S. Wierzbicki 1

1 Departments of Chemical Pathology/Metabolic Medicine, Guys and St Thomas’ Hospitals NHS Foundation
Trust, London SE1 7EH, UK; anthony.wierzbicki@kcl.ac.uk

2 Adult Inherited Metabolic Diseases, Centre for Inherited Metabolic Diseases, Evelina, Guys and St Thomas’
Hospitals NHS Foundation Trust, Lambeth Palace Road, London SE1 7EH, UK

* Correspondence: radha.ramachandran@gstt.nhs.uk

Academic Editors: Iain P. Hargreaves and Jane Grant-Kels
Received: 6 May 2017; Accepted: 12 July 2017; Published: 25 July 2017

Abstract: Cardiovascular disease (CVD) accounts for >17 million deaths globally every year, and this
figure is predicted to rise to >23 million by 2030. Numerous studies have explored the relationship
between cholesterol and CVD and there is now consensus that dyslipidaemia is a causal factor in
the pathogenesis of atherosclerosis. Statins have become the cornerstone of the management of
dyslipidaemia. Statins have proved to have a very good safety profile. The risk of adverse events is
small compared to the benefits. Nevertheless, the potential risk of an adverse event occurring must be
considered when prescribing and monitoring statin therapy to individual patients. Statin-associated
muscle disease (SAMS) is by far the most studied and the most common reason for discontinuation
of therapy. The reported incidence varies greatly, ranging between 5% and 29%. Milder disease is
common and the more serious form, rhabdomyolysis is far rarer with an incidence of approximately 1
in 10,000. The pathophysiology of, and mechanisms leading to SAMS, are yet to be fully understood.
Literature points towards statin-induced mitochondrial dysfunction as the most likely cause of SAMS.
However, the exact processes leading to mitochondrial dysfunction are not yet fully understood. This
paper details some of the different aetiological hypotheses put forward, focussing particularly on
those related to mitochondrial dysfunction.

Keywords: cardiovascular; statin; myopathy; muscle; mitochondria

1. Introduction

Cardiovascular disease (CVD) accounts for >17 million deaths globally every year, and this figure
is predicted to rise to >23 million by 2030 [1]. Numerous studies have explored the relationship
between cholesterol and CVD and there is a consensus that low density lipoprotein cholesterol (LDL-C)
is a causal factor in the pathogenesis of atherosclerosis [2,3]. The epidemiological studies underlying
this concept have been aggregated and meta-analysed by the Emerging Risk Factors Collaboration [4].
These results provided the impetus for discovery of cholesterol lowering drugs starting with the
use of high dose niacin and then proceeding through bile acid sequestrants, fibrates and eventually
statins [5,6]. Statins have now become the cornerstone of the management of dyslipidaemia [7].

The first step in cholesterol synthesis involves formation of 2-Hydroxymethylglutaryl-coenzyme
A (HMG-CoA) by condensation of acetyl CoA and aceto-acetylCoA; HMG-CoA is then converted
to Mevalonate by the enzyme HMG-CoA reductase (Figure 1). This is the rate-limiting step in
cholesterol synthesis. HMG-CoA reductase was pursued as a viable target for cholesterol lowering drug
development. This led to the development of HMG-CoA reductase inhibitors, known as “statins” [6].
Toxicity was limited as HMG-CoA, the immediate precursor before the block, is water soluble and
can be metabolised via alternative metabolic pathways, thus preventing accumulation. Numerous
attempts have been made to inhibit cholesterol synthesis at other points but these have been limited
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either by the knowledge of inherited errors of metabolism associated with defects at those sites or by
toxicity of potential drug candidates, e.g., squalene synthase inhibition [8].

Figure 1. Schematic representation of cholesterol and CoQ10 synthetic pathway. Dotted arrows are
used where some of the intermediate products in the pathway have been omitted in the diagram. Site
of Statin action is shown. Statin inhibits enzymes HMG CoA reductase which is written in bold italics.

In September 1987, Lovastatin became the first statin to be given US Food and Drug
Administration approval as a cholesterol lowering agent [8]. Two further semi-synthetic (pravastatin
and simvastatin) and four synthetic statins (fluvastatin, pitavastatin, atorvastatin and rosuvastatin)
of varying efficacy [9] have been successfully introduced into the market since but cerivastatin was
withdrawn due to toxicity [10]. The reduction in plasma LDL-C caused by statins is due to upregulation
of LDL receptor expression and not only from a decrease in cholesterol synthesis due to HMG-CoA
reductase inhibition allied with decreased production of apolipoprotein B containing lipoproteins [11].
These drugs reduce LDL-C levels even in patients with heterozygous Familial Hypercholesterolemia
(FH) due to LDL receptor mutations, but not in receptor null homozygous FH [11].

Statins were initially received with some scepticism due to uncertainties regarding benefit and
anxieties concerning potential adverse effects [6]. These reservations were dispelled by the results of
large long-term randomised controlled trials such as the Scandinavian Simvastatin Survival Study [12].
This study provided unequivocal evidence for reduction in all-cause mortality (30%, p = 0.0003),
coronary artery related deaths (42%), major coronary events (34%) and revascularisation procedures
(37%) with statin therapy. The Heart Protection Study provided further evidence for benefits in women
and in patients with diabetes and previous history of cerebrovascular events [13]. Moreover these
randomised controlled trials provided reassurance that there was no increase in adverse effects such
as cataracts, previously observed in animal studies relating to an earlier cholesterol lowering drug
candidate triparanol [14], clinical liver disease [15] or cancer [16], although some concerns continue
to be raised [17]. A later patient-based meta-analysis of statin trials showed a 21% reduction in CVD
events and an 11% reduction in CV mortality for each 1 mmol/LDL-C reduction [18]. Furthermore,
maintaining a 2 mmol/L reduction in LDL cholesterol in 10,000 patients for 5 years prevented
approximately 1000 major vascular events in patients with a high risk of coronary events [7,18].
Hence, with good reason, statins are now amongst the most widely prescribed medications across the
globe. They are prescribed to roughly 30 million people, and had sales of $25 billion in 2005 [19].

Statins have proved to have a very good safety profile [7,20]. The risk of adverse events is small
compared to benefits. Nevertheless, the potential risk of an adverse event occurring must be considered
when prescribing and monitoring statin therapy to individual patients. Memory loss, impairment
of liver/kidney function, new onset diabetes and muscle symptoms are some of the many adverse
effects reported by patients taking statins. Of these, statin-associated muscle disease is by far the most
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studied [21] and the most common reason for discontinuation of therapy and hence will be the focus
of the rest of this paper.

Presentations with statin intolerance often due to myopathy form up to 10% of the workload
of clinical lipid services. Only recently has a classification of statin-related muscle symptoms been
agreed [22]. Statin-induced muscle disease can be broadly classified into the rarer, more severe,
often irreversible statin-induced necrotising inflammatory myopathy (SINIM) [23], and the relatively
more common, reversible spectrum of muscle disease often referred to as statin-associated muscle
symptoms (SAMS) [22,24]. There is no consensus about the optimal pathway for investigation of
these cases. Investigations include exclusion of common autoimmune muscle diseases and vitamin D
deficiency [25]. Vitamin D deficiency can exacerbate statin myopathy but there is no clear evidence
for concurrent supplementation having benefits as trials are small [26] and usually not randomised.
Some clinicians proceed to muscle biopsy and electron microscopy in severe cases. A case series of
279 biopsies from patients with statin myopathy show a 24% incidence (n = 67) of mitochondrial
dysfunction on either histochemistry and/or electron microscopy [27]. Ten percent (n = 29) had
abnormal respiratory chain enzyme activity [27].

2. Statin-Associated Muscle Symptoms

The reported incidence varies greatly, ranging between 5% and 29% with milder symptoms
being common and, the rare, more serious form, rhabdomyolysis being far rarer with an incidence
of approximately 1 in 10,000 [17,28–31]. The Statins on Skeletal Muscle Function and Performance
(STOMP) study assessed the effect of 6 months of 80 mg of Atorvastatin on 420 statin-naïve healthy
controls and found a significantly increased incidence of muscle-related symptoms in the statin versus
placebo group (p < 0.05) but found no significant difference in exercise capacity or muscle strength in
the statin versus placebo group [32].

Symptoms of SAMS are often non-specific and largely localised to proximal muscle groups
such as thighs, buttocks and calves. Physical activity, female gender and Asian ethnicity have all
been shown to be associated with an increased risk of SAMS [33,34]. Hypothyroidism, renal and
liver impairment and diabetes are other risk factors [35,36]. Interactions due to co-administration of
drugs sharing the same cytochrome P450 metabolic pathway may account for up to 60% of SAMS.
Drugs such as glucocorticoids, gemfibrozil, protease inhibitors, antipsychotics such as risperidone and
immunosuppressives such as cyclosporine, and common food-associated factors such as orange or
cranberry juice and excess alcohol consumption have all been implicated [36]. Hence patients must be
assessed for these pre-existing risk factors prior to being prescribed statins.

2.1. SAMS Diagnosis

Confirmation of SAMS remains a challenge in the absence of a specific and sensitive biomarker.
The 2015 European Atherosclerosis Society Consensus statement suggested that diagnosis should be
based on the triad of (i) temporal relationship of symptoms and/or CK elevation to initiation of statin
therapy; (ii) disappearance of symptoms on withdrawal; and (iii) re-appearance on re-challenge with
statin therapy [36]. Similar proposals were mooted by other expert groups including the Canadian
Consensus Working Group [29].

2.2. SAMS Classification

SAMS can be further classified based on muscle symptoms, the presence and degree of CK
elevation [22]. Muscle symptoms with no elevation in CK, often referred to as myalgia, is regarded
as the mildest form. The term myositis is sometimes used to describe symptoms associated with
significant CK elevation (>10 times upper limit of normal range). Rhabdomyolysis is the most severe
form, and may result in myoglobinuria and renal impairment. CK levels in rhabdomyolysis may rise
to >40 times upper limit of normal range.
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The pathophysiology of and mechanisms leading to SAMS is yet to be fully understood. The rest
of this paper will detail some of the different aetiological hypotheses put forward and, in particular,
focus on the hypotheses related to mitochondrial dysfunction.

2.3. SAMS Pathobiology

2.3.1. Genetic Predisposition

Polymorphisms in a number of genes, including those coding for efflux ABC transporters (ABCB1
and ABCG2), influx transporter- organic anion–transporting polypeptide 1B1 (OATP1B1) (SLCO1B1)
and Cytochrome P450 enzymes: CYP2D6, CYP3A4, and CYP3A5, have been associated with SAMS.
However, thus far, only SNPs in the SLCO1B1, causing disruption in the hepatic uptake of simvastatin,
have shown convincing associations [37]. Routine testing for this polymorphism is currently not
recommended. In contrast, polymorphisms leading to reduced expression of GATM gene may offer a
degree of protection against SAMS [38]. Whilst the exact mechanism is not known, it was proposed that
reduced creatine synthesis, and hence reduced phosphocreatine stores, modify cellular energy stores
and the AMPK signalling favourably. However, other studies have failed to replicate the results [39].
Furthermore, creatine deficiency related to a loss of function mutation in GATM can present with
myopathy [38]. Statins precipitate myopathic symptoms in patients with genetic mutations for rare
inherited metabolic disorders such as MELAS (Mitochondrial encephalomyopathy, lactic acidosis,
and stroke-like episodes) syndrome [40–44]. A study of 110 patients with statin-induced myopathy
reported a 4-fold (p < 0.001) increase in pathogenic mutant alleles for carnitine palmitoyltransferase II
deficiency, McArdle disease and myoadenylate deaminase deficiency versus controls [43]. Despite
these isolated reports in the literature, convincing evidence to recommend routine testing for genetic
predispositions prior to initiation of treatment with statins remains elusive.

2.3.2. Mitochondrial Dysfunction

Mitochondrial dysfunction is defined as a decrease in the ability of the mitochondria to synthesise
high energy compounds such as adenosine 5′ triphosphate and a suboptimal electron transfer rate across
the respiratory chain complex. Primary mitochondrial disease results in mitochondrial dysfunction due to
mutations in genes coding for mitochondrial function. In addition, mitochondrial dysfunction related to
oxidative damage is a recognised feature of aging and a number of chronic diseases including diabetes [44].

Mitochondrial dysfunction can also be precipitated by drugs and is now the most widely accepted
and studied pathobiological mechanism for SAMS [45,46]. However, the exact nature/extent/type
of mitochondrial dysfunction(s) causing SAMS remains unclear. Studies seeking to establish the
aetiology of SAMS have demonstrated impairment of numerous mitochondrial processes. Results and
hypotheses of some of these studies have been summarised below.

Coenzyme Q10 Deficiency

Statin-induced Coenzyme Q10 (CoQ10)/Ubiquinone deficiency is the most commonly mooted
and extensively studied aetiological cause for SAMS. Ubiquinone comprises a quinone ring and
a 10 isoprenoid unit side chain. Whilst some of it is derived from diet, a significant proportion,
approximately half, is synthesised within the mitochondria (Figure 1) [47,48]. It is present within
the inner mitochondrial membrane of eukaryotic cells and is involved in many different metabolic
processes including electron transfer in the mitochondrial respiratory chain [49,50]. It is an essential
cofactor for a number of dehydrogenases including those involved in fatty acid oxidation and
pyrimidine synthesis. It is also an antioxidant and has a role in apoptosis.

Statins reduce synthesis of a number of other intermediary isoprenoid compounds downstream
in the cholesterol biosynthesis pathway [51,52]. Low levels of CoQ10 secondary to inhibition of
mevalonate synthesis by statins has been implicated in SAMS aetiology. However, many studies have
produced conflicting/equivocal conclusions [50].
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A number of intervention trials with CoQ10 have been performed in statin-associated myalgia
following anecdotal case reports of benefit. A systematic review and meta-analysis assessed data from
6 randomised control trials with 8 placebo-controlled treatment arms which met the inclusion criteria:
(i) placebo controlled study; and (ii) presented sufficient information about change in CoQ 10 levels
following statin therapy [50]. This meta-analysis included a total of 240 participants and 210 controls,
with duration of trial interval varying between 6 and 26 weeks. The trials included statin therapy with
simvastatin (20–80 mg/day), atorvastatin (10–40 mg /day), rosuvastatin 40 mg/day and pravastatin
20 mg/day. The results showed a significant reduction in circulating CoQ10 levels (−0.44 umol/L;
p < 0.001) in the statin versus placebo arms. The degree of reduction was independent of type or dose
statin used and duration of study (>12 weeks versus <12 weeks). However, the clinical relevance
of the reduced serum/plasma CoQ10 levels remains unclear. Most CoQ10 is found in LDL particles,
so any decrease in measured circulating levels following statin therapy may have been related to
lowering in LDL-C levels with little associated change in tissue levels [53]. Indeed, no correlation
was found between plasma and muscle CoQ10 levels in the 48 patients studied in a randomised
controlled trial assessing the effects of statins on cholesterol and CoQ10 metabolism [54]. Paiva et al.
studied CoQ10 levels in skeletal muscle and demonstrated that CoQ10 levels were significantly lower
in simvastatin-treated patients versus controls but confusingly no difference was observed in patients
treated with Atorvastatin [54]. They also measured respiratory chain activity in six of the subjects
and observed a concomitant decrease in respiratory chain activity, although the ratio between citrate
synthase and complex activities remained unchanged [54]. They therefore hypothesised that lower
muscle CoQ10 levels seen in simvastatin-treated patients were associated with mitochondrial volume
loss, rather than a true decrease in CoQ10 levels within the mitochondria [54,55].

The reported lack of correlation between plasma and muscle CoQ10 levels show that, ideally,
CoQ10 levels should be measured in the correct sub-compartment [56]. However, measuring CoQ10

levels in skeletal muscle involves a muscle biopsy, which is a technically challenging, requires
admission, and is significantly more invasive than taking a simple blood sample. CoQ10 levels
in peripheral blood mononuclear cells have been shown to correlate well with muscle CoQ10 levels and
may be used as a good, less invasive surrogate marker for tissue CoQ10 levels in future studies [47,57].
Using this technique, Avis et al. were able to demonstrate a significant drop in CoQ10 levels in muscle
and mononuclear cells of children with familial hypocholesterolaemia treated with Rosuvastatin [57].
But they were unable to demonstrate any associated drop in mitochondrial ATP synthesis and
hypothesised that a decrease in mitochondrial ATP synthesis may only become apparent when CoQ10

levels fall below a certain minimal threshold [57]. The same group have previously reported reduced
CoQ10 and complex IV levels in muscle biopsy samples from two patients presenting with simvastatin
associated rhabdomyolysis [58]. It is of note that both of these patients had other predisposing
factors that increase risk of myopathy. They were on medications (cyclosporine and itraconazole) that
have been reported to result in increased circulating simvastatin levels on co-administration [59,60].
Furthermore, since the patients presented following rhabdomyolysis, an underlying mitochondrial
muscle pathology predating statin therapy could not be confidently excluded [58].

There is little evidence to support routine CoQ10 measurement and supplementation for
statin-related myalgia [29,36,61]. However, assessment of CoQ10 function prior to and after starting
statin therapy using mononuclear cell levels may be suitable in a small group of patients with suspected
inherited deficiencies of CoQ10 biosynthesis. The preferred treatment option in susceptible patients
with these conditions would be to use alternative lipid lowering therapies such as PCSK9 inhibitors
that have recently been approved for prescription in the UK.

Mitochondrial Depletion

A retrospective analysis of the muscle biopsy samples of 48 patients showed a significant
decrease in mitochondrial DNA copy number versus nuclear DNA copy numbers (median −47%),
thus suggesting mitochondrial depletion in the simvastatin-treated group [54], as did a study of
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muscle biopsies in 23 patients [62]. The degree of depletion varied, and was independent of
clinical signs or symptoms. It was suggested that symptoms may only become apparent once
a critical threshold of depletion is reached, similar to other inherited disorders of mitochondrial
depletion [63]. A number of different mechanisms for mitochondrial depletion have been proposed.
Several studies using rodent myocytes, and human and rodent cell cultures suggest a role for pathways
including insulin-like growth factor 1(IGF-1)/Akt in mitochondrial damage and hence apoptosis [64].
Statins have been shown to induce apoptosis by increasing Atrogin-1 mRNA expression in rodent
cardiomyocytes [65]. Other studies incriminate decreased mitochondrial biogenesis secondary to
statin-induced downregulation of the transcriptional co-activator peroxisome proliferator activating
receptor gamma co-activator 1 (PGC1α) as a cause of SAMS [66]. PGC1α upregulates mitochondrial
biogenesis by activating nuclear respiratory factor 1, which in turn regulates transcription of
transcription factor A. Some studies have reported a reduced PGC1α mRNA expression in human
muscle cells on exposure to statins [66,67]. PGC1α also decreases atrophy gene expression, and thus
muscle atrophy [68]. A reduced statin-related expression of PGC1α has therefore been proposed as a
putative cause of increased atrophy gene expression and muscle atrophy. However, in one study, while
muscle atrophy genes were upregulated in statin-exposed muscle, the upregulation was independent
of changes in PGC1α or mitochondrial content [69]. Muscle tissue varies in its response to statin
exposure. Rodent studies show differential effects on fast versus slow twitch muscle fibres [69–71].
Fast twitch fibres appear to be more susceptible to statin related damage. West Africans, who have
more fast twitch muscle fibres [72], tend to have higher CK levels and show an increased rate of
statin myopathy [36]. In contrast to skeletal muscles, statins appear to protect mitochondria in cardiac
myocytes from oxidative stress [73] possibly by activating PGC1α via reactive oxygen species and
inducing mitochondrial biogenesis. This has been proposed as a possible hypothesis for the protective
effect of statins on the cardiac mitochondria. Studies on cardiac and skeletal muscles of patients on
statins have demonstrated that statins generate low levels of ROS in the cardiac muscle of patients,
thus promoting mitochondrial biogenesis [50]. This effect is complex, as large concentrations of ROS
in the skeletal muscle have the opposite effect on mitochondrial biogenesis [66].

Inhibition of Mitochondrial Respiratory Chain Complexes

Direct inhibition of one or more complexes in the mitochondrial respiratory chain has been
proposed as a possible cause of statin myopathy [27,51].

Adverse effects of statins on L6 rat myocyte cell lines and in rodent muscle biopsy specimens
include impaired function of complexes I, III and IV of the respiratory chain [74] when exposed
to >100 umol/L of cerivastatin, simvastatin, fluvastatin, atorvastatin. No significant toxicity
was seen at concentrations of 1 umol/L. Secondary effects of statins included disturbances in
mitochondrial membrane potential, fatty acid beta-oxidation, mitochondrial membrane permeability,
DNA fragmentation and apoptosis. The effects were more pronounced in the lipophilic statins but
were only seen at high concentrations with a hydrophilic statin. Importantly, pravastatin did not
impair electron chain activity even at concentrations of 1 mmol/L [74]. This might suggest a relatively
lower SAMS rate in pravastatin-treated patients, but this is not been validated in large studies [20].

Sirvent et al. conducted some elegant experiments to assess the effect of simvastatin on human
myocytes. They were able to demonstrate respiratory inhibition of complexes I to IV, with the main
effect being inhibition of complex I activity. ATP synthase activity (complex V) was not affected [75].
Both lipidic and glucidic pathways were equally effected, showing up to 20% reduction when treated
with 50 uM Simvastatin [75].

Whilst these in vitro studies are convincing, it is important to note that the doses of simvastatin
used were more than a thousand fold higher than levels achieved in patients treated with therapeutic
doses of Simvastatin, where serum concentrations are typically 1–15 nmol/L, and concentrations in
muscle are 30% of circulating concentrations [76]. A direct extrapolation of these effects to patient
populations is therefore difficult to make. This could account for discordance between cell studies
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and relatively lower incidence of human adverse event reported by larger meta-analytical studies [20].
Nevertheless, case reports and case cohort studies have reported decreased respiratory chain activity,
especially complex IV activity in patients on statin therapy.

Phillips et al. examined muscle biopsy specimens from four patients who gave history of muscle
symptoms on statin therapy. Their symptoms resolved on discontinuation of statin. Biopsy specimens
showed red ragged fibres, decreased staining for cytochrome oxidase, and increased lipid droplets.
Repeat biopsy done on three patients 3–6 months after discontinuation of therapy showed complete
resolution of symptoms. No other comorbidities were found in these patients and their creatine
kinase levels remained within reference limits throughout [77]. Similar reports were published by
Duncan et al., who showed decreased complex IV activity in addition to decreased CoQ10 levels in two
patients who presented with rhabdomyolysis when simvastatin was co-administered with another
medication (Cyclosporine and Itraconazole) [58]. Arenas et al. reported 60% reduction in cytochrome
oxidase activity patient who presented with myoglobinuria on co-administration of cerivastatin and
gemfibrozil [78]. They proposed that this was due to cerivastatin related depletion of isoprenoid
farnesyl pyrophosphate (FPP) [78,79]. FPP serve as lipid moieties for a number of intracellular
compounds and hence can affect a number of intracellular signal pathways and functions including
complex IV activity [78,79]. In fact, the role of FPP depletion in a number of proposed beneficial and
harmful effects of statins has been extensively studied [79]. It is important to note, however, that
cerivastatin has been withdrawn from the market due to significant adverse effects [80]. Safety profile
of currently available statins are significantly better that cerivastatin, and hence cerivastatin-mediated
effects, cannot automatically be extrapolated to other statins. Furthermore, gemfibrozil is known to
increase risk of SAMS when co-administered with statins [36].

Lactone Toxicity

Statins are converted to lactones from statin acids. Lactones are produced by uridine
5′-diphospho-glucuronosyltransferases, and may be responsible for the cytotoxic effects of statins [81].
Recently a comprehensive study investigated the effect of seven different statins on C2C12 myoblast
cell lines [82]. Lactones were more powerful cytotoxic agents than their acid counterparts, and induced
cytotoxity through apoptosis. Lactones also acutely decreased mitochondrial ATP generation through
inhibition of complex III in the mitochondrial respiratory chain by binding with one of two binding
sites involved in electron transfer from CoQ10 to cytochrome C. These findings were corroborated
in muscle biopsy samples from 37 patients with history of statin-related myopathy. The decrease in
complex III activity correlated with both symptoms and with muscle levels of statins. Higher levels
of toxicity were observed for more lipophilic statins atorvastatin and simvastatin compared with the
hydrophilic statins pravastatin and rosuvastatin [82].

Impaired Ca2+ Homeostasis

Rodent cell culture, rodent in vivo and human myocyte studies have shown impaired
excitation-contraction coupling of skeletal muscle fibres in response increased cytosolic Ca2+ efflux
secondary to altered mitochondrial function as a mechanism for statin-related myopathy [51,83,84].
Guis et al. conducted contraction tests and 31P magnetic resonance spectroscopy studies of muscle
biopsy specimens taken from nine patients with statin-related myopathy, which showed abnormal
contraction in 7/9 patients and delayed proton efflux, suggestive of impaired calcium homeostasis [85].
A pharmacogenetic study of cerivastatin, a highly myopathic statin, noted an association of both
increased and decreased adverse events with different ryanodine receptor polymorphisms (RYR2)
in 185 patients with rhabdomyolysis [86]. Changes in calcium-release mechanism gene expression
occur in patients without myalgia exposed to statins [87]. A 1.56 (95% confidence interval 1.20–2.10)
fold increased risk of muscle symptoms or raised CK has been described in 332 patients with
malignant hyperthermia and 3261 of their relatives from Sweden. This increases to 52 (22–123)-fold for
drug-induced myopathy and a 30 (6–148) fold increase for hyperthermia when compared with 3320
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controls and 30,728 relations [88]. Statins may therefore unmask disorders of calcium homeostasis
such as malignant hyperthermia.

Substrate Overload

Impaired glucose oxidation secondary to statin-related induction of atrogin-1 mRNA expression
causes glycogen accumulation in muscle due to inhibition of pyruvate dehydrogenase complex
activity [89]. Statin-induced impairment of beta-oxidation leading to lipid accumulation in the muscle
cells has also been reported [69]. Both these mechanisms can potentially lead to eventual development
of insulin resistance and then muscle atrophy [90].

3. Statin-Induced Necrotising Inflammatory Myopathy

This is a rare autoimmune disease related to the presence of anti-HMG CoA reductase antibodies
associated with a restricted HLA type (DRB1*11:01) [23,91,92]. Patients with previous statin exposure
develop symmetrical proximal myopathy with grossly elevated creatine kinase (CK). Symptoms persist
despite cessation of statin therapy. It is very rare, and has a reported incidence of less than 2 per million
per year. Muscle biopsy reveals muscle fibre necrosis with minimal endomysial inflammatory infiltrates.
Diagnosis is confirmed by the presence of anti-HMG CoA antibodies and characteristic findings on
muscle MRI [23]. The mainstay of treatment is cessation of statin therapy and immunosuppression [92].
A detailed review of SINIM is beyond the scope of this paper [23].

4. Conclusions

Statins are one of the most widely prescribed therapeutic agents because of their proven track
record in significantly reducing cardiovascular mortality. Whilst mostly well tolerated, SAMS is
the most common cause of statin intolerance and discontinuation of therapy. A number of factors
including genetic predispositions and drug interactions have been associated with an increased risk of
SAMS. Whilst evidence in the literature points towards statin-induced mitochondrial dysfunction as
the most likely cause of SAMS, the exact processes leading to mitochondrial dysfunction are not yet
fully understood. Larger and more robust studies looking the plausible pathways are needed to enable
a more thorough elucidation of SAMS pathology and to identify biomarkers of risk.
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Abbreviations

CVD Cardiovascular disease
SAMS Statin associated muscle disease
HMG-CoA 2-Hydroxymethylglutaryl-coenzyme A
LDL Low density lipoprotein
FH Familial Hypercholesterolemia
CV Cardiovascular
CK Creatine Kinase
SINIM Statin induced necrotising inflammatory myopathy
CoQ10 Coenzyme Q10

ATP Adenosine triphosphate
PCSK9 proprotein convertase subtilisin–kexin type 9
IGF-1 insulin like growth factor 1
PGC1α peroxisome proliferator activating receptor gamma co-activator 1
ROS reactive oxygen species
FPP farnesyl pyrophosphate
RYR2 ryanodine receptor polymorphisms
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Abstract: Mitochondrial dysfunction and oxidative stress have been implicated in the pathogenesis
of a number of diseases and conditions. Oxidative stress occurs once the antioxidant defenses of the
body become overwhelmed and are no longer able to detoxify reactive oxygen species (ROS). The ROS
can then go unchallenged and are able to cause oxidative damage to cellular lipids, DNA and proteins,
which will eventually result in cellular and organ dysfunction. Although not always the primary
cause of disease, mitochondrial dysfunction as a secondary consequence disease of pathophysiology
can result in increased ROS generation together with an impairment in cellular energy status.
Mitochondrial dysfunction may result from either free radical-induced oxidative damage or direct
impairment by the toxic metabolites which accumulate in certain metabolic diseases. In view of the
importance of cellular antioxidant status, a number of therapeutic strategies have been employed in
disorders associated with oxidative stress with a view to neutralising the ROS and reactive nitrogen
species implicated in disease pathophysiology. Although successful in some cases, these adjunct
therapies have yet to be incorporated into the clinical management of patients. The purpose of this
review is to highlight the emerging evidence of oxidative stress, secondary mitochondrial dysfunction
and antioxidant treatment efficacy in metabolic and non-metabolic diseases in which there is a current
interest in these parameters.

Keywords: mitochondria; electron transport chain; reactive oxygen species; reactive nitrogen
species; oxidative stress; phenylketonuria; methylmalonic acidemia; methylmalonic acid; peroxisome;
glutathione; catalase; superoxide dismutase; coenzyme Q10; sepsis; nitrosative stress; nitric
oxide synthase

1. Introduction

Oxidative stress has been implicated as a major contributory factor to the pathophysiology of
a number of diseases and conditions including cancer [1], sepsis [2] and metabolic diseases [3–8].
The origin of oxidative stress in disease is generally multifactorial and can rarely be attributed to
one mechanism [9]. Although, impairment of mitochondrial function as a secondary consequence of
disease pathophysiology is thought to make a major contribution to reactive oxygen species (ROS)
generation in a number of disorders [9]. Factors responsible for this mitochondrial dysfunction include
toxic metabolites which accumulate in metabolic disorders [10,11] as well as ROS and reactive nitrogen
species (RNS) generated as part of the pathogenesis of other diseases [2,12]. These factors are then
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able to directly impair the electron transport chain (ETC) which is the site of mitochondrial ROS
generation [13,14].

The cell has several means available to tackle free radical generation including antioxidants and
antioxidant enzymes; however, as soon as pro-oxidants exceed the antioxidant capacity of the cell,
free radicals accumulate and oxidative stress occurs with the resultant damage to proteins, lipids
and DNA causing cellular and consequently organ dysfunction [9]. In view of the detrimental effects
of oxidative stress, a number of studies have investigated the utility of antioxidant interventions in
disease and have shown evidence of therapeutic efficacy in some cases [15,16].

It is the purpose of this review to highlight evidence of oxidative stress and secondary
mitochondrial dysfunction in disease, highlighting putative mechanisms and therapeutic strategies in
disorders in which there is a growing interest in the association between these parameters. Although
this review will primarily focus upon oxidative stress, evidence of nitrosative stress as the result of
RNS accumulation will also be outlined in the metabolic and non-metabolic diseases discussed in
this review.

2. Phenyloketonuria (PKU)

PKU is an autosomal recessive inherited metabolic disorder of amino acid metabolism which is
caused by mutations in the gene encoding the enzyme, phenylalanine hydroxylase (EC1.14.16.1) [17].
Phenylalanine (Phe) is an essential amino acid obtained exclusively from the diet or by proteolysis.
It is crucial for protein synthesis, as well as for the synthesis of tyrosine and its derivatives,
such as dopamine, norepinephrine and melanin [18,19]. However, a deficiency of phenylalanine
hydroxylase leads to accumulation of Phe in the blood and other tissues of affected patients [20–22].
Phe concentrations in plasma may reach very high levels (mmol/L) and, as a result, some of the
accumulated Phe can then be metabolized by alternative pathways making phenylketones such as
phenylpyruvate, phenyllactate and phenylacetate [20].

Untreated PKU patients present with severe mental retardation, microcephaly, developmental
delay, epilepsy, behavioral alterations, cerebral white matter abnormalities and progressive supranuclear
motor disturbances [17,23,24]. Newborn screening for PKU has enabled early diagnosis and treatment
of this condition [25]. This will help prevent the possibility of mental retardation, although slightly
reduced neurophysiological outcomes may occur, in particular in combination with poor compliance
to PKU diet [26]. The main findings presented by PKU patients are severe neurological damage,
including corpus callosum, striatum, and cortical alterations and hypomyelination, that result in
intellectual deficit and neurodegeneration [27–30]. However, the pathophysiology underlying the
brain damage has yet to be fully elucidated, although oxidative stress may play an important
role [15]. In PKU, oxidative stress appears to be already present at the time of diagnosis and
persists even in the presence of dietary compliance [31,32]. Evidence of oxidative stress in PKU
patients has been indicated by increased levels of plasma thiobarbituric acid-reactive species (TBAR),
an indicator of lipid peroxidation [33], malondialdehyde (a lipid peroxidation marker) [31] and
8-hydroxy-2-deoxygyanosine (marker of DNA oxidation) [34]. The oxidative stress associated with
PKU may result from the effect of the restricted diet of patients as well as the elevated levels of Phe or
its metabolites upon cellular antioxidant defenses [15]. Historically, a deficiency in the status of the
trace metal, selenium (Se), was considered to be an important contributory factor to the oxidative stress
associated with PKU [35]. Se is required for the biological activity of selenoproteins, one of which is
the antioxidant enzyme, glutathione peroxidase (GSH-Px; EC: 1.11.1.9), and therefore, a deficiency in
Se status may compromise the activity of this enzyme [36]. However, evidence of decreased GSH-Px
activity has been reported in PKU patients with plasma Se levels within the reference range suggesting
that other factors may be responsible for the deficit in enzyme activity [33]. One of these factors may
be the low level of methionine present in the diet of PKU patients, which may result in impaired
GSH-Px synthesis [5]. Phe itself may directly inhibit the activity of GSH-Px [33]. In addition, animal
studies have reported the potential for hyperphenylalaninemia to directly suppress the production of
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GSH-Px as well as enhance its degradation [37]. A decreased level of the cellular antioxidant, reduced
glutathione (GSH), has also been reported in PKU, although it was uncertain whether this was caused
by oxidative stress or the restricted diet [38]. However, a subsequent study in rat astrocytoma cells
reported evidence of decreased GSH status in conjunction with increased oxidative stress in cells
exposed to Phe at levels commonly detected in PKU patients (1000–1500 μmol/L) [39]. This study
indicated the vulnerability of neural cells to Phe-induced oxidative stress which may be an important
contributory factor to the neurological dysfunction associated with PKU. Kienzle-Hagen and colleagues
(2002) reported a significant (p < 0.01) inhibitory effect of the hyperphenylalaninemia on the cerebral
catalase activity of rat [37]; however, studies in PKU patients have found no evidence of an inhibition
of this enzyme in peripheral tissue [31]. Indeed, a number of studies have reported an increase in the
activity of this enzyme in patients [40].

In addition to oxidative stress, one study has reported evidence of nitrosative stress in PKU
patients by measurement of serum NOx (nitrite/nitrate), the stable breakdown products of nitric
oxide (NO), which was found to be significantly increased compared to control levels [33]. However,
NOx tended to be lower in patients with plasma Phe levels > 900 μM. This study suggested an
impairment in the regulation of NO metabolism in PKU with the increase in serum NOx < 900 μM
Phe thought to reflect the increased oxidative stress. The decrease in serum NOx at Phe > 900 μM
originates from the oxidative stress-induced transcriptional suppression of the nitric oxide synthase
(NOS) gene, or as a result of structural changes in the NOS enzyme [33].

The mevalonate pathway enzymes, 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA; EC1.1.1.98)
reductase, and mevalonate 5-pyrophosphate decarboxylase (EC4.1.1.33) have been reported to be
inhibited by Phe and its metabolite, phenylacetate; however, only Phe-induced inhibition within its
physiological range (≥250 μmol/L) [41]. Since HMG-CoA reductase is the major regulatory enzyme in
the synthesis of both cholesterol and the lipid soluble antioxidant, coenzyme Q10 (CoQ10), since they
share a common pathway, it is therefore unsurprising that perturbations in the synthesis of both of
these isoprenoids have been associated with PKU [6,42]. The availability of tyrosine is also essential for
the synthesis of CoQ10; however, in PKU, no association has been observed between the plasma level
of tyrosine and that of CoQ10, although this relationship was not investigated in tissues [6]. The results
of cellular CoQ10 status in PKU has been contradictory with a study by Colome et al. (2002) finding
evidence of a deficit in this isoprenoid in the lymphocytes from well-controlled PKU patients [43].
In contrast, a study by Hargreaves et al. (2002) found no evidence of a CoQ10 deficiency in blood
mononuclear cells from an older group of PKU patients [44].

The reported ability of hyperphenylalaninaemia to impair the activity of the mitochondrial
electron transport chain (ETC) [45] may also contribute to the oxidative stress associated with PKU,
since ETC dysfunction has been associated with reactive oxygen species (ROS) generation [13]. In the
study by Rech et al. (2002), ETC complex I–III (NADH cytochrome c reductase; EC1.3.5.1 + EC1.10.2.2)
activity was found to be reduced following chemically induced hyperphenylalaninemia in rat brain
cortex [45]. ETC complex II (succinate: ubiquinone reductase; EC1.3.5.1) and complex IV (cytochrome c
oxidase; EC1.9.3.1) were unaffected. It was surmised that the impairment of ETC complex I–III activity
was the result of Phe competing with NADH for the active site of complex I (NADH ubiquinone
reductase; EC: 1.6.5.3). Subsequent studies in human astrocytoma cells [46] and blood mononuclear
cells [44] have found no evidence of inhibition of either ETC complex I or ETC complex II–III
(succinate:cytochrome reductase; EC1.3.5.1 + EC1.10.2.2) activities, respectively under conditions
of hyperphenylalaninemia. However, since no studies have as yet directly assessed the effect of
hyperphenylalaninemia on ETC complex III (ubiquinol: cytochrome c reductase; EC1.10.2.2) activity,
the possibility that this enzyme is susceptible to Phe-induced toxicity cannot be discounted. In addition,
the suggested ability of hyperphenylalaninemia to induce a CoQ10 deficiency in some studies may
also result in secondary ETC dysfunction in some PKU patients [6,43].

The effect of hyperphenylalaninaemia on the mitochondrial oxidative metabolism was
investigated by the authors by determining the lactate concentration of cell culture medium derived
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from immortalised HEPG2 liver cells that had been exposed to 900 and 1200 μmol/L Phe, respectively,
for 72 h. Following 72 h of culture, the lactate concentration in the cell culture media was determined
by the method outlined in the study by Kyprianou et al. (2009) and no significant difference was found
between the control and Phe-treated HEPG2 cell groups following Student’s t-test analysis (p < 0.05
was considered statistically significant, Figure 1) [46], which suggests no evidence of Phe-induced ETC
impairment in the immortalised human liver cells.

The putative mechanisms that have been implicated for ETC dysfunction and oxidative stress in
PKU are outlined in Figure 2.

Treatments for PKU patients consist of restriction of Phe intake, through natural-protein-restricted
diet supplemented with Phe-free amino acid mixtures enriched with trace elements, vitamins and
minerals [47–49]. Strict low-protein diet, however, causes some micronutrient and antioxidant
deficiencies including zinc, copper, Se, magnesium and iron (Fe) deficiencies [50–53]. A deficiency
in Fe may also result in a secondary diminution in the level of carnitine, since Fe is required for the
synthesis of this compound [54]. In view of the antioxidant properties of carnitine, which is able to
act as an ROS scavenger, a deficit in the status of this compound which has been reported in some
PKU patients may comprise antioxidant status [38,55]. Indeed, supplementation of PKU patients
with Se and carnitine has been recommended as a means to ameliorate the oxidative stress associated
with this condition [35]. At present however, there is no overall consensus on the use of antioxidant
supplementation in the treatment of PKU, although this adjunct therapy may offer some protection
against the neurological dysfunction associated with this condition [56].

Figure 1. Bar chart displaying the mean cell culture lactate concentrations determined following culture
of human HEPG2 liver cells for 72 h with 0.9 and 1.2 mM phenylalanine, respectively. Results are
expressed as the mean and standard deviation of four determinations.
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Figure 2. Putative mechanisms of oxidative stress generation and mitochondrial dysfunction in PKU.
PKU: Phenylketonuria; Phe: Phenylalanine; ETC: Mitochondrial electron transport chain; CoQ10:
Coenzyme Q10; GSH-PX: Glutathione peroxidase.

3. Methylmalonic Acidemia

Methylmalonic acidemia is one of the organic acidemias, which is primarily caused by severe
deficiency of the enzyme, L-methylmalonyl-CoA mutase (MCM; EC: 5.4.99.2), or by defects in
the synthesis of 5-deoxyadenosyl cobalamin, the active form of vitamin B12 and an essential
cofactor required for the activation of MCM [57]. This condition leads to an increase in the level
of methylmalonyl-CoA, which is spontaneously converted to methylmalonic acid (MMA) [58].
Biochemically, the condition is characterized by tissue accumulation of MMA. The levels of MMA in
the blood and cerebrospinal fluid are usually around 2.5 mmol/L during acute metabolic crises [58,59]
but may be even higher in the brain [60].

Clinical features of this condition include lethargy, coma, vomiting, failure to thrive, muscular
hypotonia, progressive neurological deterioration and kidney failure [61].

The mechanisms responsible for the neurological and renal dysfunction in this organic acidemia
have so far not been fully elucidated, although ETC dysfunction and oxidative stress are thought to
contribute to the pathophysiology of this disorder [62,63].

Evidence of ETC dysfunction in methylmalonic acidemia was first suggested by the unexplained
lactic acidosis in patients with this condition [64]. This was later confirmed in the study
Hayasaka et al. (1982), which reported evidence of ETC complex IV deficiency in post-mortem liver of
a single patient [62]. A number of subsequent studies have demonstrated evidence of ETC dysfunction
in association with methylmalonic acidemia, with evidence of both single [65,66] and multiple ETC
enzyme deficiencies [67–70] being reported in patient and animal studies. In addition, animal and
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patient studies have also reported morphological abnormalities in mitochondria as the result of
methylmalonic acidemia. Proteinuria, renal tubular injury, dilated tubuli and mitochondrial swelling
and disorganization of cristae in the tubulum epithelium was observed in an experimental study on
rats exposed chronically to MMA [71]. Cell autonomous ETC complex IV deficiency was demonstrated
in megamitochondria from renal tubules in a patient with MMA [72], confirming the observations
from the previous animal study [71]. Brain imaging and histopathological investigations have revealed
a symmetric degeneration of the basal ganglia, particularly the globus pallidus, as well as a mild
spongiosis of the subthalamic nucleus, mammillary bodies, and internal capsule [73–75]. Interestingly,
symmetrical lesions in the basal ganglia are also found in patients with inherited ETC complex II
deficiencies [76].

An increase in lactate concentration together with a reduction in N-acetyl aspartate were observed
in the globus pallidus of patients with methylmalonic acidemia which in conjunction with an elevation
in cerebrospinal fluid (CSF) lactate levels indicated a possible perturbation in mitochondrial oxidative
metabolism [77]. The pathological changes in methylmalonic acidemia are thought to result from the
accumulation of toxic organic acids during decompensation [78], and this toxicity has been ascribed
to MMA and its metabolites, methylcitrate and malonate [10,79,80]. However, it has been suggested
that the mitochondrial dysfunction observed in methylmalonic acidemia is the result of inhibition of
the ETC by methylcitrate and malonate rather than by MMA, which has been reported not to inhibit
ETC enzyme activity [10]. Although, results from other studies have suggested the propensity for
MMA to inhibit ETC activity [66,68,79,81–84]. The ETC dysfunction associated with methylmalonic
acidemia may therefore be the result of synergistic inhibition of the ETC by MMA, methylcitrate and
malonate [59]. Evidence of oxidative stress in methylmalonic acidemia has been reported in a number
of studies both in patients [56,85] and animal models [68,86–88]. ETC dysfunction is thought to be
the major cause of oxidative stress in methylmalonic acidemia [86]; however, increased expression
of the mitochondrial enzyme, glycerophosphate dehydrogenase, may also contribute to the ROS
generation in this condition [63]. The effect of methylmalonic acidemia on cellular antioxidant status
has been documented in a number of studies. In 1996, Treacy et al. reported a blood GSH deficiency
in a seven-year-old child with this condition [59]. The patient was treated with high-dose ascorbic
acid therapy and showed some clinical improvement which the authors suggested may have resulted
as a consequence of the vitamin supplementation eliciting a replenishment of cellular antioxidant
capacity. Evidence of a decrease in GSH status was also reported in the liver of a mouse model of
methylmalonic acidemia [69]. In this study, a decrease in the level of GSSG (the oxidised form of GSH)
was also reported, indicating that an impairment in cellular ATP generation may also have contributed
to the loss of total glutathione (GSH + GSSG) status. Since glutathione synthesis is ATP-dependent [89],
the ETC deficiencies also reported in the liver tissue of the animal model may have been sufficient to
compromise oxidative phosphorylation [69]. Decreased plasma [90] and monocyte levels of GSH [85]
have also been reported in patients with methylmalonic acidemia, which in both studies accompanied
evidence of increased oxidative stress. In view of the number of toxic organic acids which have
been implicated in the pathogenesis of methylmalonic acidemia [10,79,80], the authors investigated
the propensity of MMA to induce a deficit in the level of neuronal cell GSH status. In this human
neuroblastoma, SHS-5Y cells were incubated with MMA at concentrations reported in the plasma of
patients with methylmalonic acidemia (2 and 5 mmol/L) [69]. Cellular GSH levels were determined
by the HPLC electrochemical method outlined in the study by Hargreaves et al. (2005) following 6 and
10 days in culture, respectively (Figure 3) [89]. Although no evidence of decrease of GSH status was
detected after 6 days of culture, evidence of a significant (p < 0.05) decrease in SHS-5Y cell GSH status
following 10 days of culture with 5 mmol/L MMA was determined following Student’s t test analysis
of the data.
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Figure 3. The concentration of cellular MMA (A) and GSH (B) in human neuroblastoma SHS-5Y
cells following 10 days of incubation with MMA (0, 2 and 5 mM). Results are expressed as the
mean and standard deviation of five determinations. MMA: Methylmalonic acid; GSH: Reduced
glutathione. Previously unpublished data obtained by the authors of this paper with permission given
for its publication.

The CoQ10 status of fibroblasts from patients with MMA as the result of either L-methylmalonyl-
CoA mutase deficiency or by defects in the synthesis of 5-deoxyadenosyl cobalamin were found
to be significantly (p < 0.05) decreased compared with aged-matched controls [91]. Furthermore,
a decreased level of CoQ10 was also reported in a mouse model of this condition [88]. However,
the level of Coenzyme Q9, which is the predominant ubiquinone species in mice [92], was comparable
to control levels discounting the possibility of impairment in ubiquinone biosynthesis [92]. The putative
mechanisms that have been implicated in ETC dysfunction and oxidative stress in methylmalonic
acidemia are outlined in Figure 4.

Antioxidant have been recommended as an adjunct therapy to treatment regime of methylmalonic
acidemia patients; however, few studies have evaluated their potential therapeutic efficacy [93]. CoQ10

treatment in conjunction with vitamin E was reported to improve visual acuity in a 15-year-old
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methylmalonic acidemia patient with optic neuropathy [94]. Although this report contrasts with
a previous case study by Williams et al. (2009), which failed to demonstrate any evidence of visual
improvement following CoQ10 therapy, vitamin E was not included in the treatment regime of the
latter patient [95]. A significant improvement in glomerular filtration rate was also reported in a mouse
model of methylmalonic acidemia following co-treatment with CoQ10 and vitamin E, suggesting
that the beneficial effects of this therapy may not be restricted to the nervous system [88]. In light
of evidence demonstrating a deficit in GSH status in methylmalonic acidemia [69,85,90], therapeutic
strategies aimed at replenishing this tripeptide may prove beneficial to patients with this condition,
although as far as the authors are aware, no such studies have been undertaken.

 

Figure 4. Putative mechanisms of oxidative stress generation and mitochondrial dysfunction in
Methylmalonic acidemia. MMA: Methylmalonic acid; ETC: Mitochondrial electron transport chain;
CoQ10: Coenzyme Q10; GSH: Reduced glutathione; ROS: Reactive oxygen species.

4. Peroxisomal Disorders

Peroxisome disorders are a heterogeneous group of rare metabolic diseases that can result from
either a single peroxisomal enzyme deficiency (Refsum disease and X-linked adrenoleucodystrophy;
X-ALD) [96] or as the result of a perturbation in the biogenesis of the organelle (Zellweger Syndrome
spectrum disorders and rhizomelic chondrodysplasia punctate: RCDP) [97].

Zellweger Syndrome, neonatal adrenoleucodystrophy (ALD) and infantile Refsum disease all
belong to the Zellweger spectrum of peroxisome biogenesis disorders and result from mutations in the
PEX genes which encode superperoxins, proteins required for the import of protein into peroxisome,
as well as the assembly of the organelle [97]. Patients with Zellweger Syndrome spectrum disorders
lack functional peroxisomes and, as a result, have matrix proteins from the organelle mislocalized in
the cytosol [97].
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The disparity in the biochemical and clinical phenotypes of patients with Zellweger Syndrome
spectrum peroxisomal disorders suggests that a large set of PEX mutations is likely to contribute
to their pathogenesis, possibly via additional molecular mechanisms independent of their role in
peroxisome biogenesis [98]. Clinical manifestation of Zellweger Syndrome group of disorders varies
and includes liver disease, variable neurodevelopmental delay, retinopathy and sensorineural deafness.
Patients with RCDP disorders present with skeletal dysplasia including proximal shortening of the
limbs (rhizomelia) and punctate calcifications in cartilage present at birth, profound growth deficiency,
cataracts and severe psychomotor defects [99]. ALD is the most frequent inherited leukodystrophy
and peroxisomal disorder, characterized by an inflammatory cerebral demyelination, or a progressive
axonopathy in the spinal cord, causing spastic paraparesis [100–102].

Peroxisomes have multiple biosynthetic functions and play a role in the β-oxidation of
very-long-chain fatty acids (VLCFA) [103], prostaglandins, dicarboxylic acids, xenobiotic fatty acids
and hydroxylated 5-β-cholestanoic acids [104]. In peroxisomal β-oxidation, the electrons liberated
during the degradation of very-long-chain acyl-CoAs (VLCAC) are transferred directly to oxygen to
generate hydrogen peroxide (H2O2) [105]. In addition, peroxisomes also contain a number of other
ROS-generating enzymes such as Xanthine oxidase, which liberates H2O2 and superoxide during
the catabolism of purines, and therefore these organelles are a major site of ROS generation within
the cell [106]. In order to compensate for the abundance of ROS generated, the peroxisomes are well
equipped with antioxidant defense systems, most notable of these being the catalase enzyme which
converts H2O2 to oxygen and water [107]. Therefore, not unsurprisingly, peroxisomal disorders have
been associated with oxidative stress, which is thought to contribute to disease progression [108,109].
The origin of oxidative stress in this disorder is thought to result from either an impairment of the
peroxisomal antioxidant defense system and/or an accumulation of VLCFAs as well as VLCACs from
the β-oxidation system of this organelle [110]. Peroxisomes also contain the inducible form of NOS,
iNOS which catalyses the oxidation of L-arginine to citrulline and NO [111]. However, in peroxisomes
this enzyme is thought to exist in its inactive monomeric form, whilst the cytosol contains both the
monomeric and active homodimer forms of the enzyme [111]. Although, it has been speculated that
under the circumstances peroxisomal iNOS may produce NO and this may be an explanation for the
significant (p = 0.022) increase in NOx (marker of NO production) reported in the serum of patients
with peroxisomal biogenesis disorders in the study by El-bassyouni et al. (2012) [109].

Peroxisome biogenesis defects resulting from PEX gene mutations may impair the import of
matrix proteins such as catalase [112], impairing the antioxidant capacity of the organelle and rendering
the cell more susceptible to free radical-induced oxidative damage [113]. This is also observed in aging
cells where catalase is also mislocalized to the cytosol, resulting in an accumulation of cellular ROS
with associated damage to protein, lipids and DNA [114]. In addition, peroxisomal biogenesis defects
will also cause an impairment in the synthesis of the phospholipid antioxidant species, plasmalogens,
which will compromise the ability of the cell to detoxify ROS [115,116].

Studies in fibroblasts from patients with X-ALD have revealed that hexacosanoic acid (C26:0),
the VLCFA which accumulates in this disorder, causes a direct impairment of oxidative phosphorylation
resulting in an increase in ROS generation and, consequently, the oxidation of mitochondrial DNA and
proteins [117]. The mechanism by which C26:0 impairs oxidative phosphorylation in X-ALD is as yet
uncertain, but may result from the ability of C26:0 to disrupt the physicochemical properties of the
mitochondrial membrane [118]. The accumulated VLCFAs and VLCACs resulting from peroxisomal
dysfunction may directly impair ETC function causing an increase in ROS generation from the chain as
illustrated by the ability of phytanic acid, the C20 branch fatty acid that accumulates in Refsum
disease to inhibit ETC complex I activity whilst concomitantly causing mitochondrial oxidative
stress [11]. Since a number of studies have reported evidence of impaired oxidative phosphorylation
in peroxisomal disorders [108,119–124], and the ETC is a major source of ROS generation [13], it does
appear judicious to suggest that mitochondrial dysfunction may be a major contributor to the oxidative
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stress detected in these diseases [125–127]. The putative mechanisms that have been implicated in ETC
dysfunction and oxidative stress in peroxisomal disorders are outlined in Figure 5.

In an animal model of X-ALD, oxidative damage, metabolic failure and axonal degeneration
were reversed following treatment with the antioxidants, n-acetyl cysteine (NAC), α-lipoic acid,
and α-tocopherol, providing proof of concept on the pivotal contribution of oxidative damage to
disease pathogenesis in addition to illustrating the efficacy of antioxidant interventions [128–130].
A subsequent human study in X-ALD documented the ability of NAC treatment to replenish plasma
GSH levels and ameliorate oxidative damage to proteins under in vitro conditions [131]. Evidence
of decreased plasma CoQ10 status was reported in patients with a defect in peroxisome β-oxidation
enzyme, D-bifunctional protein, which was associated with markers of increased oxidative stress [132].
It has been suggested that, based on the integral involvement of oxidative stress in the pathogenesis of
peroxisomal disorders, the administration of antioxidants should be considered as a potential adjunct
therapy for patients with these diseases [109,131,132].

 

Figure 5. Putative mechanisms of oxidative stress generation and mitochondrial dysfunction in
peroxisome disorders. VLCFA: Very-long-chain fatty acid; ROS: Reactive oxygen species; ETC:
Mitochondrial electron transport chain.

5. Xeroderma Pigmentosum

Xeroderma pigmentosum (XP) is a rare condition characterized by an extreme sensitivity to
ultraviolet (UV) rays from sunlight often causing skin burn. It affects the eyes and areas of skin
exposed to the sun and is associated with an increased risk of skin cancer of lips, eyelids as well as brain
tumors [133]. Patients with XP may present with neurological complications such as cerebellar ataxia,
chorea, hearing loss, poor coordination, difficulty walking, movement problems, loss of intellectual
function, difficulty swallowing and talking, and seizures [134]. Mutations in eight genes have been
associated with XP.
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XP is caused by autosomal recessive mutations in genes encoding for proteins that play a
role in the nucleotide excision repair system (NER) [135]. There are eight complementation groups
of XP, seven correspond to dysfunctional NER complex components, XP-A to -G, and one which
affects DNA polymerase-η involved in translation synthesis and post-replication repair: XP-Variant
(XP-V) [136]. XP cells lack a functional NER mechanism and so UV-induced bulky DNA lesions
resulting from exposure to UV rays cannot be corrected. Unrepaired lesions occur in many genes,
including those that encode cell growth and proliferation factors leading to a high rate of mutagenesis
during DNA replication [137]. As well as the role of NER in UV-induced DNA damage repair,
there is increasing support for the involvement of NER proteins in the repair of oxidative DNA
damage [138,139]. Evidence of oxidative DNA damage in the form of free radical-induced DNA
lesions such as 8-hydroxy-2-deoxygyanosine and cyclodeoxypurines have been detected in tumours
and autopsied brains of neurological XP patients and animal models [140–142]. In XP-A, no evidence
of DNA repair was reported in a study by Hayahi et al. (2008) and lesions were found to accumulate
in patient cells [143]. The accumulation of such unrepaired DNA may be the source of internal
carcinogenesis [144] and neuronal cell death, explaining the progressive neurodegeneration in
XP [139,142].

Studies have been undertaken to elucidate the origin of oxidative stress in XP-C, the commonest
form of this condition in Caucasians [145], and have indicated that the activation of the cytosolic
enzyme, NADPH oxidase (NOx), may be a major contributor to ROS generation in this disease [146,147].
Furthermore, the NOx activation-induced ROS production has been suggested as a possible cause of
the mitochondrial dysfunction detected in XP-C and possibly other forms of XP [146]. However, a study
by Fang et al. (2014) suggested that impaired mitophagy may also contribute to the mitochondrial
dysfunction observed in XP-A [148]. Interestingly, impaired mitophagy has also been associated with
increased cellular ROS generation [149].

Evidence of mitochondrial dysfunction in XP has been indicated by mitochondrial DNA (mtDNA)
deletions [150,151], ETC enzyme dysfunction [147,152] and morphological abnormalities [153,154].
Interestingly, studies have suggested that mitochondria are the major source of ROS generation in
human XP-C cells and that mtDNA is the primary target for damage accumulation [152]. Since mtDNA
lacks an NER, with repair being elicited through other mechanisms [155], this does suggest that
mitochondrial abnormalities reported in XP are a secondary consequence of abnormalities in the
nuclear DNA repair system.

Decreased activities of the antioxidant enzymes, catalase [156], SOD (superoxide dismutase) [143]
and GSH-PX [152] have been reported in patient tissue and cell models of XP. In addition, decreased
plasma CoQ10 levels were reported in patients with XP, with improvements in their daily activity
being documented in a subset of these patients following CoQ10 supplementation [157]. The putative
mechanisms that have been implicated in ETC dysfunction and oxidative stress in XP are outlined in
Figure 6.

The authors are aware of no studies as yet to evaluate the therapeutic potential of antioxidants
in the treatment of XP, although genetic strategies to ameliorate ROS generation are being
considered [158].
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Figure 6. Putative mechanisms of oxidative stress generation and mitochondrial dysfunction in
Xeroderma Pigmentation. UV: Ultraviolet radiation; NER: Nucleotide excision repair system; NOx:
NADPH oxidase; ETC: Mitochondrial electron transport chain; ROS: Reactive oxygen species.

6. Sepsis

Sepsis is a chain of pathophysiological and metabolic reactions in response to infection, also
identified as the systemic inflammatory response syndrome (SIRS) [16,159]. Clinically, sepsis may
present in different forms depending on severity and include SIRS, septic shock and, in severe cases,
multiple organ dysfunction syndrome including septic shock. The mortality rate is significantly
increased (up to 34%) in patients with acute kidney injury versus 7% in patients without acute kidney
injury [160]. Sepsis, together with hypoperfusion, is responsible for half of all cases of acute kidney
injury in Intensive Care Units [161–163].

The precise pathophysiologic mechanisms underlying the development of multi-organ failure
remain elusive [164]. However, the main causes of sepsis have been identified and include infection
by gram-positive and gram-negative bacteria, fungi, or both. Concomitant factors, such as diabetes,
transplantation, surgical intervention, chronic obstructive pulmonary disease, congestive heart failure,
and renal disease increase a person’s susceptibility to sepsis or aggravate their clinical score [16].
Additionally, an excessive degree of inflammation in response to the infectious insult triggers an
activation of multiple downstream pathways. As a result, activated leukocytes release inflammatory
cytokines such as tumour necrosis factor (TNF)-a, IL-1a, IL-1b, and IL-6, and chemokines such as IL-8
and KC that also impact upon the severity of sepsis [16]. Sepsis-related organ failure is associated with
a significant morbidity and mortality [165,166] with long-term physical and neurocognitive problems
affecting many survivors of critical illness [167,168].

It has been suggested for many years that both oxidative and nitrosative stress play a central
role in the pathogenesis of sepsis and that ETC dysfunction may be an important causative factor in
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the multi-organ dysfunction associated with this condition [16]. Within the confines of this review,
it would not be possible to outline all the mechanisms that have been proposed to account for the
generation of free radical species or ETC dysfunction reported in sepsis. However, a paradigm will be
offered based on the results of studies from the literature.

The inflammatory cytokines released by activated leukocytes following exposure to exo- and
endo-toxins (most notably lipopolysaccharides; LPS) produced by gram-positive and -negative bacteria,
respectively cause the overproduction of the RNS, NO, by the induction of iNOS activity in a number
of vital organs including the heart and kidney as well as skeletal muscle [169–171]. LPS treatment has
also been reported to induce NOx expression in renal cells resulting in a concomitant increase in ROS
production [172].

The over-production of ROS and RNS by the cell may then result in the impairment of ETC
function [2,12]. NO can combine with the ROS species, superoxide, to form the highly RNS species
peroxynitrite, which can cause irreversible inhibition of the ETC [173]. Multiple ETC enzyme
deficiencies have been reported in patients and animal models of sepsis [174,175]. As a consequence of
ETC dysfunction, the mitochondria may also become a source of cellular ROS generation in sepsis,
which can further exacerbate oxidative phosphorylation [172]. Decreased tissue ATP levels associated
with ETC dysfunction have been linked to both organ failure and an increased mortality rate in
sepsis [2]. The putative mechanisms that have been implicated in ETC dysfunction and oxidative
stress in sepsis are outlined in Figure 7.

Figure 7. Putative mechanisms of oxidative stress and mitochondrial dysfunction in sepsis. iNos:
Inducible nitric oxide synthase; NOx: NADPH oxidase; O2

−: Superoxide; NO: Nitric oxide; ROS:
Reactive oxygen species; ETC: Mitochondrial electron transport chain; ONOO−: Peroxynitrite;
LPS: Lipopolysaccharides.

In view of the ability of the ROS and RNS generated in sepsis to overwhelm cellular antioxidant
defenses [2] and inhibit ETC function, a number of therapeutic strategies aimed at replenishing
cellular antioxidant status have been investigated in patients and animal models of the disease [16].
The ability to replenish tissue GSH levels which have been found to be deficient in sepsis patients has
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been associated with clinical and biochemical improvement in animal models [176,177]. In addition,
Se supplementation has been associated with increased GSH-PX activity [178] and a decreased
mortality rate in septic patients [179]. It has been suggested, however, that mitochondrial-targeted
antioxidants using compounds such as MitoQ or mitoVit E may offer novel therapeutic avenues to
explore in the future [180]. Although, ubiquinol, the reduced form of CoQ10 has been reported to
reduce peroxynitrite levels and attenuate the damage of the ETC associated with this RNS [181].

7. Conclusions

Mitochondrial dysfunction and oxidative stress are inextricably linked to the pathophysiology
of a number of diseases as indicated by the disorders referred to in this review (Table S1). Within
the mitochondria, the ETC is particularly vulnerable to ROS- and RNS-induced impairment either as
the result of oxidative damage to the enzyme complexes, mtDNA or the mitochondrial membrane
phospholipids [182,183]. Once impaired, the ETC then becomes a major source of ROS generation,
resulting in further ETC dysfunction and compounding cellular oxidative stress [13,184]. The cell
possesses a number of antioxidant defense systems to combat ROS and RNS; however, during
pathological condition these defenses become overwhelmed, causing oxidative damage to the
biomolecules of the cell and resulting in cellular and, consequently, organ dysfunction [9]. The use
of appropriate antioxidants as an adjunct therapy may be particularly important in the treatment of
diseases associated with oxidative stress, although treatment protocols have yet to be standardized
or indeed instigated in some clinical centres. Since the mitochondria can make a major contribution
to cellular oxidative stress in the disease state, antioxidant strategies which target this organelle may
offer particular therapeutic potential [180]. Evidence of oxidative stress can be detected in patients
through non-invasive means such as by assessing plasma antioxidant status or the stable end products
of lipid, DNA or protein oxidation as alluded to in this review. For this reason, it is particularly
important to engender some consensus with an aim to establishing a unified approach to monitoring
evidence of oxidative stress in patients with diseases associated with this parameter together with
the development of appropriate therapeutic strategies. It is also essential to take into account the
possibility of nitrosative as well as oxidative stress in patients, the former being implicated as a major
contributory factor to a number of chronic diseases and conditions [185]. In diseases which have been
associated with oxidative stress and/or nitrosative stress, it is important to firstly, select a reliable and
sensitive marker of this/these parameter(s) and, secondly, to choose an appropriate surrogate tissue
for monitoring purposes. In the clinical studies outlined in this review, a number of different end-point
markers were used to monitor evidence of oxidative stress and the sensitivity and specificity of these
markers may vary [31,33,34,108,109]. In addition, in view of the sophistication and/or laboriousness
of a number of these methods, it may be difficult to translate them into a clinical laboratory setting.
Therefore, the ability to assess a number of markers of both oxidative and nitrosative stress together in
a large-scale panel by either Liquid chromatography-mass spectrometry and/or ELISA as suggested by
Frijhoff et al. (2015) [186] may overcome the problems of sensitivity/specificity as well as decrease the
assay time for these determinations. The surrogate which is generally used to measure levels of ROS,
RNS as well as antioxidant status in clinical studies [33,34,132,178,179] is plasma/serum; however, it is
uncertain whether levels of these parameters in plasma/serum reflect those of tissue. This is certainly
the case for CoQ10, and plasma CoQ10 status has been reported not to reflect that of muscle [187].
Blood mononuclear cells or lymphocytes have been suggested as appropriate alternative surrogates
for this determination in patients [43,44]. Furthermore, lymphocytes have also been suggested as
an appropriate surrogate to assess intracellular GSH status in patients [188]. Therefore, the assessment
of ROS, RNS or antioxidant status in white blood cells rather than plasma/serum in future clinical
studies may give a better indicator of these parameters in tissue. A compound to consider for
future treatment strategies in diseases associated with mitochondrial dysfunction and oxidative and
nitrosative stress is the synthetic quinone, EPI-743 [188]. This compound has demonstrated some
therapeutic efficacy in the treatment of patients with primary mitochondrial disorders by its ability
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to replenish cellular GSH status as well as its proposed capacity to interact with the transcription
factor, nuclear factor E2-related factor 2 (Nrf2) which regulates both the expression of antioxidant
proteins as well as cellular energy metabolism [189,190]. However, one reason why antioxidants
in general have been relatively ineffective in treating either acute or chronic diseases is that they
are only targeting oxidative stress and do not take into account nitrosative stress, which can make
a major contribution to disease pathophysiology in a number of disorders [2,12]. Therefore, antioxidant
treatments that target both oxidative as well as nitrosative stress are important considerations for
future therapeutic strategies.
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Abbreviations

ALD adrenoleuklodystrophy
CSF cerebrospinal fluid
ETC electron transport chain
CoQ10 coenzyme C10
Fe iron
GSH glutathione
GSH-PX glutathione peroxidase
GSSG the oxidised form of GSH
HMG-CoA 3-hydroxy-3-methylglutaryl-CoA
H2O2 hydrogen peroxide
LPS lipopolysaccharides
Inos induction of nitric oxide synthase
MCM L-methylmalonyl-CoA mutase
MMA methylmalonic acid
mtDNA mitochondrial DNA
NADPH nicotinamide adenine dinucleotide phosphate-oxidase
NAC N-acetyl-cysteine cysteine
NER nucleotide excision repair system
NOx NADPH oxidase
Phe phenylalanine
PKU Phenyloketonuria
RCDP rhizomeric chondrodysplasia punctate
SOD superoxide dismutase
SIRS systemic inflammatory response syndrome
ROS reactive oxygen species
RNS reactive nitrogen species
Se selenium
VLCFA very-long-chain fatty acids
VLCAC very-long-chain acyl-CoAs
TBAR thiobarbituric acid-reactive species
XP Xeroderma pigmentosum
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Abstract: Mitochondria are dynamic organelles ubiquitously present in nucleated eukaryotic
cells, subserving multiple metabolic functions, including cellular ATP generation by oxidative
phosphorylation (OXPHOS). The OXPHOS machinery comprises five transmembrane respiratory
chain enzyme complexes (RC). Defective OXPHOS gives rise to mitochondrial diseases (mtD). The
incredible phenotypic and genetic diversity of mtD can be attributed at least in part to the RC
dual genetic control (nuclear DNA (nDNA) and mitochondrial DNA (mtDNA)) and the complex
interaction between the two genomes. Despite the increasing use of next-generation-sequencing
(NGS) and various omics platforms in unravelling novel mtD genes and pathomechanisms, current
clinical practice for investigating mtD essentially involves a multipronged approach including clinical
assessment, metabolic screening, imaging, pathological, biochemical and functional testing to guide
molecular genetic analysis. This review addresses the broad muscle pathology landscape including
genotype–phenotype correlations in adult and paediatric mtD, the role of immunodiagnostics in
understanding some of the pathomechanisms underpinning the canonical features of mtD, and recent
diagnostic advances in the field.

Keywords: mitochondrial; muscle biopsy; ragged red; COX-negative; subsarcolemmal;
immunohistochemistry

1. Introduction

The diagnosis of mtD is challenging due to the incredible phenotypic and genetic diversity
associated with these diseases. This partly stems from the dual genetic control (nDNA and
mtDNA) of the RC, the complexity of intergenomic signalling and its functional consequences. mtD
can be inherited in an autosomal dominant, autosomal recessive, X-linked or mitochondrial (i.e.,
maternal) fashion. The circular mtDNA encodes 13 RC subunits, 22 mitochondrial tRNAs and two
ribosomal RNAs. Additionally, the mitoproteome requires over 1300 nuclear encoded proteins to
produce, assemble and support the five multimeric OXPHOS RC (I–V), and ancillary mitochondrial
processes [1–3]. Tissues and organs affected in mtD are often those with high-energy requirements.
Clinical symptoms can manifest at any age, and can affect a single organ or be multisystemic [4].
Typically, the more severe phenotypes present early, and milder phenotypes present later in life [5].
There are classic clinical syndromes with stereotypic features such as Leigh syndrome (subacute
necrotising encephalomyopathy), MELAS (mitochondrial myopathy, encephalopathy, lactic acidosis
and stroke-like episodes) and Alpers disease (epilepsy and liver failure). Point mutations and
large-scale mtDNA deletions represent the two most common causes of primary mtDNA disease, the
former usually being maternally inherited, and the latter typically arising de novo during embryonic
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development [1]. Exemplary genotype–phenotype associations are recognised, often in a syndromic
context, e.g., mitochondrial protein synthesis tRNA gene point mutations are associated with MELAS,
myoclonic epilepsy with ragged red fibres (MERRF) and syndromic forms of maternally transmitted
diabetes; mutations in mitochondrial RC protein coding genes are associated with Leber hereditary
optic neuropathy (LHON), neuropathy, ataxia, retinitis pigmentosa (NARP), and maternally inherited
Leigh syndrome (MILS); single mtDNA deletions are associated with Pearson syndrome, chronic
progressive external ophthalmoplegia (CPEO) and Kearns-Sayre syndrome (KSS); multiple mtDNA
deletions are associated with mitochondrial neurogastrointestinal encephalomyopathy (MNGIE),
autosomal dominant or autosomal recessive progressive external ophthalmoplegia (AD/AR-PEO),
and sensory ataxic neuropathy, ataxia, ophthalmoplegia (SANDO); mtDNA depletion are associated
with early-onset myopathic and hepatocerebral forms; Leigh syndrome is associated with a variable
genotypic background including nDNA and mtDNA mutations; and so on [6,7]. However, many
patients display non-specific features of developmental delay or regression, further hindering accurate
diagnosis [8]. The onset of symptoms, phenotypic variability, and variable penetrance of mtD
are influenced by the peculiarities of mitochondrial genetics including the threshold effect, mitotic
segregation, clonal expansion and a genetic bottleneck, as well as the nuclear genome background in
which it coexists or by environmental and epigenetic factors [6].

2. Laboratory Investigations and the Rationale for Muscle Biopsy

Given the complexity of mtD phenotypes and genetics, securing a diagnosis frequently requires
extensive non-invasive and invasive tests including imaging, neurophysiology, metabolic and
biochemical studies, muscle pathology and functional testing, followed by definitive molecular genetic
confirmation. Resting and exercise induced increase in blood lactate is a useful albeit non-specific
screening tool for mtD, but can be normal or minimally elevated as in mitochondrial polymerase
gamma (POLG1) associated diseases, Leber Hereditary Optic Neuropathy (LHON), Leigh disease,
Kearns-Sayre syndrome and Complex I deficiency [9]. The blood lactate/pyruvate ratio may increase
in inborn errors of the mitochondrial respiratory chain [10]. Spurious elevation of plasma lactate
and/or pyruvate may occur from poor collection or handling technique, secondary mitochondrial
dysfunction in a range of systemic and metabolic diseases, and in nutritional thiamine deficiency.
Blood and/or CSF pyruvate levels may increase in defects of pyruvate metabolism. Similarly, CSF
lactate and/or pyruvate levels may increase without blood elevation in mtD with predominant CNS
manifestations [11]. Elevated plasma/CSF amino acids, urine organic acids, and plasma acylcarnitines
all suggest underlying mitochondrial dysfunction, however, normal levels do not exclude mtD [12,13].
CK values are normal or mildly elevated, unless measured in the setting of rhabdomyolysis [14].
Neurophysiology may show non-specific signs of a myopathy, or a neuropathy when present, but
may be normal. Neuroimaging, encompassing several modalities beyond routine T1 and T2 magnetic
resonance imaging (MRI), including volumetric analysis, diffuse tensor imaging (DTI), magnetic
resonance spectroscopy (MRS), arterial spin labelling, and functional magnetic resonance imaging
(fMRI) has shown its potential as an investigative tool, and in many cases, providing non-invasive
and repeatable biomarker inquiry in patients with mtD [15]. MRI findings in patients with mtD can
often be non-specific, including in those with clinical central nervous system involvement; however,
it is the pattern of involvement that can suggest an underlying neurometabolic defect. In children,
a common pattern is “global” delay in myelination early in the course of the disease [16]. The most
common specific MRI findings are a symmetrical signal abnormality of deep grey matter presenting
with hyperintensity on T2 and FLAIR images, and hypointensity on T1 images. Any deep structure
can be involved and the character of the lesion can be either patchy or homogeneous. Cerebral
and cerebellar atrophy may be present in varying degrees. These specific MRI findings are more
likely to be associated with well recognised syndromic phenotypes such as Leigh disease, MERRF,
MELAS, KSS, MNGIE, etc. [17]. MRS can provide valuable in vivo metabolic information to measure
metabolites possessing resonating nuclei (hydrogen-1; 1H: phosphorous-31; 31P: carbon-13; 13C) in
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the mM range. mtD represent a particularly prominent set of diseases that show MRS changes due to
the consequences of impaired OXPHOS. The most consistent MRS change accompanying increased
lactate in mitochondrial disease is decreased N-acetyl-L-aspartate (NAA) normalised to creatine,
suggestive of cellular compromise [12,17]. Other brain metabolites such as myo-inositol, choline,
creatinine and succinate can be measured by MRS. One disease biomarker that appears highly specific
to complex II disease is a large elevation in succinate in white matter [18]. MRS is being increasingly
applied as a non-invasive tool to monitor the effects of therapeutic intervention in patients with mtD.
Diagnostically useful patterns of selective muscle involvement are well-recognised and increasingly
being used in the diagnostic algorithm for muscular dystrophies, congenital myopathies and a few
other heritable neuromuscular disorders [19]. This approach appears less useful in mtD, probably
reflecting the fact that clinically and biochemically affected muscles in mtD rarely ever show significant
fibro-fatty infiltration when examined histologically.

There is no single “gold standard” laboratory test for diagnosing mtD. The screening tests
described above broadly confirm presence of dysfunction in various organ systems and help to
increase or decrease the clinical suspicion of mtD. More invasive testing is necessary to establish
direct morphological, biochemical and molecular genetic evidence of mitochondrial dysfunction [5].
In principle, the relevant tissue to investigate is one that clinically expresses disease. Skeletal
muscle remains the tissue of choice, and is frequently sampled in part due to the relative safety
and ease with which tissue samples can be obtained. It can provide valuable diagnostic information
in many cases, even without clinically overt myopathic involvement [20–22]. Skeletal muscle is
a post-mitotic terminally differentiated tissue with only limited regenerative capacity via satellite
cell transformation. This terminal differentiation results in a fairly stable lifelong relationship
between the mutant and wild-type mtDNA ratio (heteroplasmy) in contrast to nucleated blood
cells in which this ratio can decrease due to selection pressure, thereby obscuring evidence of
mitochondrial dysfunction [22]. Skeletal muscle mitochondria are abundant in subsarcolemmal
and intermyofibrillar locations and larger than in most other tissues. Pathological assessment of
“non-muscle” components in biopsies including blood vessels and nerves can provide evidence
of multi-organ dysfunction [21]. Biochemical testing of respiratory chain enzyme dysfunction
typically involves determination of individual or paired respiratory chain enzyme complex activities
in mitochondrial fractions or tissue homogenates prepared from fresh or frozen muscle tissue.
Biochemical assays have low inter-laboratory reproducibility and a systematic program to share
samples and standardise methodologies across diagnostic laboratories has not been implemented.
Other confounding factors include masking of a RC defect in tissue homogenates due to low-level
heteroplasmy and a physiological compensatory mitochondrial proliferative response [8]. In this
context, parallel histological assessment of skeletal muscle can uniquely provide histochemical
evidence of RC defect at the single cell level. Simultaneously, the biopsy can be assessed for a number
of conditions in the clinical differential diagnosis that can mimic a mitochondrial myopathy or induce
secondary mitochondrial dysfunction. This includes fatty acid oxidation defects, glycogen storage
disorders, endocrine, congenital and inflammatory myopathies and muscular dystrophies. The
reliability of detecting morphological and histochemical abnormalities in skeletal muscle in mtD has
led to their inclusion as major and minor criteria in several classification schemes for diagnosing mtD
in adults and children [23–26]. It is standard practice to perform a skin biopsy in parallel to a muscle
biopsy primarily for establishing fibroblast cultures. While it is less invasive, it is not uncommon for
patients with OXPHOS defects in skeletal muscle to have normal RC activities in fibroblasts [27,28].
This in part due to altered heteroplasmy and high tissue regeneration rate of fibroblasts compared
to skeletal muscle [27]. It is equally important to recognise the limitations of muscle biopsy analysis
in investigating mtD. RC deficiencies are usually tissue specific, particularly if sporadic and somatic,
further influenced by the type of mutation and the peculiarities of mitochondrial genetics. Therefore
even muscle samples with proven mtD mutations/phenotypes may not show pathological and/or
biochemical evidence of mitochondrial dysfunction [14]. mtDNA copy number analysis in muscle
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tissue by real time qPCR normalised to age-matched controls gives an indication of depletion or
amplification of mtDNA content. mtDNA depletion can point towards mtDNA depletion syndromes
caused by a number of genes involved in mtDNA maintenance. mtDNA depletion in muscle is
however not as obvious in patients with the myopathic disease form as it is in liver tissue in patients
with the hepatocerebral form [29]. There are no reliable histochemical assays for demonstration of
defects in complexes I, III and V [1,21]. Muscle biopsy may appear histologically normal even in the
context of genetically confirmed mtD and when the biochemical defect does not involve complex
IV [23,30]. The histological interpretation of paediatric muscle biopsies can be challenging in the
absence of age-matched controls. Morphological and histochemical abnormalities of mitochondria are
not entirely specific and are seen secondary to other myopathic processes and with ageing. Despite its
invasive nature and limitations, muscle biopsy remains the gold standard for mtD, especially due to
primary mtDNA mutations [31].

3. Technical Considerations

Muscle and skin biopsies must be performed and processed in a manner that optimally preserves
mitochondrial morphology, enzymatic/functional activity, protein and DNA/RNA content to allow
for the broadest range of tissue investigations into mitochondrial dysfunction. This requires
good communication between clinicians, surgeons and pathologists and teamwork. Rigorous
implementation of a standardised biopsy protocol minimises the risk of ambiguity in interpretation of
results due to a myriad of artefacts resulting from improper sampling and processing. Some of these
issues are discussed below. A limb muscle such as vastus lateralis, gastrocnemius, deltoid or biceps
brachii is selected for sampling, depending on the institutional preference. Occasionally extraocular
muscles may be sampled in patients with external ophthalmoplegia. However, these muscles may
normally harbour features considered “myopathic” for limb muscles, and show a greater prevalence
of ragged red fibres (RRF) and COX-negative fibres compared to limb muscles from the third decade
of life [32,33]. Skeletal muscle can be harvested via an open biopsy or a needle biopsy procedure.
The latter has the advantage of being performed under local anaesthesia and/or deep sedation, and
producing a smaller scar. Concerns about tissue fragmentation and smaller tissue yield that may be
insufficient for biochemical assays have been addressed by implementing protocols using the modified
Bergström needle for sampling. Ideally, the sample should be examined under a dissecting microscope
in the procedure room for adequacy and orientation. A portion of fresh unfixed muscle is immediately
placed in RNase free tubes and snap frozen in liquid nitrogen for biochemistry and genetic testing. The
best oriented portion can be transported to the laboratory wrapped in cling film or by placing in a closed
petri dish on a piece of gauze lightly moistened in saline, and then frozen in isopentane cooled in liquid
nitrogen for histology, histochemistry and immunohistochemistry. A small longitudinal piece 0.5
mm long is placed in chilled 2% glutaraldehyde for electron microscopy. Functional assays including
polarographic studies require fresh, unfixed tissue. Excessive mechanical trauma to the sampled
tissue, infiltration of the local aesthetic into the fascicles, drying out and excess contact with saline can
render morphology and histochemistry uninterpretable. Isopentane may interfere with measurement
of complexes I, II and III in biochemical assays and give falsely low activities [34]. Many laboratories
routinely fix a portion of muscle in 10% formalin for paraffin embedding. Apart from providing a
larger sampling field and with the exception of high-risk infectious samples, this practice has several
disadvantages and its routine implementation should be discouraged. Formalin fixation causes loss of
histochemical enzyme activity, yields inferior muscle morphology, enhances autofluorescence, and
may require laborious antigen retrieval protocols for protein immunohistochemistry. In case of large
open biopsies, an additional block can be prepared for freezing in isopentane, and any surplus tissue
can be snap frozen in liquid nitrogen. A 4 × 4 mm skin punch biopsy from the thigh provides sufficient
tissue for growing fibroblast cultures and should be placed in sterile conditions in a culture medium
containing uridine and pyruvate to prevent the loss of cells harbouring mutant mtDNA [35]. Detailed
protocols for sampling and processing of skin and muscle biopsies have been published [22,36].
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4. Histochemical Assays for Detecting RC Defects

The mitochondrial RC responsible for cellular ATP generation is located on the inner
mitochondrial membrane comprising five complexes: CI, NADH-coenzyme Q reductase; CII,
succinate-CoQ reductase that includes the FAD-dependent succinate dehydrogenase (SDH) and
iron-sulphur proteins; CIII, reduced CoQ-cytochrome C reductase; CIV, cytochrome C oxidase; and
CV, ATP synthase [37]. The free energy generated via redox reactions involving electron transfer
across the complexes to molecular oxygen creates a transmembrane proton gradient—protons are
pumped through CI, CIII and CIV, and CV allows protons to flow back into the mitochondrial
matrix, and the released energy is used to synthesise ATP. Histochemical stains are available that
can demonstrate activities of CI (NADH-TR), CII (SDH) and CIV (COX). NADH-TR stain comprises
reduced nicotinamide adenine dinucleotide as the substrate that is oxidized by NADH-dependent
enzymes. Addition of a tetrazolium salt (NBT) results in the deposition of a reduced, insoluble blue
formazan product at the reaction site. TR denotes tetrazolium reductase. However, the NADH is
not only oxidized by CI of the RC, but also sarcoplasmic reticulum (SR) NADH-oxidising enzymes.
In the absence of specific inhibitors of the “non-mitochondrial” NADH-oxidase activity, this stain is
not specific for CI, and any CI defect is invariably masked [38]. The advantage is this stain can be
used as a general marker of mitochondria and SR, and thereby is excellent in highlighting structural
defects such as cores or mini-cores. SDH stain can demonstrate CII activity. Na-succinate is used as
the substrate, which gets oxidized to fumarate by CII in the presence of NBT, which is reduced to
insoluble blue formazan at the reaction site [38]. In the modified SDH reaction, 1-methoxyphenazine
methosulphate (mPMS) or phenazine methosulphate (PMS) are added to the incubation medium as
exogenous electron carriers and azide or cyanide as inhibitors of cytochrome oxidase. The mPMS
and azide substitution results in substantial reduction in the non-specific reduction of NBT and
a linear reaction rate, thereby allowing better histochemical quantitation [39]. Nuclear genes encode
all sub-units of CII; therefore, CII is rarely affected in diseases with primary mtDNA defects. COX
stain demonstrates cytochrome C oxidase activity. In this reaction, diaminobenzidine (DAB) acts as
the electron donor to reduce cytochrome C. The haeme units of CIV catalyse the transfer of electrons
from reduced cytochrome C to molecular oxygen to form water. In turn, the oxidized DAB forms
a brown coloured indamine polymer that is deposited at the reaction site. As continuous reoxidation
of cytochrome C is required for the accumulation of the visible oxidized DAB, the reaction serves to
visualize CIV activity [40]. Addition of catalase prevents contamination from endogenous peroxidase
activity. In keeping with their physiological properties, in skeletal muscle, type I fibres show the
darkest staining, type IIA fibres intermediate staining and type IIB (IIX) fibres show the weakest
staining for all three reactions, commensurate with mitochondrial enrichment in these fibres. As the
SDH and COX reactions specifically demonstrate CII and CIV activities, they are regarded as specific
mitochondrial markers, and the intensity and distribution of staining allows simultaneous assessment
of complex activity, mitochondrial mass and distribution at the single cell level as well as within
a spatial two-dimensional context of the section. A further refinement in technique is the development
of the sequential COX-SDH reaction, with early studies dating back to 1968, and now widely regarded
as the optimal technique for demonstrating CIV defects, particularly in instances of heteroplasmic
mtDNA defects. The technique relies on the preserved activity of CII (being entirely nDNA encoded)
in cells with mtDNA defects. In cells with functional CIV, the brown indamine polymer product will
localize in and saturate mitochondrial cristae. Those cells with reduced or absent CIV activity will not
be saturated by the brown indamine polymer product, allowing for visualization of CII activity by
deposition of the blue formazan end product [41–43]. Thus, in a normal skeletal muscle cross-section,
the brown COX staining overshadows the blue SDH staining in all three fibre types. However, CIV
deficient fibres will stand out as varying intensities of blue, depending on the deficiency being partial
or complete. A number of variations in protocols for these histochemical reactions exist, and no
attempt has been made yet to standardize protocols, at least amongst larger reference laboratories.
Furthermore, these tests are highly susceptible to a variety of artefacts arising from poor sampling and
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processing, contributing to ambiguous results, or worse, false-positives and false-negatives. Excessive
trauma to fibres, excess saline contact, drying out, repeated cycles of freeze-thawing, and drawing the
hydrophobic barrier pen too close to the section can cause loss of activity. Hypercontracted fibres can
cause fibres to appear darker. The sequential COX-SDH reaction should not be substituted for, but
rather be run in parallel with individual COX and SDH reactions. Several quality control measures to
preserve the integrity of the COX-SDH reaction have been outlined [44].

5. Canonical Pathological Features

Pathological changes in skeletal muscle biopsies from individuals with mtD can be varied,
depending on the underlying genotype. Although not entirely specific, ragged red fibres
(RRF) and COX-negative fibres are widely regarded to be the canonical features of mtD
pathology [6,7,12,21,22,26,45–48]. Another useful diagnostic feature is SDH deficiency, although rare.

5.1. Ragged Red Fibres (RRF)

The recognition of RRF as a morphological hallmark of mtD predates the molecular era.
Mitochondrial myopathies were described in the 1960s when systematic histochemical and
ultrastructural studies revealed excessive proliferation of normal or abnormal-looking mitochondria in
skeletal muscle of patients with weakness or exercise intolerance [30,49,50]. With the development of
the modified Gomori Trichrome (MGT) stain allowing visualisation of connective tissue (light green),
nuclei (red/purple), mitochondria, sarcoplasmic reticulum, sarcolemma (red) and myofibrils (green)
in frozen sections, the abnormal fibres in these conditions showed up as bright red accumulation of
staining and “cracking” of the fibre edges, corresponding to the massive irregular proliferation of
mitochondria, and were dubbed “ragged red” [51]. The reason for the red staining is the affinity of
chromotrome-2R, one of the MGT constituents that is lipophilic, and binds to sphingomyelin that
is in abundance in mitochondrial membranes [21]. RRF usually show ultrastructurally abnormal
mitochondria that frequently contain paracrystalline inclusions [47]. RRF are difficult to identify
with MGT in formalin-fixed tissue as normal myofibrils stain red post-fixation. The red proliferative
zones can be identified in Haematoxylin and Eosin-stained sections as subsarcolemmal areas of
amorphous, basophilic staining [21]. SDH histochemistry shows increased staining in RRF, and such
fibres appear as ragged blue fibres [22]. The term ragged red fibre equivalents (RRF equivalents) has
been used to describe muscle fibres with mitochondrial accumulation showing positive staining with
the modified SDH reaction, and the modified SDH reaction was demonstrated to be more sensitive
than MGT in highlighting myofibres with increased mitochondrial proliferation [52]. RRF accumulate
a very high percentage of mutant mitochondrial genomes >80% [53]. In longitudinal sections, RRF
appear as segmental abnormalities, and there is a correlation between defective OXPHOS and the
segmental abnormality suggesting that the abnormal proliferation is consequent to the defective
OXPHOS [45,54]. RRF are seen in syndromic presentations of defects in mitochondrial protein synthesis
(mtDNA rearrangements and point mutations), being more prevalent in MELAS, MERRF, KSS, and
less frequently in CPEO [7,12]. RRF are usually absent in patients with syndromic presentations of
defects in mitochondrial protein coding genes (LHON, NARP), however, few RRF may be seen in
myopathic forms with isolated defects of CI, CIII and CIV due to mutations in mtDNA genes encoding
ND subunits, cytochrome b, and COX subunits respectively [7]. In patients with mutations in nDNA
genes encoding subunits or ancillary proteins of the RC, RRF are usually absent, e.g., in autosomal
recessive Leigh syndrome due to mutations in CI or CII subunits, and Mendelian defects in assembly
factors of CIV causing COX-deficient Leigh syndrome [7,30]. RRF are present in myopathic and
encephalomyopathic forms of primary CoQ10 deficiency [55]. RRF are also present in myopathic forms
of mtDNA depletion syndromes [56]. COX-negative (ragged blue) RRF are typically seen in MERRF,
KSS and CPEO, when wild type mtDNA genomes fall below the threshold required to maintain
CIV activity. In contrast, in classic MELAS due to the A3243G tRNALeu gene mutation, RRF are
mostly COX-positive due to an even distribution of mutant and wild-type mtDNA genomes in these
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fibres [12,48,57,58]. RRF are COX-positive in mtDNA encoded CI and CIII subunit gene mutations,
and COX-negative in CIV subunit gene mutations [7,12]. COX-negative RRF have also been observed
in mtDNA depletion syndromes [59].

5.2. COX-Negative Fibres

A majority of individuals with mitochondrial myopathies that cause isolated or combined CIV
deficiency due to mtDNA mutations harbour a mix of wild-type and mutant mtDNA molecules within
each myofibre giving rise to heteroplasmy, a unique aspect of mitochondrial genetics. The proportion
of mutant mtDNA can vary between individual myofibres [60,61]. A myofibre segment will develop
biochemical OXPHOS deficiency when the mutant mtDNA exceeds a critical threshold, i.e., the level
to which the cell can tolerate defective mtDNA molecules [62,63]. Heteroplasmic mutations have
a variable threshold in different tissues. Furthermore, for unknown reasons, the threshold varies
among mutation types and in skeletal muscle the mutation load for any particular tRNA (~90%) is
typically higher than that for large-scale partial deletions of mtDNA (~70–80%) [61,64]. The threshold
for mutation load in polypeptide-coding genes can be similarly broad, with low levels of mutation
causing one type of clinical presentation and higher levels causing another, e.g., m.8993T→G mutation
in the ATP synthase 6 (ATP6) gene: at mutation loads above 90%, manifests as maternally inherited
Leigh’s syndrome (MILS), at mutation loads in the range of 70–90%, manifests with neuropathy, ataxia
and retinitis pigmentosa (NARP), and by contrast, patients with 70% mutation in a tRNA will rarely
display overt disease [48]. The consequent biochemical OXPHOS deficiency can be demonstrated
histochemically in transverse sections of frozen skeletal muscle as a mosaic pattern of COX-positive and
COX-negative fibres, which equally affect slow-twitch (oxidative) and fast-twitch (glycolytic) muscle
fibres [63,65], and is considered a hallmark of mitochondrial disease [66]. In the stand-alone COX
reaction, the COX-negative fibres appear unstained amongst the brown COX-positive fibres. In the
SDH reaction, they often stain intense blue due to compensatory mitochondrial proliferation increasing
the mitochondrial mass, and the fact that CII being entirely nuclear-encoded, its biochemical activity is
usually intact in primary mtDNA defects. In the sequential COX-SDH reaction, COX-negative fibres
appear blue amongst the brown COX-positive fibres. The broad genotypic correlations described
above for RRF are also true for the presence of COX-negative fibres in mitochondrial myopathies.
A mosaic pattern of COX-negative fibres is a robust marker of heteroplasmic mtDNA mutations
affecting mitochondrial protein synthesis (rearrangements and point mutations in mitochondrial tRNA
or ribosomal RNA genes), or rarely, affecting one of the three mtDNA encoded CIV sub-units [12,22,31].
A notable exception to this rule is a homoplasmic mutation in mitochondrial tRNAGlu that is associated
with a severe but reversible infantile mitochondrial myopathy and profound, though not exclusive,
biochemical and histochemical COX deficiency, often accompanied by RRF in skeletal muscle [67,68].
The biopsy features in reversible and irreversible, fatal COX deficiency in the neonatal period are
identical, and in both conditions the histochemical defect is restricted to extrafusal myofibres, sparing
intrafusal muscle fibres and vascular smooth muscle [68–71]. Fatal infantile COX deficiency also
affects the heart and brain, and has been linked to autosomal recessive mutations in COX assembly
factors (SCO2, COX15, COA5, and COA6) [72–75]. Muscle biopsies from patients with defects in
mtDNA maintenance will also show a similar mosaic COX-negative pattern due to overlapping
influence of Mendelian and mitochondrial genetics, especially in cases of PEO with multiple mtDNA
deletions [31,76,77]. In contrast, Mendelian disorders such as COX-deficient Leigh syndrome, e.g.,
due to mutations in COX assembly factors such as SURF1, will show diffuse COX-deficiency [78–80].
A mosaic COX deficiency is also found in cardiac muscle [81,82], renal cells [83] and the central
nervous system [84]. The percentage of COX-negative fibres often correlates with disease severity and
progression [85]. The biochemical defect develops within individual muscle fibres independent
of the status of adjacent myofibres, likely due to the clonal expansion of mutant mtDNA, and
appears to be an intrinsic property of the intracellular mitochondrial genome, largely independent
of the nuclear genome [86,87]. Heteroplasmic mtDNA mutations are unevenly distributed along
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longitudinal syncytial muscle fibres, such that adjacent segmental sections can have widely varying
amounts of mutant mtDNA [31]. Defined regions of COX deficiency have been documented in
biopsies from patients with CPEO and MERRF [88,89]. There can be a striking variation in the
length of COX-negative segments in the same biopsy, and the same muscle fibre can contain multiple
non-contiguous COX-negative segments [60]. The latter suggests that the COX deficit may appear at
multiple sites along a diseased fibre, with the length of the COX-negative segments expanding over
time to coalesce with other COX-negative segments [90]. This could be due to continuous mtDNA
replication in syncytial myofibres leading to changing proportions of mutant mtDNA through random
intracellular genetic drift, and its lengthwise propagation over time [87]. Long COX-negative segments
may eventually cause fibre atrophy, but do not lead to acute myonecrosis. It is also apparent that in
biopsies from patients with various mtDNA mutations, a spectrum of deficiency exists with presence
of fibres that show staining properties between completely COX-negative (blue) and COX-positive
(brown) fibres, so called COX-intermediate fibres. COX-intermediate fibres, in part, represent the
transition zones between COX-positive and COX-negative segments [91]. A significant difference
was observed between COX-intermediate fibres and COX-positive as well as COX-negative fibres for
mutant mtDNA, even more significant for wild-type mtDNA, but not for the total mtDNA copy number,
suggesting that it is the wild-type mtDNA that is the critical determinant in determining the COX
activity status [92,93]. The prevalence of RRF and COX-negative fibres may vary in biopsies depending
on the genotype. Frequencies of RRF and COX-negative fibres are reported to be lower in MELAS and
MERRF due to mtDNA point mutations than in CPEO due to mtDNA deletion, and are usually absent
in LHON due to mtDNA point mutations [94–96]. COX-negative fibres have been noted to occur more
frequently than RRF in CPEO patients associated with mtDNA point mutations and single deletions,
and multiple mtDNA deletions due to POLG1 mutations [97]. Levels of mtDNA heteroplasmy
appear to directly correlate with the frequencies of RRF and COX-negative fibres [98]. In patients
with primary mtDNA mutations, despite high levels of mutant mtDNA genomes in mature muscle,
myogenic progenitor satellite cells have low to undetectable levels of the causative mutation [85,99,100].
Resistance exercise strength training in a group of mitochondrial myopathy patients due to a single
large mtDNA deletion led to improved muscle strength, exercise induced necrosis and regeneration,
increased numbers of NCAM+ satellite cells, and increased oxidative capacity including decreased
percentage of COX-negative fibres and increased percentage of COX-intermediate fibres. This likely
reflects a satellite cell-derived genetic drift in favour of wild-type mitochondrial genotype [91]. Taken
together, it appears that, in addition to the absolute number of COX-negative fibres, the length of
COX-negative segments, as well as COX-intermediate fibres, are important phenotypes to assess
mitochondrial disease severity, progression and the effects of therapeutic interventions on mtDNA
mutation levels and biochemical activities.

5.3. SDH Deficiency

Isolated CII deficiency is a rare Mendelian mitochondrial disease due to autosomal recessive
mutations in the nuclear-encoded structural sub-units and assembly factor genes of CII (SDHA,
SDHB, SDHD, and SDHAF1) [101–104]. Most reported cases are of early onset, presenting with Leigh
syndrome, cardiomyopathy, leukodystrophy or encephalomyopathy, with the exception of autosomal
dominant mutation in SDHA presenting with late onset optic atrophy, ataxia and myopathy [105].
Biochemical measurement of CII in muscle is the most reliable means of diagnosis, with levels reduced
to 50% or greater compared to reference mean levels. Histochemically a diffuse reduction in SDH
staining with normal COX staining is demonstrable [102,106]. CII deficiency with histochemically
demonstrable diffuse reduction in SDH staining in skeletal muscle, but sparing of intramuscular
blood vessels is reported with autosomal recessive mutations in ISCU encoding for iron sulphur
cluster scaffold protein, presenting with myopathy, exercise intolerance and lactic acidosis. Additional
features include increased iron deposition in mitochondria and aconitase deficiency [107,108].
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6. Associated Pathological Features

Muscle biopsy may appear histologically normal, e.g., in patients with CI deficiency due to
recessive mutations in nuclear-encoded subunits, in patients with mild RC defects, or early on in the
disease course. Even in cases with heteroplasmic mtDNA mutations, there may be little abnormality
apart from the presence of canonical features. Myopathic changes such as increased fibre-size variation
and internal nucleation when present are typically of mild-to-moderate severity. Inflammation is
absent, and necrosis and regeneration are not seen, except in mitochondrial myopathies presenting
with rhabdomyolysis. Rhabdomyolysis has been associated with mutations in CoQ2, mtDNA encoded
CIV subunit genes (MT-CO1, MT-CO2, MT-CO3), and tRNA genes (MTT1, MT-TL1 m.3243 A > G
MELAS mutation) [109–120]. Even late in the disease course, overtly dystrophic features with necrosis,
fibrosis and fatty infiltration are not seen, with the exception of TK2-related myopathic form of mtDNA
depletion syndrome [121,122]. Variable slow/type I fibre predominance and fast/type II atrophy may
be present. Increased lipid may be present in fibres with or without ragged red change and COX
deficiency, e.g., in KSS and PEO due to mtDNA rearrangements [21], mtDNA depletion syndrome due
to mutations in TK2, RRM2B, SUCLA2 and SUCLG1, and CoQ2 [31,56,123–125]. Secondary carnitine
deficiency with lipid storage can occur in patients with primary RCE defects [126]. The lipid storage
is generally less florid when compared to primary lipid storage myopathies with massive lipidosis
(primary carnitine deficiency, neutral lipid storage disease and multiple acyl-coA dehydrogenase
deficiency) [127], and the presence of RRF and/or COX-negative fibres is not typically seen in the latter,
although rare exceptions are reported [126]. The distinction between primary mtD and primary lipid
myopathy is not possible based on muscle pathology alone, particularly in the absence of canonical
mitochondrial pathology, and mild or inconstant lipidosis in the biopsy.

7. Myopathology in Novel Mitochondrial Diseases

Recessive loss-of-function mutations in CHKB that encodes choline kinase β, an enzyme that
catalyses the first de-novo biosynthetic step of phosphatidylcholine, the most abundant mitochondrial
membrane phospholipid that is formed through a pathway within the mitochondria-associated
endoplasmic reticulum membrane (MAM), cause a congenital muscular dystrophy with raised serum
CK, severe intellectual disability with skeletal and cardiac muscle involvement, and characteristic
biopsy appearances that include enlarged mitochondria at the periphery, and loss of mitochondria in
the centres of myofibres, probably as a result of elimination through mitophagy and compensatory
enlargement [128]. The relationship between phospholipid and mitochondrial abnormalities could
be mediated via the MAM, as several proteins involved in mitochondrial dynamics are an integral
part of MAM, and MAM dysfunction may mediate increase in size and intracellular displacement of
mitochondria [31,129,130]. In most cases, mild dystrophic changes are consistently present in biopsies.
There is variable biochemical RCE deficiency. Muscle choline kinase activity and phosphatidylcholine
content are markedly reduced with aberrant remodelling of phosphatidylcholine. Loss-of-function
mutations in MICU1, a regulator of the inner mitochondrial complex MCU, responsible for regulating
mitochondrial CA2+ uptake and preserving normal mitochondrial CA2+ concentration are reported to
cause a childhood-onset disease with raised CK, relatively static proximal myopathy, variable CNS
involvement, and distinctive biopsy features including preserved fibre typing, mild central nucleation,
mini-cores and clustered regeneration. Biochemical or histochemical RCE defects are not yet reported.
There is significant loss of MICU1 mRNA and protein in muscle, with dysfunctional mitochondrial
CA2+ uptake in fibroblasts resulting in CA2+-induced fragmentation of mitochondrial networks [131].
More recently, dominant heterozygous and recessive compound heterozygous loss-of-function
mutations in MSTO1 have been characterised by whole exome sequencing in patients presenting with a
multisystem disease characterized mainly by myopathy, ataxia, endocrine dysfunction and psychiatric
symptoms. Serum CK ranges from normal to moderate elevation, and biopsies show myopathic or
dystrophic changes, without histochemical and biochemical RC OXPHOS deficiency. Reduced levels of
MSTO1 mRNA and protein in fibroblasts is associated with abnormalities of the mitochondrial network
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including fragmentation, aggregation, decreased network continuity and fusion activity, pointing to a
putative role for MSTO1 in mitochondrial morphogenesis by regulating mitochondrial fusion, and
loss-of-function mutations linked to a multisystem mitochondrial disease [132,133]. Defects in CHKB,
MICU1 and MSTO1 are examples of novel pathomechanisms and overlapping clinicopathological
features involving muscular dystrophy, lipid metabolism, congenital myopathy and mitochondrial
biology, with unique and recognizable muscle pathology signatures in absence of primary OXPHOS
defects involving the RCE.

8. Vascular Pathology

Mitochondrial vasculopathy can manifest in large blood vessels (macroangiopathy) or small
blood vessels (microangiopathy) including small arteries, arterioles, venules and capillaries. The
clinical manifestations of macroangiopathy include premature atherosclerosis, arterial ectasia, vascular
malformation, spontaneous rupture and reduced flow-mediated vasodilation [134]. In a 15-year old
girl with the m.3243 A > G mutation, fatal spontaneous rupture of the aorta was associated with
disorganisation and reduced COX staining in the vascular smooth muscle cells (VSMCs) of the aortic
vasa vasora, and 85% mutation load in the arteries compared to 40% in blood lymphocytes [135].
Microangiopathy can manifest clinically as leukoencephalopathy, migraine-like headaches, stroke-like
episodes or peripheral retinopathy. Careful morphological assessment in skeletal muscle or other
tissues may reveal morphological abnormalities in VSMCs, pericytes or endothelial cells suggesting a
subclinical microangiopathy [136]. MELAS is a multisystem mtD with predominant involvement of
the brain, skeletal muscle and endocrine organs [137]. Unique to MELAS, particularly in association
with the m.3243 A > G mutation, are transient stroke-like episodes due to lesions in the temporal
and occipital lobes. Histologically, these lesions resemble true infarcts in that they are pan-necrotic
and demonstrate profound neuronal loss, microvacuolation, gliosis and eosinophilic change in
surviving neurons, but their topographic distribution does not follow major vascular territories
or their watershed [138]. However, the presence of a microangiopathy, both within the lesions and
in extra-CNS tissue like skeletal muscle, has long been recognised, manifesting as strongly SDH
reactive vessels (SSVs) containing increased mtDNA copy number and ultrastructurally enlarged
mitochondria. Similar SSVs can be found in MERRF, but angiopathy is less prevalent. Similar to RRF,
SSVs in MERRF are typically COX-negative, whereas in MELAS, they are COX-positive [57,58]. It is
postulated that the absolute amount of COX in SSVs in MELAS due to compensatory proliferation is
far greater than normal [58]. As COX binds to nitric oxide, a key molecular signal for vasodilation,
supernormal COX levels in these vessels titrate out nitric oxide, preventing cerebral vasodilation and
triggering the stroke-like episodes [139,140]. The microangiopathy is not restricted to m.3243 A > G
MELAS patients, but also documented in patients with m.8344 A > G, and autosomal recessive POLG
mutations [138]. In these patients, multiple ischaemic stroke-like lesions in the cerebellar cortex were
associated with microvascular abnormalities including loss of VSMCs and endothelial cells, evidence
of blood-brain-barrier breakdown with plasma protein extravasation and loss of endothelial tight
junctions, with accompanying high heteroplasmy levels of mutated mtDNA in the vessel wall. Despite
clear evidence of a structurally damaged or altered microvasculature in association with vascular
COX-deficiency, precisely how these deficiencies lead to the cerebral vascular events is not fully
understood. It is also not known if a more generalised sub-clinical microangiopathy is present in mtD
with diverse genetic backgrounds. In patients with mitochondrial myopathy, muscle capillary growth
was increased as a result of impaired OXPHOS by a hypoxia-independent mechanism, promoting
increased blood flow to respiration-incompetent muscles and a mismatch between systemic oxygen
delivery and oxygen utilization during cycle exercise. The capillary area was greatest in patients with
more severe oxidative deficits, and twice higher around fibres with oxidative defects compared to
fibres with preserved oxidative function [141]. Vascular proliferation is a characteristic pathological
feature of Leigh’s encephalopathy due to a variety of mitochondrial defects causing severe OXPHOS
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deficits in the developing CNS [142]. Therefore, capillary proliferation driven by impaired OXPHOS
may be a common consequence of mtD in highly oxidative tissues.

9. Ultrastructure: Pathological Features and Role in Diagnostics

A range of morphological alterations has been historically documented in patients with
mitochondrial myopathy with transmission electron microscopy (TEM). These include excessive
numbers of mitochondria in subsarcolemmal and intermyofibrillar locations; variation in size and
shape including bizarre forms, excessively large size or length exceeding 3–4 sarcomeres; abnormalities
of cristae including deficient cristae, abnormal stacking or whorling; a total absence of cristae with an
amorphous granular substance replacing the cristal space; electron-dense granules; and paracrystalline
structures with regular geometric periodicity [21]. Of all features, paracrystalline structures are
regarded as the most pathognomonic, and are frequently present in RRF. Paracrystalline structures
represent mitochondrial creatine kinase crystal formation due to upregulated activity in an attempt
to compensate for the energy deficit [22]. However, these morphological changes lack specificity
and may be seen in a range of myopathic and dystrophic conditions. They rarely ever provide clues
to the underlying biochemical and/or genetic defect [14,20–22,143]. Simplification of cristae with
accumulation of homogenous material is apparently a specific change seen in mtDNA depletion
syndrome [144]. In adult biopsies with normal light microscopic findings, ultrastructural examination
is unlikely to provide additional evidence of disease. Based on a small series of five patients, it has
been suggested that the earliest ultrastructural changes in infants are often noted in endothelial cells
of intramuscular blood vessels even when the myofibres themselves do not show histological or
ultrastructural abnormalities [145]. Given the overall lack of specificity and the time and expense
involved, the routine application of electron microscopy in the investigation of suspected mtD is
questionable, particularly in the era of advanced molecular diagnostics. A recent ultrastructural study
combining TEM with serial block face scanning EM (SBF-SEM) and 3D reconstruction techniques has
reported features not previously described in patients with mtD include linearisation and angular
arrangement of cristae, localised membrane distension, nanotunnels, and donut-shaped mitochondria.
Systematic assessment of mitochondrial morphology using quantitative EM methodologies sensitive
mitochondrial size, shape, and branching complexity and particularly three-dimensional reconstruction
methods such as serial block face (SBF-SEM) and focused-ion beam (FIB-SEM), could be used in the
future to ascertain the role of structural remodelling in certain mitochondrial and other musculoskeletal
diseases [146].

10. Secondary Mitochondrial Abnormalities

Neither presence of RRF nor focal COX deficiency is entirely specific for primary mtD. Similar
changes may be seen in skeletal muscle in the context of ageing, and in a range of genetic and
acquired disorders. These include infantile Pompe disease and adult-onset acid maltase deficiency [21],
occasionally in muscular dystrophies such as LGMD2A [147] and FSHD [148] rarely primary lipid
storage myopathies [126]. Muscle biopsies of patients with inclusion body myositis (IBM) may show
increased numbers of RRF and COX-negative fibres [149]. In IBM, the on-going inflammation and
cytokine environment, the associated production of reactive oxygen and nitrogen species, and the
associated endoplasmic reticulum stress have a role in the initiation of mitochondrial DNA damage,
leading to the accumulation of clonally-expanded mtDNA deletions and respiratory deficiency,
a phenomenon that is not compensated by the malfunctioning cell repair mechanisms [150]. Increased
numbers of COX-deficient and SDH-positive fibres within atrophic perifascicular zones are a common
feature in dermatomyositis [151]. Histochemical and biochemical OXPHOS dysfunction can be induced
by the toxic effects of a range of drugs on mitochondrial respiration, including antiretroviral agents and
statins [152], antiepileptics such as valproate, immunosuppressant and cytotoxic chemotherapeutic
agents [14,20]. Accumulation of multiple mtDNA deletions and tRNA point mutations has been
observed in ageing human tissues [153,154] with highest levels in post-mitotic tissues such as brain
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and skeletal muscle. Increased numbers of RRF and COX-negative fibres are seen in skeletal muscle of
older individuals and RRF comprise an average of 0.4% of all fibres by the eighth decade [155]. The
age-related mtDNA mutations appear to accumulate randomly in certain myofibre segments to very
high levels resulting in focal COX deficiency [156]. Overall, the amount of mutant mtDNA is very
low in ageing muscle compared to patients with mitochondrial myopathy and is unlikely to cause
a clinically significant OXPHOS defect [45]. Nevertheless, late-onset mitochondrial myopathy has been
documented in patients over 69 years of age with multiple mtDNA deletions and increased numbers
of RRF and COX-negative fibres in biopsies, possibly representing an exaggerated form of age-related
mitochondrial dysfunction [157].

11. Myopathology of Paediatric mtD

In contrast to adults who more often present with well-defined syndromic mtD, paediatric
presentations of mtD are harder to define. Neonatal or early infantile disease onset is often associated
with severe progressive encephalomyopathy, with multi-organ involvement such as cardiomyopathy,
hepatopathy, and myopathic involvement suggested by hypotonia, muscle weakness, wasting and
arthrogryposis [123,158–160]. Over 90% of paediatric patients with mtD carry mutations in their
nuclear genes causing defective OXPHOS [66]. This explains the long-held observation that mosaic RRF
and/or COX-negative fibres are uncommon in biopsies of these patients. RRF and/or COX-negative
fibres were demonstrated in 89% of biopsies with mtDNA mutations but only in 17% of biopsies
without detectable mtDNA mutations in a large series of 117 children with mtD [161]. RRF and
COX-negative fibres, and increased lipid are usually present in biopsies from children with mtDNA
depletion syndromes secondary to defects in nuclear gene involved in mtDNA maintenance and in
the myopathic form of CoQ10 deficiency [158]. COX-deficient fibres may outnumber RRF and may
be the only abnormal finding in the muscle biopsy [162]. In neonates, there may be no detectable
light microscopic abnormality [163]. This suggests that the compensatory proliferative response may
develop over time to form RRF. The small size of fibres in biopsies from neonates and infants may make
recognition of the morphological abnormality more difficult. It has been suggested that SDH-positive
subsarcolemmal mitochondrial aggregates (SSMA) representing a milder form of mitochondrial
proliferation is more prevalent in paediatric mtD [12]. More than 2% SSMA in patients under 16 years
has been listed as a minor diagnostic criterion [23]. The sensitivity and specificity of this marker
has been questioned. Such mitochondrial proliferation was absent in 35% of paediatric patients with
proven mitochondrial dysfunction [164]. In 95 patients under 16 years of age, there was no difference in
the frequency of SSMA between patients with and without definite mtD. Large SSMAs were observed
to be more frequent in the group with definite mtD [165]. A large-scale retrospective study evaluating
factors associated with SSMA in paediatric biopsies with suspected mtD found an inverse relationship
between the percentage of myofibres with SSMA and RCE deficiency. Patients with low %SSMA
(≤4%) were significantly more likely to develop RCE deficiency than patients with higher %SSMA
(≥10%) [166]. However, it is important to note that the morphology of mitochondrial networks changes
from birth to adolescence and SSMAs appear to develop over time, even in biopsies from patients in
whom a primary neuromuscular disease has been excluded. Therefore, any diagnostic cut-off must
take into account the confounding effect of age, and assessment of multi-centre large-scale cohorts will
be necessary to develop age-stratified SSMA cut-offs with sufficiently high sensitivity and specificity
to serve as a useful histological diagnostic indicator of RC deficiency in children.

12. Consensus Diagnostic Criteria

To facilitate the diagnosis of mitochondrial diseases, various expert groups have proposed
consensus criteria and classification systems incorporating clinical, physiological, biochemical,
morphological and molecular genetic criteria. Given the overlap in morphological findings associated
with primary mtD and mitochondrial abnormalities secondary to ageing and various inherited and
acquired non-mitochondrial neuromuscular disorders, morphological criteria essentially involve
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a quantitative evaluation of RRF, COX-negative fibres and SSMA in diagnostic muscle biopsies. Varying
diagnostic cut-offs have been proposed including: >2% RRF and/or >2% COX-negative fibres for
individuals <50 years, or >5% COX-negative fibres for individuals > 50 years [23,167–169]. Occasional
COX-negative fibres are regarded normal > 40 years and the proportion increases with age. Any RRF <
30 years is regarded as being suspicious to warrant investigation of mtD [169]. A major limitation of
the studies used to formalise such cut-offs is the lack of standardized methodology: differing biopsy
sites, differing histological techniques and differing methods of quantitative assessment [52,170,171].
Age-matched control groups included patients with chronic myopathies and myositis confounding
assessment due to prevalence of secondary mitochondrial abnormalities [157]. In a post mortem
study evaluating biopsies from patients with and without mtD [172], <0.1% abnormal fibres were
present in controls before the fifth decade. The proportion of abnormal fibres increased with age and
there were regional differences (deltoid > quadriceps). Most patients with mtD had more than 0.5%
abnormal fibres. Overall, COX-negative fibres were more numerous than RRF or SDH-positive fibres
and provided a sensitive measure of mitochondrial abnormality. This study brings into question the
widely used 2% cut-off given that the levels of abnormal fibres in controls were well below 1%. In the
absence of other neuromuscular disease, mitochondrial abnormalities in muscle biopsies below the
current 2% cut-off may be significant. Similarly, in paediatric biopsies, there are studies with findings
challenging the currently used 2% SSMA cut-off as a minor diagnostic criterion; these are alluded to
in the preceding paragraph. Notwithstanding various formal quantitative diagnostic cut-offs, it is
important to remember that normal muscle morphology, especially in children, does not exclude
mtD [173].

13. Recent Advances in Diagnostic and Research Tools: Immunoassays, Transcriptomics
and Biomarkers

The absence of reliable histochemical assays to evaluate complex I, which is the largest and most
commonly affected OXPHOS complex, as well as CIII and CV is a serious limitation to the histochemical
analysis of RC defects in mtD. Catalytic deficiency of RC is most often associated with a decreased
amount of the assembled complex. This fact underlies the application of immunohistochemistry as
a tool for investigating RC defects [174–179]. Secondly, an ever-increasing array of highly specific
monoclonal antibodies is available against components of the mitoproteome spanning the nDNA
and mtDNA-encoded compartments. A severe and selective reduction of immunolabelled mtDNA
encoded COXI and COXII subunits with normally labelled nDNA encoded COXIV and COXVa
subunits in histochemically COX-negative fibres were observed in patients with mtDNA mutations.
nDNA-encoded COXVIc immunostaining was however also reduced. This was thought to relate to
the holoenzyme’s quaternary structure with close interaction between COXII and COXVIc, while other
nDNA encoded subunits with preserved immunoreactivity could form stable partial complexes in
absence of mtDNA encoded subunits [180]. Different patterns of subunit expression were reported in
the same study in mtDNA depletion syndrome including selective and non-selective loss of mtDNA
encoded CIV subunits, suggesting differences in genetic background or the disease stage. Rapid
protocols have been developed for fluorescent or peroxidase labelled immunostaining of cultured
fibroblasts on coverslips or as cytospins using monoclonal antibodies [179,181]. Heteroplasmic
mitochondrial tRNA mutations gave a heterogeneous immunostaining pattern for CI, CIII and CIV
subunits as opposed to the uniformly reduced immunostaining seen in cell lines from patients with
nuclear DNA defects [181]. Normal immunostaining despite reduced histochemical/biochemical
activity of the corresponding complex may be due to the subcomplexes remaining active despite
failure to assemble the holoenzyme, or formation of the holoenzyme with a kinetic defect. Activity
dipstick assays, a type of lateral flow immunocapture assays that measure electron transfer activity of
CI and CIV were developed as rapid, accurate and reproducible tests that combined the specificity
of immunocapture monoclonal antibodies with the functionality of enzyme activity assays [182].
Immunolabelling for anti-DNA antibodies has been applied as an alternative to in situ hybridization
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to study mtDNA localization and distribution in cells. In mtDNA depletion, cytoplasmic labelling
for mtDNA is either absent or reduced while the intensity of nDNA labelling is unchanged [183].
Subunit-specific immunohistochemistry can also provide insights into developmental regulation
of tissue specific expression of respiratory chain complexes and their relevance in understanding
disease mechanisms. Using a combination of isoform-specific antibodies (COX6AH, COX6AL,
COX7AH, and COX7AL) for protein expression studies by immunohistochemistry on sections and
immunoblotting muscle homogenates in combination with gene expression profiling, Boczonadi et
al. demonstrated evidence for an isoform switch of COX6A and COX7A in skeletal muscle that
occurs around three months of age, but there was no causative link between the isoform switch
and clinical recovery in reversible infantile respiratory chain deficiency [184]. Rocha et al. have
developed a quadruple immunofluorescent technique enabling quantification of key subunits of
respiratory chain CI and CIV together with an indicator of mitochondrial mass and a cell membrane
marker enabling protein quantitation in large numbers of fibres [185]. This technique is also able
to demonstrate distinct biochemical signatures in association with specific genotypes providing
insights into molecular mechanisms. For instance in patients with the common m.3243A > G MT-TL1
mutation it was observed that CIV deficiency occurs only after CI deficiency is already established,
and the defect is smoothly graduated from the normal to deficient levels of both complexes in contrast
to the polarised pattern seen in the MT-ND1 mutation. Several recent studies have shown that
fibroblast growth factor 21 (FGF21), a growth factor with pleiotropic effects on regulating lipid and
glucose metabolism is upregulated in patients with mtD, mice with RC deficiency, and mice with
defective muscle autophagy/mitophagy [186–188]. mRNA and protein levels of FGF21 were robustly
increased in patients with mitochondrial myopathy or MELAS. The increased FGF21 expression was
shown to be a compensatory response to RC deficiency, effecting enhanced mitochondrial function
through an mTOR-YY1-PGC1α-dependent pathway in skeletal muscle [189]. The accuracy of FGF21
to correctly identify muscle-manifesting mtD appeared to be higher than conventional biomarkers
in one study [186]. Kalko et al. analysed the whole transcriptome of skeletal muscle in patients with
TK2 mutations and compared it to normal muscle and muscle in other mitochondrial myopathies.
Bioinformatics pathway analysis identified the tumour suppressor p53 as the regulator at the centre of
a network of genes responsible for a coordinated response to TK2 mutations including induction of
growth and differentiation factor 15 (GDF15), leading to its identification as a potential novel biomarker
of mitochondrial dysfunction [190]. This was soon validated in two subsequent studies. One study
measured the serum levels of (GDF15) against FGF21 and other conventional biomarkers in patients
with mtD and healthy controls, and showed that the area under the receiver operating characteristic
curve was significantly higher for GDF15 than FGF21 and other biomarkers [191]. Another study
showed that elevated levels of GDF15 and FGF21 correctly identified a greater proportion of patients
with mtD than GDF15 or FGF21 alone [192].

14. Conclusions

Despite rapid advances in genetic technologies and the increasing use of high-throughput
next-generation-sequencing (NGS) platforms in the diagnostic pipeline for patients with suspected
mtD, the laboratory investigation of mtD is still complex, and muscle biopsy remains a key tool that
provides tissue for diagnostic and functional studies to direct molecular genetic testing. Demonstration
of histochemical mosaic COX deficiency provides crucial evidence for a heteroplasmic mtDNA
disease. The pathologist must take into account developmental, ageing-associated and secondary
mitochondrial changes whilst interpreting mitochondrial pathology in muscle biopsies. Optimal
handling and processing of tissue maximises the diagnostic yield in biopsies. With increasing adoption
of NGS platforms in diagnostic laboratories comes the challenge of functional testing to determine
pathogenicity for variants of uncertain significance found with increasing frequency. In this context,
it is incumbent upon pathologists to develop novel pathology tools incorporating advances in tissue
multiplexing and imaging; enabling more objective and informatics-based assessment of OXPHOS
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deficiency to improve the diagnostic outcome in mtD; understand pathomechanisms of mitochondrial
dysfunction in primary mtD as well as in other diseases; monitor mitochondrial disease progression;
and serve as biological outcome measures in clinical trials.
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Abstract: Mitochondrial disorders are a clinically heterogeneous group of disorders that are caused
by defects in the respiratory chain, the metabolic pathway of the adenosine tri-phosphate (ATP)
production system. Epilepsy is a common and important feature of these disorders and its
management can be challenging. Epileptic seizures in the context of mitochondrial disease are
usually treated with conventional anti-epileptic medication, apart from valproic acid. However,
in accordance with the treatment of intractable epilepsy where there are limited treatment options,
the ketogenic diet (KD) has been considered as an alternative therapy. The use of the KD and its
more palatable formulations has shown promising results. It is especially indicated and effective
in the treatment of mitochondrial disorders due to complex I deficiency. Further research into
the mechanism of action and the neuroprotective properties of the KD will allow more targeted
therapeutic strategies and thus optimize the treatment of both epilepsy in the context of mitochondrial
disorders but also in other neurodegenerative disorders.
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1. Introduction in Mitochondrial Disorders and Mitochondrial Epilepsy

Mitochondrial disorders are a clinically heterogeneous group of disorders arising from defects
in the respiratory chain, the metabolic pathway of the mitochondrial adenosine tri-phosphate (ATP)
production system via oxidative phosphorylation (OXPHOS). ATP is commonly referred to as the
“molecular energy unit” of cells providing the energy source for metabolic functions. Mitochondrial
disorders can affect any tissue or organ, but those most affected are those with the highest energy demands,
such as the central nervous system, skeletal and cardiac muscles, kidney, liver and endocrine system.

Although mitochondrial diseases have traditionally been considered rare diseases,
epidemiological studies suggest otherwise. A United Kingdom (UK) study in 2008 showed
that 9.2 people in 100,000 of working age (between 16 and 65 years of age) had a clinically manifested
mitochondrial DNA (mtDNA) disease. A further 16.5 children and adults younger than retirement age
per 100,000 were at risk of developing one [1]. Other studies quote a minimum prevalence of at least
one in 10,000 children and adults, with one in 200 children with a congenital mitochondrial DNA
mutation [2]. Bearing in mind that several mtDNA mutations are being discovered each year, these
numbers likely underestimate the true prevalence.

Diagnosing mitochondrial disorders can be challenging given their extremely broad clinical
spectrum and the lack of consistent phenotype-genotype correlations [3]. Tests that would help with
diagnosis range from simple laboratory blood tests, electrocardiograms, genetic testing, hearing and
ophthalmology assessments, brain imaging, lumbar puncture, and muscle biopsy, while new tests are
being evaluated to facilitate the diagnosis.
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A complete laboratory diagnostic work-up, and evaluation of the results in the context of the
clinical phenotype and family history are preferred. Elevated blood or cerebrospinal fluid (CSF)
lactate can be suggestive of mitochondrial disease, but their respective normality cannot exclude this
diagnosis. Likewise, electrocardiograms (ECG) can show heart block in Kearns-Sayre syndrome (KSS)
or mitochondrial encephalopathy, lactic acidosis and stroke-like episodes (MELAS), or pre-excitation in
MELAS or myoclonus epilepsy with ragged red fibres (MERFF), but a normal ECG does not exclude the
diagnosis. In addition, brain magnetic resonance imaging (MRI) can reveal basal ganglia calcification
or atrophy or involvement of the occipital lobes, the thalamus and inferior olivary nuclei. Magnetic
resonance spectroscopy can demonstrate elevated lactate in the brain, whereas positron emission
tomography (PET) scanning can suggest lowered ATP production. While these tests can be suggestive
of mitochondrial disorders they are neither sensitive nor specific [3].

Ultimately, the biochemical examination of a skeletal muscle biopsy to evaluate the functional state
of mitochondria and to look for the characteristic ultrastructural abnormalities seen in mitochondrial
disease remains the optimal method of diagnosing mitochondrial disorders, even in the absence of
myopathy. Biopsies provide material for respiratory chain enzyme assays to look for characteristic
abnormalities like the presence of ragged red fibres (RRF) with abnormal mitochondria in MERFF, KSS
or MELAS using the Gomori trichrome stain or succinate dehydrogenase (SDH)-reactive vessels, and
the preservation of cytochrome c oxidase (COX) staining in RRFs often seen in MELAS [3,4]. Skeletal
muscle biopsies can also be analyzed for mtDNA. Histochemical stains for mitochondrial enzymes
can reveal specific enzyme abnormalities and blue native polyacrylamide gel electrophoresis has been
shown to be very useful in analyzing the function of individual enzyme complexes and detecting
assembly defects [5]. It is important to bear in mind that on rare occasions the histological changes
described may be absent.

Novel biomarkers, like fibroblast growth factor 21 (FGF-21) which has been shown to be a sensitive
and specific biomarker for mitochondrial disease affecting skeletal muscles, may play a more crucial
role in the future. FGF-21 has also been shown to be useful for monitoring of disease progression and
to assess the effect of therapeutic interventions, but is not yet commercially available [6]. There is
a urine test currently only available in research laboratories for the diagnosis of progressive external
ophthalmoplegia (PEO) and KSS, which would revolutionize the way we diagnose these conditions if
made commercially available [7].

The metabolic pathway that generates ATP via oxidative phosphorylation is regulated both
by mtDNA, which is maternally inherited, as well as nuclear DNA (nDNA), which is inherited in
an autosomal or X-linked manner. Mutations in either of these genomes can result in mitochondrial
disorders. mtDNA diseases, therefore, assume a complex pattern of inheritance, which includes
maternal, X-linked, recessive and dominant transmission modes [2,3]. Over 270 mutations in mtDNA
have been described with mutations in the mitochondrial transfer ribonucleic acid (tRNA) genes
being particularly common. Epilepsy remains a common feature in conditions that result from these
mutations and notably status epilepticus, which can be the presenting feature. Polymerase Gamma
(POLG) is a gene that codes for the catalytic subunit of the mitochondrial DNA polymerase gamma
and is crucial for replicating mitochondrial DNA and for DNA repair. Although many mitochondrial
nuclear gene defects can cause epilepsy, POLG mutations have been studied the most [2,3].

With the rapid advances in the field of genetics and the emergence of next generation sequencing,
new genes are continuously discovered as linked to mitochondrial disease. This technique allows
sequencing of multiple candidate genes at the same time, increasing the diagnostic yield, but is still
mainly a research tool [8]. Moreover, whole mtDNA sequencing of blood samples is now possible in
some diagnostic laboratories and could be a useful screen for patients whose family history suggests
maternal inheritance. Patients with clinical suspicion of Alpers-Huttenlocher syndrome, sensory
ataxic neuropathy dysarthria, ophathalmoplegia (SANDO), or PEO should be screened for the POLG
mutations [7].
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To date, there is no cure for mitochondrial disorders, but treatment aims at improving function of
the respiratory chain. A “cocktail” of supplements is used by clinicians which includes Co-enzyme Q10
(CoQ10), alpha-lipoic acid, riboflavin, folic acid, creatine monohydrate, thiamin, niacin, pantothenic
acid, vitamins B12, C, E, biotin and nitric oxide precursors. Although these supplements are safe and
well tolerated, their efficacy is limited [3]. A Cochrane review from 2012 did not find enough evidence
to support the use of any treatment in mitochondrial disease [9]. However, there are examples where
specific treatment can prove useful, like Co-enzyme Q10 (CoQ10) supplementation in primary CoQ10
deficiency or idebenone, a CoQ analogue and cofactor for NADPH dehydrogenase, in patients with
Leber’s hereditary optic neuropathy (LHON) [3]. In addition, aerobic exercise is known to improve
mitochondrial biogenesis and lead to mitochondrial proliferation [3]. Lastly, treatments specifically
aimed at the various symptoms of mitochondrial disease, like physiotherapy for hypotonia or cochlear
implants for hearing loss, also form part of the management of MD.

The central nervous system (CNS) is the second organ most frequently affected by mitochondrial
diseases. Epilepsy is a common feature [3,10], although preceded by other clinical presentations in
most cases [11]. In fact, mitochondrial dysfunction has been shown to both generate seizures as well as
result in neuronal cell death [12]. Seizures can manifest at any age and be the presenting feature of
an underlying biochemical defect. Despite a genetic aetiology, they may even occur in the absence of
a clear family history. The clinical spectrum of epilepsy from mitochondrial respiratory chain defects
is variable, ranging from early-onset Ohtahara syndrome to late-onset Landau-Kleffner syndrome, as
well as focal and generalized types of epilepsy [13]. Although there are no data on the exact prevalence
of epilepsy in mitochondrial disorders, seizures are more common in some mitochondrial disorders
than in others [10]. For example, in children with mitochondrial disorders the reported prevalence of
seizures ranged between 35% and 61% [12]. Whittaker et al., found an overall prevalence of epilepsy
of 23.1% in a prospective cohort of 182 adults with mitochondrial disease followed up for 7 years [14].

Mitochondrial disorders that occur due to defects in the respiratory chain usually have epilepsy
as part of their clinical phenotype. Moreover, the mitochondrial syndromes with epilepsy as a leading
clinical feature include MERFF, Alpers-Huttenlocher syndrome, Leigh syndrome, myoclonic epilepsy
myopathy sensory ataxia (MEMSA), MELAS and others [12]. The seizures most commonly encountered
in these disorders are myoclonic and focal, with a predilection to occipital lobes (at least initially), but can
be generalized tonic–clonic seizures and status epilepticus [2,12]. In MELAS specifically, the seizures
encountered are often associated with migraine-like headache and affected individuals frequently
present in status epilepticus. They also commonly present with symptomatic focal seizures secondary to
strokes. When myoclonus is present, it is less severe and more infrequent than in MERFF [2]. Myoclonus,
which can be epileptic or non-epileptic, can be seen in all types of mitochondrial disease. It can be
practically constant or intermittent, photosensitive or intensified by actions like writing.

There is no single anti-epileptic drug (AED) specifically indicated in mitochondrial disease.
In addition, a lot of the commonly used antiepileptic drugs are mitochondrial toxic and could worsen
the condition or even prove fatal [15]. While most of the seizure types (including generalized
tonic-clonic seizures and status epilepticus) in mitochondrial disease are generally amenable to
traditional anti-epileptic treatment, myoclonus often remains refractory to medical treatment and is
likely to be progressive. This could suggest a non-epileptic origin of myoclonus.

Usually, a combination of AEDs (including benzodiazepines) is necessary to achieve the best
control of the seizures. Aggressive treatment is usually advised to try and prevent secondary damage.
In the context of mitochondrial disease, it is crucial to establish whether a disorder is due to a
nuclear-encoded POLG mutation, such as Alpers-Huttenlocher syndrome, as sodium valproate is
absolutely contraindicated in patients with this disease [15]. Sodium valproate could accelerate
a tendency to liver failure and expedite death. It is well known that numerous AEDs disrupt
mitochondrial function by interfering with the respiratory chain and can be toxic in mitochondrial
disorders. However, the precise mechanism of toxicity is not fully understood and there is considerable
individual variability on how well these drugs are tolerated. AEDs that are known to be toxic in
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mitochondrial disorders, but less than sodium valproate, include phenobarbital, carbamazepine,
phenytoin, oxcarbazepine and ethosuximide [15]. Mitochondrial dysfunction leads to disruption in
calcium homeostasis, which can increase neuronal excitability causing seizures. Levetiracetam is one
of the most effective AEDs in mitochondrial epilepsy as it modulates intracellular calcium influx [16].

It is also important to note that drug interventions that target a single biological pathway will
only help the specific individuals where that drug’s mechanism of action is relevant to their disorder.
Since we know that epilepsy in mitochondrial disorders is complex and includes numerous types
of seizures, it is no surprise that a single AED almost never results in seizure control. Challenges in
effectively controlling the epilepsy in mitochondrial disorders have prompted the use of the ketogenic
diet (KD) either in first-line or in refractory epilepsy.

2. Pathogenesis of Mitochondrial Epilepsy

Mitochondria are organelles commonly denoted as the “power house of the cell” where ATP
is generated via oxidative phosphorylation, mainly by using pyruvate derived from glycolysis.
Ketone bodies generated by fatty acid oxidation can serve as alternative metabolites for aerobic
energy production [3,17]. Figure 1 summarizes the various proposed mechanisms through which
mitochondrial dysfunction is linked to epileptogenesis.
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Figure 1. Potential mechanisms of epileptogenesis in mitochondrial disease. (ROS: Reactive Oxygen
Species; ATP: Adenosine Tri-Phosphate; Na+: Sodium; K+: Potassium; MtDNA: mitochondrial DNA;
OXPHOS: oxidative phosphorylation).

Increasingly, mitochondrial dysfunction has been recognized as a common mechanism underlying
many neurological disorders [18]. Since neurons have high-energy demands and no significant capacity
to regenerate, they are particularly vulnerable to mitochondrial dysfunction. Mitochondria, in turn,
are the primary site of reactive oxygen species (ROS) making them particularly vulnerable to oxidative
damage [19]. The latter could contribute to neuronal hyper-excitability and seizures. Mitochondrial
dysfunction may also be an important cause of therapy-resistant types of severe epilepsy. Studies have
confirmed the disruption of the anti-oxidant protection system and increased production of ROS in
patients with epilepsy. Animal seizure models have also shown neuroprotective effects following both
endogenous and exogenous anti-oxidants [20].

It is known that mitochondrial impairment occurs acutely, due to precipitating injuries such as
status epilepticus. However, mitochondrial dysfunction is also implicated in epileptogenesis and
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acquired, chronic, epilepsy, like that seen in temporal lobe epilepsy (TLE) [19,21]. Experimental models
of TLE have suggested mitochondrial dysfunction and oxidative stress may play a crucial role in
epileptogenesis, through various mechanisms which include mitochondrial DNA damage, protein
oxidation, lipid peroxidation and changes in redox status [21].

Defective cellular energy production seems to play an important role in the development of
epilepsy, where mitochondrial dysfunction can induce cortical excitation of neurons. There is a complex
interplay between oxidative stress, mitochondrial dysfunction and epileptogenesis. Inhibition of
oxidative phosphorylation enzyme complexes in mitochondria result in decreased intracellular
ATP levels. This in turn causes hyper-excitability of neurons by impairing sodium-potassium
ATPase activity and decreasing membrane potential. Calcium sequestration, normally occurring
in mitochondria, can no longer occur, rendering the neurons vulnerable to further excitotoxicity.
This theory is backed by the fact that mutations in the mitochondrial respiratory chain complexes are
known to result in neuronal hyperexcitability and epileptogenesis [22]. Experiments have also shown
that the direct inhibition of enzymes in the mitochondrial respiratory chain using toxins can induce
seizures in a dose-dependent manner [23]. Although dysfunction in any of the respiratory complexes
can result in epileptogenesis, defects in complex I seems to be the most likely to result in seizures [2].

Hyper-excitability of neurons has also been proposed to be the result of excess glutamate release,
which results from mitochondrial bioenergetics failure, dysfunction of the mitochondrial glutamate-aspartate
transporter and loss of normal calcium signalling [2]. Excess release of glutamate has also been shown to
have a direct effect on epileptogenesis and spread of epileptic activity across the cortex [24].

Furthermore, there is evidence to support that mitochondrial dysfunction can also play a role
in seizure-related cell death. Kovac et al. [25] showed a direct association between blocking
mitochondrial complex I, complex V or mitochondrial oxidative phosphorylation and rates of
apoptosis, while conversely supplementing with the complex I substrate pyruvate led to decreased
rates of apoptosis [25]. If the mitochondrial dysfunction can be prevented or treated, a level of
neuroprotection would be expected, suggesting possible novel therapeutic avenues.

3. The Ketogenic Diet

Use of dietary manipulation and forms of fasting as a means of controlling epileptic seizures can
be traced back to the time of Hippocrates, who was first to propose that seizures were not supernatural
in origin [26]. In the 1920s, both in France and in the United States, significant discoveries were made
regarding physiological changes linked with anti-seizure properties of fasting. The first to publish
results showing the effectiveness of the ketogenic diet in epilepsy was Dr. Peterman, a paediatrician from
the Mayo clinic in 1924. At the time the use of the KD was hyped due to limited alternatives, falling out
of favour in the late 1930s due to its unpalatability and the emergence of AEDs like phenytoin [26–28].

The interest in the diet was re-ignited in the sixties due to growing evidence of its broad
neuroprotective effects. The use of the KD is being studied in numerous other neurological diseases,
which are felt to be arising partly from cellular energy failure and are characterized by neuronal
death [18,27–29].

The KD is currently being used therapeutically for intractable epilepsy and for rare diseases
of glucose metabolism, where it is the preferred first-line treatment. For instance, it is considered
as the first-line treatment for glucose transporter type 1, pyruvate dehydrogenase deficiency and
phosphofructokinase deficiency [17,30]. There is growing evidence to suggest that the KD should also
be considered early in the treatment of other epilepsy syndromes like Dravet, West syndrome and
myoclonic-astatic epilepsy (Doose syndrome) [27,30]. One variant of the KD, the low glycaemic index
diet, has recently shown promise in the seizure control of patients with Angelman syndrome [31].

While there is now ample evidence of the benefits of the KD, one also needs to be aware of
its limitations. The list of absolute contraindications includes fatty acid oxidation defects, pyruvate
carboxylase deficiency and other gluconeogenesis defects, glycogen storage diseases, ketolysis defects,
ketogenesis defects, porphyria, prolonged QT or other cardiac diseases, liver/kidney/or pancreatic
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insufficiency and hyperinsulinism. In addition, there are relative contraindications limiting its widespread
use, like poor compliance, growth retardation, severe gastro-oesophageal reflux disease, inability to
maintain adequate nutrition and a surgical focus identified by imaging or electroencephalogram [26,32].

The implementation of the KD can be arduous for families and requires close supervision by
a specialized dietician, who will monitor the progress of the treatment and tailor it to each patient’s
individual needs. This is especially important in the younger population where growth prevents
protein intake to be below a certain minimum. Children under 6 months traditionally required an
inpatient stay for the initiation of the treatment, although currently in the UK the aim is to start the KD
on an outpatient basis.

Prior to initiation, baseline monitoring is advised by blood and urine tests along with measurement
of growth parameters. During diet initiation monitoring occurs daily, so that changes can be made
if side effects are intolerable. Side effects include gastrointestinal disturbance, impaired growth,
hypoglycaemia, acidosis and dehydration at initiation, kidney stones, nutritional deficiencies, and
hyperlipidaemia. Most of them can be alleviated by adjustments in the diet and vitamin, mineral and trace
element supplementation [26,32]. Importantly, in the largest randomized trial to date the most frequent
side-effects reported at 3-month review were constipation, vomiting, lack of energy, and hunger [33].

Finally, the KD therapy is not available in all epilepsy centres in the UK, despite evidence of its
efficacy, due to funding restrictions and lack of resources, further limiting its use [27].

4. Mechanism of Action

The KD is high in fat and low in carbohydrates, which mimics the metabolic state of starvation,
forcing the body to utilize fat as its primary source of energy instead of carbohydrates. In the setting
of elevated fatty acids and low dietary carbohydrate content while on a KD, the liver produces
ketone bodies by shunting excess acetyl-CoA to ketogenesis (Figure 2). Thus, the two primary ketone
bodies produced are acetoacetate and β-hydroxybutyrate (BHB). Acetoacetate metabolizes to acetone,
the other major ketone elevated in patients on a KD.

Figure 2. Mitochondri in hepatocyte. Ketone bodies alter mitochondrial metabolism at the cellular
level; ketones reduce mitochondrial NAD coupling, oxidize Co-enzyme Q, increase the rate of ATP
hydrolysis and increase metabolic efficiency. Oxidation of Co-enzyme Q decreases the major source
reactive oxygen species (ROS). Increased rate of ATP hydrolysis widens the extra/intracellular ionic
gradients, leading to hyperpolarization of cells. Potassium (K+): Hyperpolarization of cell membrane
reducing excitotoxicity; CAT: carnitine-acylcarnitine translocase; BHB: β-hydroxybutyrate; ACA:
acetoacetate; I–V: electron transport chain complexes; ADP: Adenosine Di-Phosphate; ATP: Adenosine
Tri-Phosphate; CoQ10: Co-enzyme Q10; KATP: ATP-sensitive potassium channels.
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However, for each of the proposed mechanisms in Table 1 below, there is evidence suggesting
that it is unlikely to be the sole explanation for the efficacy of the ketogenic diet. It is more likely that
the efficacy of the KD depends on many different mechanisms acting synergistically [28,34]. We will
look at some of these theories in more detail.

Table 1. Proposed mechanisms of action of the ketogenic diet (KD).

1. Anti-inflammatory action and neuroprotection against excitotoxicity and oxidative stress (enhanced
bioenergetics reserves, antioxidant mechanisms).

2. Direct anticonvulsant action of ketones (e.g., reduces hyperexcitability, supports synaptic vesicle
recycling, inhibits glutamate release).

3. Direct anticonvulsant action of polyunsaturated fatty acids and protein and glycolytic restriction.

4. Modulation of sodium and potassium and calcium balance (e.g., opening of voltage-gated potassium
channels via poly-unsaturated fatty acids, ketone modulation of ATP-sensitive potassium channels,
blockage of voltage-gated calcium channels).

5. Direct anticonvulsant action of medium-chain fatty acids (MCTs) (e.g., decanoic acid (CA10), direct
inhibition of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA) receptors, MCT
modulation of amino acid metabolism).

6. Disease-modifying anticonvulsant effects/epigenetic mechanisms (e.g., upregulation of transcription of
genes involved in fatty acid metabolism while down regulating those involved in glucose metabolism,
improved mitochondrial biogenesis and increase in mitochondrial numbers via peroxisome
proliferator-activated receptor gamma (PPAR-γ), MCT modulation of astrocyte metabolism).

Initially there was the theory that the antiepileptic effect of the KD was directly related to the
ketosis, which we know now to be incorrect. BHB was thought to be the main ketone responsible
for the anticonvulsant effect of the KD, with proposed mechanisms including reducing glycolysis,
promoting endocytosis of synaptic vesicles more than exocytosis and conferring neuroprotection via
hydroxylcarboxylic acid receptor 2 (HCA2) activation in macrophages [34]. Acetone was also shown to
suppress acutely provoked seizures in animals, but the same has not been proven in vivo [28]. There is
now plenty of evidence that shows poor correlation between plasma ketone levels and degree of
seizure control [35,36].

Recent studies by Chang et al. [37] on hippocampal rat slices demonstrated that decanoic acid
(CA10—a major component of the medium-chain fatty acid (MCT) diet), but not ketone bodies, has
direct anti-epileptic properties at doses that produce similar plasma levels as those seen in patients
on the MCT diet. Decanoic acid modifies the excitatory post-synaptic currents via direct inhibition
of excitatory AMPA receptors. This effect is achieved through non-competitive binding to the M3
helix sites of the AMPA-GluA2 transmembrane domain. The antagonism of these AMPA receptors
is essential in epilepsy treatment, as they are widespread throughout the brain, play a crucial role in
generating and spreading epileptic activity and are implicated in seizure-induced cortical damage [38].
The co-administration of octanoic acid (CA8) enhances these effects and is independent of ketones
bodies [39]. CA10 has also been associated with increased mitochondrial numbers, via the PPAR-γ
receptor, and improved biogenesis, also suggesting that ketones bodies per se are not essential to
bring about the anticonvulsant effects of the MCT diet [40]. Decanoic acid has also been shown to
upregulate transcription of genes involved in fatty acid metabolism while down regulating those
involved in glucose metabolism. Furthermore, medium-chain fatty acids have also been shown to
modulate astrocyte metabolism (providing fuel in the form of lactate and ketones) and amino acid
metabolism (increasing tryptophan), resulting in reduced neuronal excitability [34]. Various other
medium chain triglycerides, like heptanoic acid and tridecanoin, are also being investigated for their
anticonvulsant properties [34].

There is growing evidence that the KD alters the fundamental biochemistry of neurons in a manner
that not only inhibits neuronal hyperexcitability, but also protects against a range of neurological
disorders where cellular energy failure is felt to play a key role in pathogenesis [18,29]. In a rat kindling
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model, the KD was shown to reduce oxidative stress, reduce glycolysis, diminish spontaneous firing
of ATP-sensitive potassium channels and delay epileptogenesis [41]. The KD has been shown to be
neuroprotective in animal models of several CNS disorders, including Alzheimer’s disease, Parkinson’s
disease, hypoxia, glutamate toxicity, ischemia, and traumatic brain injury. This neuroprotective effect
may be possible through antioxidant and anti-inflammatory actions [29]. This is supported by studies
in animal models and isolated cells that showed neuroprotection against many types of cellular injury
is afforded by ketone bodies, especially BHB [29]. Thus, the KD may ultimately prove useful in the
treatment of a variety of neurological disorders [18,41].

While initially there were concerns about KD initiation in the younger population due to its
possible side-effects on growth, the KD has been proven to be very effective in this age group.
Its efficacy can be partly explained by the higher levels of ketone metabolizing enzymes and
monocarboxylic acid transporters produced during infancy, which transfer ketone bodies across
the blood-brain barrier [18]. Thus, the brain is much more efficient at extracting and utilizing ketone
bodies from the blood in this age group.

Current evidence suggests that a fundamental shift from glycolysis to intermediary metabolism
induced by the KD is both necessary and sufficient for clinical efficacy. This notion is supported by
a growing number of studies indicating that metabolic changes likely related to the KD’s anticonvulsant
properties include ketosis, reduced glycolysis, protein restriction, elevated fatty acid levels, and
enhanced bioenergetic reserves [34,41,42]. Direct neuronal effects induced by the diet may involve
ATP-sensitive potassium channel modulation, enhanced purinergic (i.e., adenosine) and GABAergic
(gabba-aminobutyric acid) neurotransmission, increased brain-derived neurotrophic factor (BDNF)
expression, attenuation of neuroinflammation, and expansion in energy reserves and stabilization of
the neuronal membrane potential through improved mitochondrial function [43].

The observation that the full anticonvulsant effect of the KD can take weeks to develop, suggested
that altered gene expression could be implicated [44]. It has been proposed that the KD may
increase mitochondrial biogenesis, by inducing transcription of some electron transport chain subunit
messenger ribonucleic acids (mRNAs) [44]. This results in increased ATP levels, leading to increased
neuronal “energy reserves”, allowing neurons to withstand metabolic challenges and stabilize neuronal
membrane potential [28,29,44]. There is a theory that suggests that the disease-modifying effects of the
KD on epilepsy are exerted via an adenosine-dependent epigenetic mechanism [34].

Ketone bodies may alter the behaviour of vesicular glutamate transporters (VGLUTs) responsible
for filling pre-synaptic vesicles with glutamate. In Juge et al. ketone bodies were shown to inhibit
glutamate release by competing with Cl− at the site of VGLUT regulation [45].

Potassium-ATP channels are of particular interest given their close relationship with cellular
metabolism. Their hyperpolarization was shown to have seizure suppressing effects and they were seen
to increase in numbers when ATP was low [46]. Ketones have been shown to exert their neuroprotective
and anticonvulsant effects by genetically modulating potassium-ATP channels [47].

5. Different Variants of the Ketogenic Diet

There are five main categories of ketogenic diets, initially proposed in 1921 [18].
The first is the classic KD, which uses a 4:1 or 3:1 fat-to-carbohydrate and protein ratio. This means

that about 90% of a daily caloric intake comes from fat and the rest includes a small amount of protein,
which ensures adequate growth, especially important in the paediatric population. The ratio can be
altered to 2.5:1, 2:1 or 1:1 based on the patient’s needs. A dietician will implement and closely monitor
the diet and tailor it accordingly. This type of diet uses saturated long-chain fatty acids as the main
source of energy [18,27].

Seizure control on the classic KD slowly increases within days to weeks of starting the diet.
However, the serum levels of the ketone bodies do not correlate tightly with seizure control.
The mechanism of their anti-seizure properties remains unclear. Interestingly, the ingestion of
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carbohydrates more than what is allowed rapidly reverses the therapeutic effect. Seizures can start
within minutes of ingesting carbohydrates.

The second is the MCT diet, which was introduced in 1971 to surpass the severe restrictions of the
classic KD and to make it more palatable. The main fatty acids used are caprylic acid (CA8), capric
acid (CA10) and, to a lesser extent, caproic acid and lauric acid. This diet is not based on diet ratios,
but uses a percentage of calories from MCT oils to create ketones. The main advantage of this diet
over long-chain triglycerides (LCTs) is that MCTs are quickly transported to the liver by albumin and
are more efficiently absorbed across mitochondrial membranes, without binding on carnitine [28].
Thus, MCT metabolism is faster, requires less energy expenditure, produces a higher level of ketosis
than LCTs and is more palatable, as less total fat is required and more protein and carbohydrates can
be consumed.

The trial designed to compare the efficacy of this diet with the classic KD in children with
intractable epilepsy at 3, 6 and 12 months, found no differences between the dietary groups in the
percent reduction of seizures. Importantly, there was no difference in the percentages of children
achieving reduction in seizures greater than 50% or 90% [48]. The authors concluded that the diets
were comparable in efficacy and tolerability, which offers a degree of choice to the patient and their
family as to which diet they will use [27,47]. Chang et al. compared the effects of several MCTs
with valproic acid both in vivo and in vitro and found that decanoic acid specifically was superior in
controlling seizures and had fewer adverse side effects [49].

The third is the modified Atkins diet, which was originally designed and investigated at Johns
Hopkins Hospital [50] and proposed as a less restrictive and more palatable dietary treatment. Contrary
to other KDs, it does not overly restrict protein intake or daily calories to make it more palatable
and increases compliance, especially in adults [51]. This diet restricts carbohydrates to 10 g/day for
children (15 g/day in adults) while encouraging high-fat foods [52,53]. There is scope for modifying
the carbohydrate content depending on seizure control [18].

There have been about 400 children and adults on the modified Atkins diet, as treatment
for intractable epilepsy, taking part in over thirty prospective and retrospective studies published
worldwide in the past 10 years. The studies have consistently shown similar efficacy of the modified
Atkins diet to the classical KD and improved tolerability. Further studies would clarify its role in the
management of intractable epilepsy and in other neurological disorders [52,53].

The fourth is the low glycaemic index diet, which allows a more moderate intake of carbohydrates,
as long as they have a glycaemic index lower than 50, without increasing ketone levels [54]. The diet
was implemented based on clinical observation that preventing large postprandial increases in blood
glucose and maintaining as stable as possible blood glucose levels resulted in improved seizure control
in a broad range of patients [51].

In a study of 20 paediatric and adult patients treated with the low glycaemic index diet, 50%
experienced a greater than 90% reduction in seizure frequency, despite achieving lower blood levels of
ketone bodies [51]. In another study where 89% of patients had not responded to 3 AEDs, 76 children
were treated with this diet and followed up for up to 1 year. There was a greater than 50% seizure
reduction in 66% of patients at 12 months. The study also showed an inverse relationship between
efficacy of the diet and serum glucose, but did not find a correlation between seizure reduction and
circulating levels of BHB. The commonest reason for discontinuing the diet was diet restrictiveness [55].

Lastly, the fifth is the calorie restriction or intermittent fasting diet, which involves the reduction
in total caloric intake without a risk of malnutrition. No clinical studies exist yet which assess its effect
on seizure suppression. Some authors believe that it is the restriction of calories, not the composition
of the diet per se, that has the anti-convulsive effects, but this remains to be proven [18].

6. Evidence: Use of the Ketogenic Diet in Intractable Epilepsy in Mitochondrial Disorders

The use of the KD has been proven to be a safe and effective treatment in intractable epilepsy in
numerous studies [42]. However, its specific use in mitochondrial disorders has not been extensively
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studies yet. The evidence of KD benefits and in the management of mitochondrial diseases, and
specifically in the treatment of seizure disorders due to either nuclear or mitochondrial DNA defects
is growing [11,13,56,57]. The efficacy of the KD has also been investigated in a variety of other CNS
disorders, including Alzheimer’s disease (AD), Parkinson’s disease, headache, hypoxia, glutamate
toxicity, autism, ischemia, and traumatic brain injury [18].

Jarrett et al. [58] demonstrated that the KD confers protection to the mitochondrial genome
against oxidative insults, increasing the levels and stimulating de novo biosynthesis of mitochondrial
glutathione and improving mitochondrial redox status. This results in improved cellular metabolism
and may explain the KD’s efficacy in mitochondrial diseases.

Lee et al. [13] looked at 48 patients with confirmed mitochondrial respiratory chain defects and
epilepsy. Out of all the patients with medically intractable epilepsy (four or more seizures per month,
resistant to three or more antiepileptic drugs), they treated 24 children with the classic ketogenic diet
(4:1) and assessed its efficacy. They found that 75% of individuals had seizure reduction of more than
50%, and half of people became seizure free [13]. However, of the 31 children (64.5%) with medically
intractable epilepsy only 24 received the ketogenic diet, without explaining what happened to the
other 7. Furthermore, three (12.5%) patients had to stop the ketogenic diet due to serious infections or
persistent metabolic acidosis.

In the retrospective study, Kang H.C. et al. [57] evaluated the clinical efficacy and safety of the
classic KD for 14 patients (1.7–11.8 years of age) with intractable epilepsy and mitochondrial respiratory
chain complex defects. Seven patients (50%) became seizure-free after KD initiation, three of whom
successfully completed the diet without relapse. One patient had a greater than 90% seizure reduction,
and two patients with a seizure reduction between 50% and 90%, remained on the diet. They concluded
that the KD was a safe and effective therapy for seizures in children with intractable epilepsy and
respiratory chain complex defects.

Furthermore, the KD was also reported to be a useful adjunct to traditional pharmaceutical agents.
In Martikainen et al., a low glycaemic index diet was used in conjunction with three anti-epileptic
drugs in a 26-year-old woman and was found to be effective and well tolerated as treatment for
severe episodes of POLG-related mitochondrial epilepsy [56]. Furthermore, in a case of Ohtahara
syndrome with mitochondrial respiratory chain complex I deficiency the seizures stopped and the burst
suppressions pattern disappeared following 3 months on the KD therapy with vitamins, coenzyme
therapy and antioxidant treatment [59]. Also, a five-year-old female with Landau-Kleffner and
respiratory chain complex I deficiency was successfully treated with the KD in combination with
coenzyme Q10, riboflavin, L-carnitine, and high-dose multivitamins [60]. However, these are single
cases and lack statistical power.

In Barnerias et al., they studied 22 patients (early infancy to 30 years old), with confirmed pyruvate
dehydrogenase complex deficiency [61]. Nine out of the 22 (41%) had epilepsy as one of the clinical
manifestations. Of those treated with the KD, five showed clear benefit on childhood-onset epilepsy
(two patients) or paroxysmal dystonia (three patients). This study showed that the KD was more
efficacious against paroxysmal energy dysfunction seen in late-onset epilepsy and paroxysmal dystonia
or ataxia than early onset epilepsy associated with infantile spasms [61].

In a randomized controlled trial over 5 years, Neal tested the efficacy of the KD given for 3 months
on children aged 2–16 years with refractory epilepsy of different aetiologies [33]. Children were
included if they had either daily seizures or at least seven seizures per week and had failed therapy
with at least two AEDs. Twenty-eight children (38%) on the diet had greater than 50% seizure reduction
compared with four (6%) controls (p < 0.0001), and five children (7%) on the diet had greater than 90%
seizure reduction compared with none in the control group. The results favoured the use of the KD
in intractable epilepsy with efficacy rates comparable to that of new AEDs [33]. Although this trial
provided definitive evidence of the efficacy of the KD in intractable epilepsy, it did not look specifically
at epilepsy in the context of mitochondrial disorders.
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It has also been demonstrated that children benefitting on the KD show an improved
neurodevelopmental outcome as early as three months after diet initiation [62]. However, Dressler et al.
did not utilize a formal neuropsychological assessment in their study [62]. Instead, the improved
psychomotor development was based on clinical neurological examination and EEG. In Zhu et al. [63],
assessment using Gesell developmental scales assessment revealed improved neurodevelopmental
progress in 42 children (6 months to 6 years of age) treated with the classic KD for intractable epilepsy.
They were assessed at 3, 6, 12 and 18 months after starting the KD. They compared their data with
those before the KD treatment and found statistically significant differences. It was concluded that
the improvement in neurobehavioral outcome was dependent on clinical seizure control and the
benefit was more pronounced with prolonged length of treatment with the KD [63]. Of note, both
these studies included children with intractable epilepsy due to a variety of aetiologies and not
specifically mitochondrial disorders. More research is needed to determine the effect of the KD on
neurodevelopment in children with mitochondrial disorders and epilepsy.

7. Conclusions

There is growing evidence of the benefits of the KD and its variants in the treatment of a variety
of neurological and neurodegenerative disorders. This suggests a possible common central mechanism
that improves cellular metabolism and allows cells to resist metabolic challenges that lead to apoptosis.
Identification of a correlation between caloric restriction with ketosis and protection from oxidative
stress could reveal new therapeutic paths in age-related neurological disorders, like Alzheimer’s.
Although the full mechanism by which the KD and its variants improve oncological and neurological
conditions remains to be elucidated, their clinical efficacy has attracted many new followers, and has
re-ignited research interest in this field [27–29,54]. The epigenetic mechanism of action of the KD
means it can alter the course of the epilepsy [1], and may explain why its anticonvulsant effects are
long-lasting, even after the KD is stopped.

Further understanding of how this diet exerts its effects would allow its use to become broader
and perhaps the development of a more palatable and less strict diet regimen. Research interest is
also centred around the possibility of replacing the strict diet with its challenging adherence rules
with supplements, like a “ketogenic pill”. Ketone esters given orally were effective anticonvulsants
in mouse models of Angelmans and in pentylenetetrazole-model of seizures [64,65]. In addition,
in Sada et al., lactate dehydrogensae (LDH) inhibition was seen to be effective in suppressing seizures.
The inhibition of this metabolic pathway was seen to mimic the KD effects, providing further hope
that one day a pill may be devised that will be able to provide the benefits of the KD without the strict
adherence rules [66]. In the future, novel antiepileptic drugs may contain antioxidant properties that
target neurodegeneration and mimic the effects of the KD [19].

The safety of the diet also needs to be investigated further in the younger population as the
randomized controlled study by Neal et al. only looked at children older than 2 years [33]. More work
needs to be done to establish which patients would benefit the most, especially when the diet is being
considered for a wider range of neurological disorders.

Although there is a significant body of evidence that supports the use of the KD in intractable
epilepsy, more studies need to be done looking specifically at its effect in intractable epilepsy in the
context of mitochondrial disorders.
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Abstract: Mitochondria are the repository for various metabolites involved in diverse energy-generating
processes, like the TCA cycle, oxidative phosphorylation, and metabolism of amino acids,
fatty acids, and nucleotides, which rely significantly on flavoenzymes, such as oxidases, reductases,
and dehydrogenases. Flavoenzymes are functionally dependent on biologically active flavin adenine
dinucleotide (FAD) or flavin mononucleotide (FMN), which are derived from the dietary component
riboflavin, a water soluble vitamin. Riboflavin regulates the structure and function of flavoenzymes
through its cofactors FMN and FAD and, thus, protects the cells from oxidative stress and apoptosis.
Hence, it is not surprising that any disturbance in riboflavin metabolism and absorption of this
vitamin may have consequences on cellular FAD and FMN levels, resulting in mitochondrial
dysfunction by reduced energy levels, leading to riboflavin associated disorders, like cataracts,
neurodegenerative and cardiovascular diseases, etc. Furthermore, mutations in either nuclear or
mitochondrial DNA encoding for flavoenzymes and flavin transporters significantly contribute
to the development of various neurological disorders. Moreover, recent studies have evidenced
that riboflavin supplementation remarkably improved the clinical symptoms, as well as the
biochemical abnormalities, in patients with neuronopathies, like Brown-Vialetto-Van-Laere syndrome
(BVVLS) and Fazio-Londe disease. This review presents an updated outlook on the cellular and
molecular mechanisms of neurodegenerative disorders in which riboflavin deficiency leads to
dysfunction in mitochondrial energy metabolism, and also highlights the significance of riboflavin
supplementation in aforementioned disease conditions. Thus, the outcome of this critical assessment
may exemplify a new avenue to enhance the understanding of possible mechanisms in the progression
of neurodegenerative diseases and may provide new rational approaches of disease surveillance
and treatment.

Keywords: riboflavin; FAD; FMN; BVVLS; motor neuronopathy; mitochondrial dysfunction

1. Introduction

Energy metabolism generally takes place across the plasma membrane in prokaryotes, whereas
eukaryotes have a well-defined specialized organelle called the mitochondrion. Mitochondria are
the energy-transducing mobile organelles in eukaryotic cells that produce ATP through the process
of oxidative phosphorylation, which drives cellular metabolism [1]. In addition, it acts as a site of
various metabolic processes, like the breakdown of sugars and long-chain fatty acids, the synthesis
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of amino acids, lipids, and steroids, along with numerous other reactions that are essential for the
survival of the organism. Mitochondria consist of four components: (i) an outer membrane that has
porins, which allows small molecules to enter; (ii) an inner membrane which is impermeable to ions
while the transport is mediated by a specific transport system; (iii) cristae; and (iv) the mitochondrial
matrix, which contains enzymes involved in the Krebs cycle and electron transport chain (ETC).
ETC has evolved to contain the molecular machinery for energy production in the inner mitochondrial
membranes, which consists of five protein complexes, among them three of the complexes (I, III, and IV)
pump protons (H+) to generate a H+ gradient for ATP production at complex V.

Mitochondria have their own genome, the mitochondrial DNA (mtDNA), which is located in
the mitochondrial matrix. In humans, the mitochondrial genome is a small circular DNA with a size
of 16.5 kb [2] that contains 13 polypeptides encoding seven subunits of complex I, one subunit of
complex III, three subunits of complex IV, and two subunits of complex V in respiratory chain while
genes involved in complex II are encoded by the nuclear DNA. It also contains 22 tRNA and 2 rRNA
for its translational mechanism. The biochemistry of mitochondria has been well studied, however,
its implications in the development of inborn errors of metabolism have only recently been established
and the understanding of mitochondrial diseases caused by the inheritance of genetic variations have
gained much significance in recent years. In this review, we discuss the new insights of mitochondrial
biology in neurodegenerative diseases.

2. Mitochondria—The Power House

The mitochondrial matrix serves as a host for a wide variety of metabolites involved in three
major processes, such as citric acid cycle, urea cycle, and electron transport chain. Additionally,
mitochondrion contains several electrochemically-active species (flavin adenine dinucleotide (FAD),
flavin mononucleotide (FMN), ubiquinone, and cytochrome c4), so it is involved in the production
of energy by means of electrochemical mechanisms. The predominant role of mitochondria is the
production of ATP, which is known as the energy currency for the proper functioning of the cells.
ATP is produced in the cytosol by the oxidation of glucose and pyruvate from dietary food sources by
means of cellular respiration (otherwise named as aerobic respiration) [3].

During aerobic respiration, 1%–2% of the consumed oxygen is involved in the production of
reactive oxygen species (ROS) that, in excessive amount cause, oxidative damage to DNA and proteins,
leads to mitochondrial damage [4]. The continuous production of ROS in mitochondria leads to
age-related oxidative stress that result in cellular aging. Furthermore, mtDNA is susceptible to oxidative
damage and it is interesting to note that oxidative damage of mtDNA is inversely related to the life
span of humans, whereas oxidative damage of nuclear DNA is not related to the life span [5]. Oxidative
damage of mtDNA was found to be reduced by reduced glutathione (GSH), however, the oxidation of
glutathione increases with ageing in mitochondria of various organs than in whole cells. Thus, it is
clear that mitochondria participates in oxidative damage associated with aging.

3. Riboflavin in Mitochondrial Pathways

Riboflavin, a water soluble vitamin, acts as a precursor of FMN and FAD, which are involved
in key regulatory pathways of mitochondria, such as metabolism of amino acids, fatty acids, and
purines, and the oxidation-reduction reaction essential for normal cellular growth and development [5].
Riboflavin consist of an isoalloxazine ring and a ribityl side chain, it is converted to FMN by the
addition of phosphate group to the ribityl side chain, and further converted to FAD by the addition of
ADP. Enzymes that utilize FMN and FAD are collectively known as flavor coenzymes or flavo proteins.

Riboflavin is considered a vital component of mitochondrial energy production mediated by
ETC [6]. It is particularly important for the normal production of ATP, which leads to membrane
stability and sustaining adequate energy-related cellular functions. In addition, flavo coenzymes are
also involved in drug and toxin metabolism, along with cytochrome P450 [7].
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Riboflavin obtained from exogenous dietary sources enters mitochondria from the cytosol by
means of specific transporters and is converted to FAD by riboflavin kinase and FAD synthetase which
can, be converted to riboflavin by FAD pyrophosphatase. This process is collectively known as the
Rf-FAD cycle (Figure 1). In contrast, yeast mitochondria are devoid of FAD synthetase activity, hence,
it has to obtain FAD from the cytosol through a specific transporter (FLX1) [8]. Experiments conducted
in rat liver mitochondria proved that mitochondria have its own FAD transporter that carries FAD
from the cytosol across the mitochondrial membrane for the flavinylation process [9].

Figure 1. Riboflavin in mitochondrial pathways (RF- riboflavin; FMN- flavin mononucleotide;
FAD/FADH2- flavin adenine dinucleotide; and NAD/NADH2- nicotinamide adenine dinucleotide).

In the electron transport chain, FMN acts as a co-factor for NADH-Coenzyme Q reductase which
catalyzes the conversion of NADH to CoQ in complex I while FAD is involved in the activity of complex
II where it acts as an electron carrier and cofactor for succinate dehydrogenase, which catalyzes the
conversion of succinate to fumarate in the Kreb’s cycle and oxidative phosphorylation. Defects in ETC
produce free radical superoxide O2

−, hydrogen peroxide, nitric oxide, and highly-reactive hydroxyl
radicals, which induce membrane lipid peroxidation and DNA damage. Exposure to excessive reactive
oxygen species (ROS) potentially damages nuclear DNA and mtDNA, which is highly deleterious in
post-mitotic cells, such as neurons, where cells stop differentiation and thus, cell division is not possible
to replace the damaged DNA. Such impairments in the mtDNA lead to bioenergetic dysfunctions
that could ultimately cause neuronal cell death [10] and may be involved in the development of
mitochondria-associated neurodegenerative disorders [11].
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In mitochondrial fatty acid beta oxidation, fatty acids are activated in the cytosol and transported
into the inner mitochondrial membrane as carnitine derivatives mediated by carnitine palmitoyl
transferase I (CPT I), acylcarnitine translocase (CAT), and carnitine palmitoyl transferase II (CPT II).
Within the mitochondrial matrix, the acyl-CoA fatty acids undergo dehydrogenation by acyl-CoA
dehydrogenases, which are flavin-dependent and thus, flavins regulate the fatty acid beta oxidation
pathway [12].

4. Riboflavin Pathogenesis in Mitochondrial Dysfunction

FMN and FAD are chief prosthetic groups that activate various flavoproteins, such as nitric
oxide synthase, nitric oxide reductase, and NADPH oxidase, to protect the cell from oxidative stress
and apoptosis [13]. Although riboflavin is stored in the liver, spleen, kidney, and cardiac muscle
in the form of FAD, and protects these organs against riboflavin deficiency, its half-life is one hour;
hence, riboflavin deficiency would impair the proper functioning of these organelles. Furthermore,
energy depletion and a decrease in riboflavin kinase activity leads to the insufficient conversion of
riboflavin into flavocoenzyme and results in various anomalies, like cataracts, preeclampsia, various
types of cancers, and neurological disorders. In addition, deficiency of ETC enzymes, like NADH-CoQ
reductase, cytochrome c oxidase, and creatine kinase, leads to infantile mitochondrial myopathy [14].

Recent studies have proved riboflavin supplementation as a therapy to alleviate or reduce the
worsening of disease conditions, especially in Brown-Vialetto-Van Laere syndrome (BVVLS) and
multiple acyl-CoA dehydrogenase deficiency (MADD) [15]. Although most of the flavo enzymes are
encoded by the nuclear genome, surprisingly, they are synthesized and stored in different components
of the mitochondria for their active participation in vital pathways, like glycolysis, Kreb’s cycle,
beta oxidation, urea cycle, and ETC of mitochondria. When riboflavin is accumulated in the cytoplasm
instead of entering into mitochondria, there will be a shortage of riboflavin availability for the flavo
coenzymes present in the mitochondria. Hence, riboflavin transporters are essential for the maintenance
of riboflavin homeostasis. Till date, only mutations in riboflavin transporters were correlated with
neurologically defective phenotypes, while most of the flavoproteins also take part in key regulatory
pathways that determine the fate of the cell to undergo either normal or abnormal physiological
functions in neurological prospects.

5. Riboflavin Related Mitochondrial Dysfunction in Neurological Disorders

Mitochondria play a key role in the interconnected network to transmit and receive signals
where the central nervous system is highly dependent on energy. Furthermore, during neurogenesis
for the differentiation and development of axons and dendrites, high amounts of mitochondrial
mass is necessary to produce ATP in large quantities [16]. Hence, mitochondrial dysfunction due
to any defect in the reduction or oxidative phosphorylation reaction results in impaired oxidative
metabolism and diminished energy production which, consequently, leads to neurological disorders.
Particularly in amyotrophic lateral sclerosis (ALS), mitochondrial dysfunctions, like abnormal
mitochondrial morphology [17], mitochondria-mediated apoptosis [18], and disruption of the axonal
transport of mitochondria [19], are the primary reasons for the disease etiology. Riboflavin-related
mitochondrial dysfunction in neurological disorders are summarized in Figure 2. In particular,
riboflavin deficiency in rats resulted in reduced levels of myelin lipids, cerebrosides, sphingomyelin,
and phosphatidylethanolamine in the cerebrum and cerebellum and, consequently, led to the
impairment of brain development and maturation [20]. These observations suggested that riboflavin
plays a crucial role in the metabolism of essential fatty acids in the brain. Some of the flavo coenzymes
involved in mitochondrial dysfunction of neurological diseases are listed in Table 1.

In addition, experiments conducted in chickens showed that riboflavin deficiency resulted in
demyelination of peripheral nerve cells. Severity of demyelination was particularly high in Schwann
cells, whereas the severity was reduced in spinal nerve roots and distal nerve branches due to nutrient
accessibility [21]. Likewise, riboflavin deficiency resulted in the swelling of peripheral nerve trunks
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and led to peripheral neuropathy in racing pigeons [22]. Henceforth, a detailed knowledge about the
role of riboflavin in the mitochondrial dysfunction of neurological disorders is a prerequisite for the
discovery of drug targets and treatment.

Figure 2. Riboflavin related mitochondrial dysfunction in neurological disorders.

Table 1. Enzymes involved in mitochondrial dysfunction of neurological diseases.

Enzyme Neurological Disease Metabolic Function Location

Succinate dehydrogenase Complex II deficiency Krebs cycle Mitochondrial inner
membrane

Acyl Co-A dehydrogenase Acyl Co-A dehydrogenase
deficiency Beta oxidation Mitochondrial matrix

Electron transferring flavo
protein—Ubiquinone oxidoreductase Glutamic academia II C Electron transport chain Mitochondrial inner

membrane

Electron transferring flavo protein Glutamic academia II A and II B Electron transport chain Mitochondrial matrix

NADH - Ubiquinone oxidoreductase Complex I deficiency Electron transport chain Mitochondrial inner
membrane

Dihydrolipoyl dehydrogenase,
Succinate dehydrogenase and

NADH-Ubiquinone oxidoreductase
Leigh Syndrome Energy metabolism Mitochondrial matrix

Riboflavin transporter BVVLS Riboflavin uptake Plasma/Mitochondrial
membrane

6. Neurological Disorders of Mitochondrial Dysfunction

Disruption of the mitochondrial electron transport chain and other mitochondrial damage leads
to several neurological disorders. Some of the riboflavin responsive neurological disorders due to
mitochondrial dysfunction are discussed below.
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6.1. Multiple Acyl-CoA Dehydrogenase Deficiency (OMIM 231680)

Multiple acyl-CoA dehydrogenase deficiency (MADD), also called as glutaric aciduria type II,
ethylmalonic-adipic aciduria, and riboflavin-responsive C6-C10 dicarboxylic aciduria, is caused due
to the deficiency of the electron transfer flavoprotein (ETF) or its dehydrogenase and ubiquinone
oxidoreductase (ETF-QO) [23]. MADD affects various metabolic pathways involving fatty acids
and branched amino acids, lysine and tryptophan, and results in a discharge of a variety of
distinctive organic acids comprising glutaric, ethylmalonic, 3-hydroxyisovaleric, 2-hydroxyglutaric,
5-hydroxyhexanoic, adipic, suberic, sebacic, and dodecanedioic acids and glycine conjugates due to
the impairment of ATP biosynthesis and the accumulation of excessive fatty acids [24]. The blood
plasma acylcarnitine pattern also shows distinctive elevation of short-, medium-, and long-chain
acylcarnitines ranging from C8 to C16. Features of MADD include muscle weakness, non-epileptic
seizures, and atypical migraine with abnormal creatinine level. MADD is diagnosed with mutations in
the alpha and beta subunits of electron transfer flavoprotein (ETFA and ETFB), ETF dehydrogenase
(ETFDH), FAD synthase (FADS1), riboflavin transporters (SLC52A1-3), and mitochondrial FAD
transporter (SLC25A32) [15,25–28]. Studies have documented that riboflavin supplementation reduced
the abnormal behavior and normalized the biochemical profile by regulating the mitochondrial flavo
proteome [26,27,29] and are termed as riboflavin-responsive forms of MADD [30].

6.2. Brown-Vialetto-Van Laere Syndrome (OMIM 211530)

BVVLS is a rare, progressive, childhood neurodegenerative disorder characterized by progressive
pontobulbar palsy associated with sensorineural deafness. BVVLS has a prominent familial component,
consistent with an autosomal-recessive mode of inheritance in most of the patients, while autosomal
dominant [31] and X-linked inheritance [32] have also been suggested in a few cases. In BVVLS,
bilateral nerve deafness is accompanied by involvement of various motor cranial nerve palsies with
VII, IX, and XII, and rarely III, V, and VI, which develop over a relatively short period of time in
a previously-healthy individual [32,33]. Generally, BVVLS is clinically heterogeneous, presenting as
early as infancy and as late as the third decade of life [33]. Recently, defects in riboflavin transporters
SLC52A3 (formerly C20orf54) [34,35] and SLC52A2 [35,36] have been identified as the etiology in
a large proportion of BVVLS cases. Blood plasma levels of riboflavin and its active coenzyme forms,
FAD and FMN, were significantly reduced in BVVLS patients [15]. Moreover, metabolic studies of
BVVLS patients revealed the accumulation of acyl-CoA and carnitine esters in the plasma, as well
as a urine organic acid profile which both mimic the fatty acid β-oxidation defect seen in patients
with MADD. Meanwhile, oral supplementation of riboflavin showed improvement in the clinical
symptoms, as well as the biochemical abnormalities in BVVLS patients, signifying that a high dose of
riboflavin is a potential treatment for BVVLS [26]. Thus, riboflavin is found to have a critical role in
the production of substrates used for the ETC, so it is obvious that any defect in riboflavin transport
would impair ETC and consequently lead to neurodegeneration. The overall summary of riboflavin
deficiency leading to mitochondrial oxidative stress-mediated neurodegeneration is given in Figure 3.

6.3. Complex I Deficiency (OMIM 252010)

The mitochondrial respiratory chain tends to decline with age by affecting complex I and IV
of ETC, which leads to mitochondrial myopathies, like cardiomyopathies, encephalomyopathies,
and neurological myopathies [37]. Human complex I (NADH-ubiquinone reductase) consists of
at least 36 nuclear-encoded and seven mitochondrial-encoded subunits and clinical mutations in
any of these subunits are diagnosed to cause this disorder [38]. Functional characterization studies
carried out in Caenorhabditis elegans with mutation in the active site subunit of complex I revealed
that supplementation of riboflavin assembled complex I and reduced oxidative stress, lactic acidosis,
and increased metabolic functions [39]. Additionally, riboflavin supplementation normalized the
biochemical abnormalities and muscle weakness in an infant with a complex I defect by increasing
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the cellular availability of FAD [40,41]. Furthermore, mutations in mitochondrial and nuclear genes
encoding proteins that are required for proper assembly and stability of the mitochondrial respiratory
complex also lead to complex I deficiency. ACAD9 (acyl-CoA dehydrogenase-9), a flavin-dependent
acyl carrier, is involved in the proper assembly of complex I through binding with assembly factors
NDUFAF-1 and Ecsit [42]. Recently, a missense mutation (Arg532Trp) was diagnosed in the active site
of ACAD9 in a Dutch consanguineous family with complex I deficiency (OMIM 611126—complex I
deficiency due to ACAD-9), where riboflavin supplementation improved the complex I activity from
17% to 47% in the proband [43].

Figure 3. Riboflavin deficiency leading to mitochondrial oxidative stress-mediated neurodegeneration.

6.4. Leber Hereditary Optic Neuropathy (LHON; OMIM 535000)

LHON is a neurodegenerative disease characterized by acute or subacute loss of central vision
and optic atrophy. It arises due to the neurodegeneration of retino-ganglion cells and dysfunction of
respiratory chain complex I. Furthermore, it is the first human mtDNA disease identified to be caused
by deletion of mtDNA. LHON cases are primarily identified with mutations in any of mitochondrial
genes, including MT-ND1, MT-ND4, MT-ND4L, and MT-ND6, and over 95% of cases harbored one of
three mtDNA point mutations, G3460A (ND1), G11778A (ND4), and T14484C (ND6), which encodes
complex I subunits of the respiratory chain [44]. Studies have documented that supplementation of
riboflavin, along with vitamin C and idebenone, in 28 LHON patients reduced the recovery period of
dysfunction [45].

6.5. KearnsSayre Syndrome (OMIM 530000)

Kearns-Sayre Syndrome (KSS) is a rare neuromuscular disorder characterized by ophthalmoplegia,
retinitis pigmentosa, chronic inflammation, cortico spinal dysfunction, bulbar palsies, limb girdle
muscle weakness, sensory neural hearing loss, progressive neurodegeneration with ataxia,
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and dementia. Large deletions of mtDNA ranged in size from 2.0 to 7.0 kb [46] are known to cause
KSS by the defective oxidative phosphorylation, and the deletions are heteroplasmic. Patients also
showed deficiency of cytochome-c oxidase (COX) due to large deletions in the specific region of
mtDNA corresponding to the COX gene, which was clinically observed as ragged-red fibers in
muscle biopsies [47]. Most of the cases are sporadic since mtDNA deletions are inherited very rarely.
Deficiency of complex II of the mitochondrial respiratory chain, especially a deficiency of succinic
dehydrogenase has been revealed by enzymatic analysis [48]. Since complex II dysfunction is noticed,
a combined therapy containing cytochrome c, flavin mononucleotide, and thiamine diphosphate was
attempted, which alleviated fatigability, motor disability, corneal edema, and chilblains in the patients,
while no improvements were recorded with opthalmoplegia, blepharoptosis, or hearing loss [49].
Recent follow-up study carried out with three complex II-deficient patients showed an improvement
in neurological conditions and delayed the early onset. In addition, supplementation of riboflavin
to the fibroblast culture showed a two-fold increase in the activities of complex II and succinate
dehydrogenase (SDH) [50].

6.6. Alper’s Syndrome (OMIM 203700)

Alper’s syndrome is an autosomal recessive disorder characterized by a clinical trial of symptoms,
including psychomotor retardation, refractory seizures, and liver failure. It is a mitochondrial DNA
depletion disease of the brain that arises due to the degeneration of cerebral gray matter in infancy,
characterized by neurodegeneration of basal ganglia. It is caused due to the dysfunction in complex IV
of ETC, nuclear-encoded mitochondrial polymerase γ (PolG1) deficiency [51], and Twinkle helicase [51,52].
Alper’s syndrome patients with mutations in POLG may also undergo complex I deficiency [53].
Since it involves complex I and IV dysfunction, riboflavin could play a possible role in its regulation,
which corroborates with the study carried out in C. elegans (having mutations in NADH-ubiquinone
oxidoreductase) where riboflavin supplementation enhanced the assembly of complex I and IV that
further resulted in reduced oxidative stress and increased metabolic functions [39].

6.7. Multiple Sclerosis

Multiple sclerosis is an autoimmune disorder that affects the central nervous system through
immune cells, potentially also due to alterations in mitochondrial DNA, defective mitochondrial
DNA repair mechanisms, abnormal mitochondrial dynamics (fragmentation), impaired trafficking,
defective Ca+-mediated axonal degeneration, and abnormal levels of mitochondrial enzymes
(phosphofructokinase-2 and complex I enzymes) [54]. Earlier, administration of interleukin 6 was
found to act against ROS and protect against neuronal cell death, while recent studies carried out
in encephalomyelitis C57BL/6 mice showed that riboflavin supplementation reduced the neuronal
disability by 26.4% while the use of placebo reduced the risk by 15.4% [55]. Furthermore, riboflavin
supplementation leads to a reduction in the expression of BDNF and IL-6 in the brain of an experimental
autoimmune encephalomyelitis model of multiple sclerosis, which was correlated with the observed
beneficial effects of riboflavin on neurological motor disability and also suggested possible targets of
new rational therapeutic strategies for MS [56].

6.8. Parkinson’s Disease (OMIM 168600)

Parkinson’s disease (PD) is a progressive movement disorder that is associated with the death
of vital nerve cells in the brain. Primary symptoms include tremor, bradykinesia, stiffness of the
limbs, and postural instability. It is primarily due to the accumulation of alpha-synuclein protein
in the brain as Lewy bodies. In some instances, it is characterized by complex I ETC deficiency
where, due to endogenous oxidative damage, the respiratory chain protein complex is affected,
which subsequently leads to decreased ATP production, increased free radical production, and results
in apoptosis. Deficiency of riboflavin was shown to have impaired oxidative metabolism through
reduced glutathione reductase, pyridoxine phosphate oxidase, NADH-ubiquinone reductase, and
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NADH cytochrome c reductase [57]. Further, supplementation of riboflavin for six months with
PD patients showed improvement in the motor capacity from 41% to 71%, and demonstrated
to overcome the complex I deficiency. Thus, it is evident that riboflavin could play a role in the
conversion of oxidized glutathione to reduced glutathione by catalyzing glutathione reductase, and in
the assembly of mitochondrial protein complexes [58]. Recently, a bacterial metabolite produced
by Streptomyces venezuelae caused dopaminergic neurodegeneration in a PD model of C. elegans
expressing human α-synuclein due to the impairment of mitochondrial complex I activity. Meanwhile,
mitochondrial complex I activators, such as riboflavin and D-β-hydroxybutyrate (DβHB), rescued
dopamine neurodegeneration in C. elegans by improving both complex I and complex IV activities [59].

6.9. Alzheimer’s Disease (OMIM 104300)

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by short-term
memory loss and dementia due to the accumulation of Tau proteins in neurofibrillary tangles,
the loss of connection between nerve cells, and extracellular amyloid plaque which leads to
mitochondrial fragmentation [60]. Defects in electron transport chain enzymes, such as cytochrome
c oxidase (COX) and F(1)F(0)-ATPase, have also been implicated in the progression of AD [61].
Neurodegeneration observed in AD has been suggested to be due to impaired mitochondrial biogenesis,
defective axonal transport of mitochondria, and increased DRP1-mediated mitochondrial fission [62].
Hyperhomocysteinemia has been explained as one of the possible mechanisms for neurotoxicity in
AD, which is responsible for induced cellular oxidative stress leading to the formation of ROS to
cause neuronal cell death. Elevated plasma levels of homocysteine have been documented due to
the impaired activity of methylenetetrahydrofolate reductase (MTHFR) in one carbon metabolism of
the homocysteine remethylation pathway, which is a FAD-dependent flavoenzyme [63]. Deficiency
of cellular FAD has been shown to contribute to the functional impairment of the MTHFR 677T
variant genotype and an increase the homocysteine levels, particularly in individuals with low-folate
status [64]. Moreover, accumulation of homocysteine for longer periods is thought to be involved
in the failure of β-amyloid clearance and damage to the blood brain barrier, which develops into
cerebrovascular dysfunction, leading to AD development [65].

7. Conclusions

There is a gathering body of evidence which links the interaction between riboflavin and
flavoproteins to the protection of neuronal cells from death by oxidative stress and apoptosis.
Any anomalous expression and regulation of mtDNA and nDNA encoding of functional proteins
in the mitochondria can affect the intracellular levels of FAD and FMN, which are functionally
implicated in various pathological conditions leading to neurological disorders. Mitochondrial
defects may lead to axonal dysfunction and degeneration through a lack of ATP, increased ROS
production, and by modulating the function of various dehydrogenases of the respiratory chain.
The understanding of this relationship between mitochondria, rate of neuronal degeneration by
oxidative stress, and the protection by riboflavin is at an early stage. Thus, a comprehensive knowledge
and new experimental strategies are essential to elucidate the interplay between mitochondrial
metabolism, mitochondrial stress, riboflavin transport and metabolism, mtDNA mutation and deletion
mechanisms, and the complex neurodegeneration pathways. Such knowledge may provide new
targets for combating neurodegenerative diseases.
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Abstract: Technical advances in the ability to measure mitochondrial dysfunction are providing
new insights into mitochondrial disease pathogenesis, along with new tools to objectively evaluate
the clinical status of mitochondrial disease patients. Glutathione (L-γ-glutamyl-L-cysteinylglycine)
is the most abundant intracellular thiol, and the intracellular redox state, as reflected by levels of
oxidized (GSSG) and reduced (GSH) glutathione, as well as the GSH/GSSG ratio, is considered
to be an important indication of cellular health. The ability to quantify mitochondrial dysfunction
in an affected patient will not only help with routine care, but also improve rational clinical trial
design aimed at developing new therapies. Indeed, because multiple disorders have been associated
with either primary or secondary deficiency of the mitochondrial electron transport chain and redox
imbalance, developing mitochondrial therapies that have the potential to improve the intracellular
glutathione status has been a focus of several clinical trials over the past few years. This review
will also discuss potential therapies to increase intracellular glutathione with a focus on EPI-743
(α-tocotrienol quinone), a compound that appears to have the ability to modulate the activity of
oxidoreductases, in particular NAD(P)H:quinone oxidoreductase 1.

Keywords: mitochondrial disease; glutathione; redox imbalance; EPI-743; N-acetylcysteine; RP103;
cysteamine

1. Introduction

“Do you feel any better?” is a commonly asked question by a physician caring for a patient
who has an underlying mitochondrial disorder during a clinic visit, typically after an interval of
time following the start of various co-factors, vitamins, or supplements that may have a beneficial
effect on mitochondrial function [1]. The lack of validated, widely available, and objective markers
of mitochondrial function makes this state-of-the-art of mitochondrial medicine in the 21st century
somewhat discouraging.

Nevertheless, there have been clear advances in our ability to determine clinical severity in
mitochondrial disease patients. Clinical scoring tools, especially the Newcastle Mitochondrial Disease
Adult Scale (NMDAS) and the Newcastle Paediatric Mitochondrial Disease Scale (NPMDS), provide
the means to quantify the clinical burden of mitochondrial disease in individual patients [2,3].
Improvements in the resolution of traditional imaging techniques (e.g., magnetic resonance imaging
and magnetic resonance spectroscopy) and the emergence of complementary new methods are
also encouraging [4–7]. Finally, recent discoveries of minimally-invasive mitochondrial biomarkers,
including blood creatine, FGF-21, and GDF-15, provide increased sensitivity and specificity compared
to the standard practice of measuring lactate [8–11], although the link between these new biomarkers
and mitochondrial disease pathophysiology is still unclear.
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J. Clin. Med. 2017, 6, 50

In contrast to these new analytes, which were detected by global metabolomic or transcriptomic
profiling [9,12,13], there is a clear theoretical link between pathophysiology and biomarkers that
are directly related to the biochemistry of redox imbalance. One important example is glutathione:
mitochondrial dysfunction has been implicated in the generation of increased reactive oxygen and
nitrogen species (RONS) leading, in turn, to increasing redox imbalance and decreased reduced
glutathione (GSH) levels. Of course, the utility of this, and other, biomarkers still needs to be established
in clinical practice. However, with improvements in both our understanding of mitochondrial disease
pathogenesis and technologies to measure mitochondrial dysfunction, we may be approaching a
time when clinicians will have quantitative, validated measures to gauge the clinical status of their
mitochondrial disease patients. The ability to quantify mitochondrial dysfunction in an affected patient
will not only help with routine care, but also improve rational clinical trial design aimed at developing
new therapies.

2. Glutathione Levels in Mitochondrial Disorders

Glutathione (L-γ-glutamyl-L-cysteinylglycine) is the most abundant intracellular thiol, with
intracellular concentrations ranging from about 0.5 to 10 μM. In its reduced form (GSH), it plays a key
role in cellular free radical defense [14,15]. Glutathione synthesis occurs in the cytosol with 85% to 90%
of GSH localized to the cytoplasm. The remainder is distributed between various organelles, including
peroxisomes, the nuclear matrix, endoplasmic reticulum, and mitochondria [16–18].

The intracellular redox state, as reflected by levels of oxidized (GSSG) and reduced (GSH) glutathione,
as well as the GSH/GSSG ratio, is an important indicator of cellular health [19,20]. By evaluating levels
of GSH and GSSG, as well as the GSH/GSSG ratio in blood, one can get a glimpse into the degree
of mitochondrial dysfunction at a tissue level as these compounds are leaked into the surrounding
blood stream, urine or cerebrospinal fluid [8]. The GSSG/2GSH redox couple is representative of
the redox environment in an individual, because the glutathione system plays a central role in
maintaining the overall redox status of the body [19,21]. Dysfunction of the mitochondrial electron
transport chain is associated with redox imbalance and abnormally low GSH levels in primary genetic
mitochondrial disorders, as well as conditions associated with secondary mitochondrial impairment,
such as organic acidemias, Friedreich ataxia, Alzheimer disease, Parkinson disease, amyotropic lateral
sclerosis, and Rett syndrome [22–29]. Table 1 shows examples of glutathione determination by various
methods in mitochondrial disorder and organic acidemia patients. Indeed, the documented redox
abnormalities in patients who have either primary or secondary mitochondrial dysfunction have
led to the development of mitochondrial therapies that have the potential to improve intracellular
glutathione status [30].

While the glutathione redox couple represents an attractive mitochondrial biomarker, measured
concentrations of GSH and GSSG have varied between different laboratories, likely because of instability of
GSH during specimen handling and the use of various analytical methods, including high-performance
liquid chromatography (HPLC), gas chromatography with mass spectrometry, capillary electrophoresis
with ultraviolet absorbance or colormetric detection, and liquid chromatography-tandem mass
spectrometry (LC-MS/MS) [31]. GSSG levels are especially influenced by oxidation during sample
handling, and can appear elevated if conditions are not properly controlled [32–34]. Biological
samples in which GSH, GSSG, and GSH/GSSG have been determined include whole blood, plasma,
erythrocytes, leukocytes, urine, and skeletal muscle [24,31,35–44].
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Increased plasma lipid peroxidation and decreased plasma and erythrocyte GSH levels were
detected using an HPLC method in 11 patients with chronic progressive external ophthalmoplegia
(CPEO) and muscle biopsies with ragged-red fibers and scattered cytochrome c oxidase (COX)
deficiency [43]. Skeletal muscle biopsies from 17 patients with CPEO, MELAS, or myoclonic epilepsy
with ragged-red fibers (MERRF) showed induction of the antioxidant enzymes manganese and
copper-zinc superoxide dismutase in fibers associated with ETC deficiency; GSH was found to be
elevated in these fibers by histochemical analysis. Antioxidants were expressed in both ragged-red
fibers and fibers with subsarcolemmal mitochondrial accumulations that were COX negative.
The authors concluded that increased GSH represented the earliest defense against the toxic effects of
ETC-produced hydrogen peroxide [44].

HPLC analysis of 24 skeletal muscle biopsies from mitochondrial disease patients with defined
ETC defects showed a significant decrease in GSH concentration compared to 15 age-matched controls
without evidence of mitochondrial ETC deficiency (7.7 ± 0.9 nmol/mg protein vs. 12.3 ± 0.6 nmol/mg
protein). Furthermore, the most prominent GSH deficiency was noted in the patients who had multiple
ETC defects in complexes I, II − III + IV [24]. The authors postulated that treatments designed to
increase GSH levels, such as N-acetylcysteine or oxothiazolidine-4-carboxylate supplementation, may
be beneficial to patients who have ETC deficiency associated with a GSH deficit [24].

Intracellular leukocyte GSH levels were evaluated in blood samples from patients with either
mitochondrial diseases or organic acidemias using high-dimensional flow cytometry (Hi-D FACS).
T lymphocyte subsets, monocytes, and neutrophils showed low GSH levels in both mitochondrial
disease and organic acidemia patients, although levels were relatively normal in those patients who
were taking antioxidants [25]. The Hi-D FACS results demonstrated redox imbalance in patients with
either primary or secondary mitochondrial dysfunction, but the technique is semi-quantitative and
not wholly amenable to the clinical setting, as samples have to be analyzed immediately and cannot
be shipped.

A study of 10 mitochondrial disease patients with a variety of clinical presentations, including
Leigh syndrome, Alpers syndrome, Kearns–Sayre syndrome, and multisystem disease analyzed plasma
GSH and cysteine levels by HPLC. Plasma GSH levels were low in mitochondrial disease patients,
mostly below the detection level of the method used, and reduced cysteine levels were also lower
in mitochondrial disease patients compared to controls. Erythrocyte thiols and glutathione-related
enzymes, such as glutathione peroxidase, glutathione reductase, and glutathione S-transferase, were
also evaluated, but significant differences between patients and controls were not observed [41].

LC-MS/MS appears to be particularly promising as a methodology for analyzing glutathione
samples. Whole blood samples can be deproteinized with sulfosalicylic acid and derivatized with
N-ethylmaleimide (NEM) in order to prevent oxidation of GSH in a single step before being analyzed.
Derivatized samples are stable for at least three years when stored at −80 ◦C, and underivatized
samples for at least 24 h at room temperature, allowing potential implementation in clinical
laboratories [31]. This LC-MS/MS method was initially used to study healthy individuals and mean ±
SD glutathione levels were: GSH 900 ± 140 μM; GSSG 1.17 ± 0.43 μM; and GSH/GSSG 880 ± 370 [31].

A further study used LC-MS/MS to measure whole blood glutathione levels in mitochondrial
disease patients with a variety of different clinical phenotypes, including Leigh syndrome,
mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS), mtDNA deletion
syndrome, conditions associated with mtDNA depletion, and patients with a variety of electron
transport disorders. A subset of patients was evaluated both while in times of relative good health
and while hospitalized during a metabolic crisis. Compared to healthy controls, mitochondrial disease
patients (n = 58), as a whole, showed significantly lower whole blood GSH levels (808 ± 149 μM
vs. 900 ± 141 μM, p = 0.0008), GSH/GSSG ratio (881 ± 374 vs. 596 ± 424, p = 0.0002), and higher
GSSG levels (2.23 ± 1.84 μM vs. 1.17 ± 0.43 μM, p < 0.0001) [28]. In addition to measuring absolute
levels of GSH and GSSG, whole blood redox potential was calculated using the Nernst equation.
Mitochondrial disease patients had significant redox imbalance, with an increased degree of oxidation
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of approximately 9 mV compared to controls (−251 ± 9.7 mV vs. −260 ± 6.4 mV). When subgroups
of mitochondrial disease patients were evaluated, redox potential was significantly more oxidized
in each group. Interestingly, the lowest GSH levels in relatively healthy patients were found in
those with Leigh syndrome (735 ± 135 μM). Overall, patients who were hospitalized for treatment
of a metabolic crisis showed the lowest GSH levels (550 ± 93 μM) and the greatest degree of redox
imbalance (−242 ± 7.0 mV) [28].

In aggregate, there is clear evidence of GSH deficiency and redox imbalance in mitochondrial
disease patients. However, further longitudinal studies are needed to determine the utility of using
the glutathione system as a biomarker of disease severity and response to therapies.

3. Glutathione Levels in Other Disorders Associated with Mitochondrial Dysfunction

3.1. Organic Acidemias

Abnormal mitochondrial structure and function, as well as various abnormal measures of
oxidative stress and redox imbalance, have been reported in animal models and patients affected
by a variety of organic acidemias, including methylmalonic acidemia, cobalamin A disease,
cobalamin C disease, cobalamin H/cobalamin D disease, propionic acidemia, isovaleric acidemia,
2-methyl-3-hydroxybutyric acidemia, 3-methylglutaconic acidemia types II and IV, D-2-hydroxyglutaric
aciduria, L-2-hydroxyglutaric aciduria, and glutaric acidemia [42,45–70]. GSH levels have been found
to be low in methylmalonic acidemia (MMA), propionic acidemia (PA), and isovaleric acidemia
(IVA) [25,26,71]. A seven-year-old boy with mut− methylmalonic acidemia in metabolic crisis was
found to have marked lactic acidemia, GSH deficiency, and 5-oxoprolinuria; treatment with ascorbate,
in addition to other supportive management, resulted in an improvement in clinical status and
resolution of the biochemical abnormalities [71]. Hi-D FACS analysis of peripheral blood leukocytes
was performed in 13 patients with MMA, PA, or IVA. Organic acidemia patients who had samples
collected during an illness severe enough to require hospitalization showed significantly lower
intracellular GSH levels in CD4 T cells, CD8 T cells, monocytes, and neutrophils when compared to
healthy controls. On the other hand, patients who had samples collected during routine outpatient
visits had lower GSH levels detected only in CD4 and CD8 T cells [25]. A more recent study used an
HPLC method to evaluate GSH levels in 11 MMA, PA, and IVA patients and showed that organic
acidemia patients had lower plasma GSH levels than controls. Organic acidemia patients also had a
greater fraction of GSH and cysteine in an oxidized state [41].

3.2. Friedreich Ataxia

Friedreich ataxia patients also have evidence of redox abnormalities and mitochondrial
dysfunction [72–75]. A study of 14 unrelated Friedreich ataxia patients measured total and free
GSH concentrations in erythrocytes by HPLC. Patients had a significant reduction of free glutathione
levels, although total glutathione levels were comparable to controls. Friedreich ataxia patients were
also found to have a significant increase in glutathione bound to hemoglobin in erythrocytes [23].
Glutathione homeostasis was, therefore, considered to be impaired in Friedreich ataxia, raising the
possibility that free radicals play a role in disease pathophysiology [23].

3.3. Parkinson Disease and Other Neurodegenerative Disorders

Mitochondrial dysfunction and oxidative stress also appear to be central to disease pathogenesis in
Parkinson disease and other neurodegenerative conditions, including Alzheimer disease, amyotropic
lateral sclerosis, and Rett syndrome [27,76–81]. Not surprisingly, the glutathione axis has been found
to be abnormal when evaluated in these conditions [20,27,82,83]. As reviewed elsewhere in this issue,
children with autistic spectrum disorder have also been found to have biochemical abnormalities
suggestive of an underlying impaired mitochondrial metabolism, including low levels of GSH and
low GSH/GSSG ratio [84–86].
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3.4. Genetic Syndromes

Finally, redox and GSH abnormalities have been identified in a number of genetic syndromes,
including Down syndrome, Werner syndrome, fragile X syndrome, and Kindler syndrome [87–91].
Therefore, it is possible that mitochondrial dysfunction may play some role in the clinical findings
associated with conditions that appear to have no or a minimal relationship to mitochondrial metabolism.
Further studies are clearly needed in order to determine the significance of these initial reports.

4. Implications for Mitochondrial Disease Therapy

Since multiple disorders have been associated with either primary or secondary deficiency of the
mitochondrial ETC and the resultant redox imbalance, developing mitochondrial therapies that have
the potential to improve the intracellular glutathione status has been a focus of several clinical trials
over the past few years [92–102]. For example, EPI-743 (α-tocotrienol quinone) is an investigational
drug that is currently in clinical trials focusing on treatment of mitochondrial dysfunction related to
primary genetic mitochondrial disease, including Leigh syndrome, Leber Hereditary Optic Neuropathy
(LHON), and RARS2 deficiency. EPI-743 is also being used in other conditions that have redox
imbalance linked to disease pathophysiology, including Friedreich ataxia, Parkinson disease, and Rett
syndrome (Table 2).

Table 2. EPI-743 clinical trials.

Patient
Population

Age Trial Design Duration Outcomes Reference

Mitochondrial
disease (n = 14) 2–27 years Open-label 98–444 days

11/12 survivors with clinical improvement; 3/11
partial relapse; 10/12 improvement in quality of
life (NPMDS section IV); 2 deaths

[92]

LHON (n = 5) 8–52 years Open-label 204–557 days 4/5 arrested disease progression and reversal of
vision loss; 2/5 total recovery of visual acuity [93]

Leigh syndrome
(n = 10) 1–13 years Open-label 6 months

Reversal of disease progression; Improvement in
NPMDS, GMFM, PedsQL Neuromuscular
Module (p < 0.05)

[94]

Leigh syndrome
(n = 35) 9 months–14 years

Randomized,
double-blind,
placebo-controlled

36 months Decreased rate of hospitalization and serious
adverse events [95]

RARS2 deficiency
(n = 5) 5–13 years Open-label 1 year

Improved neuromuscular function and redox
state; Decreased seizure frequency with 2
patients showing resolution of status epilepticus

[96,97]

Friedreich ataxia
(n = 31) 1 18–66 years

Randomized,
double-blind,
placebo-controlled

28 days
Dose-dependent improvement in FARS score; No
alteration in Disposition Index (measure of
diabetic tendency)

[98]

Friedreich ataxia
(n = 63) 19–43 years

Randomized,
double-blind,
placebo-controlled

2 years Dose-dependent improvement in FARS score [99]

Freidreich ataxia
(point mutations)

(n = 4)
21–63 years Open-label 18 months Improvement in FARS [100]

Rett syndrome
(n = 24) 2.5–8 years Open-label 6 months

Primary endpoint of improvement in Rett
syndrome disease severity score not met;
Increase in head circumference (p = 0.05);
Improved oxygenation, hand function and
disease biomarkers in subgroup with greatest
degree of head growth

[101]

Parkinson disease
(n = 10) 43–69 years Open-label 6 months

Improvement in UPDRS Parts II/III; Decrease in
brain glutamine/glutamate levels; Improvement
of retinal function on electroretinogram

[102]

1 EPI-A0001 was used in this study, not EPI-743. EPI-A0001 is an α-tocopheryl quinone drug with a chemical
structure similar to EPI-743. FARS = Friedreich Ataxia Rating Scale; GMFM = Gross Motor Function Measure;
NPMDS = Newcastle Paediatric Mitochondrial Disease Scale; PedsQL = Pediatrics Quality of Life Inventory;
UPDRS = Unified Parkinson Disease Rating Scale.

5. EPI-743

EPI-743 is a para-benzoquinone analog that is approximately one thousand- to ten thousand-fold
more potent than coenzyme Q10 or idebenone in protecting mitochondrial patient fibroblasts when a
strong oxidant stress is applied [103]. This beneficial effect is considered to be related to the ability of
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EPI-743 to modulate the activity of oxidoreductases, in particular NAD(P)H:quinone oxidoreductase
1, resulting in increased cellular GSH concentration and improvement in redox status [30,92,103].
EPI-743 may also affect antioxidant gene expression, as pre-treatment of fibroblasts derived from a
polymerase γ deficiency patient with EPI-743 before exposure of cells to oxidative stress resulted in
a blunting of antioxidant response element (ARE) gene expression in genes under direct control of
nuclear factor-erythroid 2 p45-related factor (Nrf2), including genes related to GSH synthesis [92].

5.1. Mitochondrial Disorders

The initial experience with EPI-743 in mitochondrial disease was reported in 13 children and one
adult enrolled in a 13-week emergency treatment protocol for patients who were considered to be at
risk for progressing to end-of-life care within 90 days by experienced clinicians. Surviving patients
were then placed in an extension protocol. Twelve of the 14 patients survived during the period of
observation; 11 of the survivors demonstrated clinical improvement, with three showing partial relapse.
NPMDS scores were not significantly different for sections I, II, or III (sections related to clinical status)
when scores from before and after EPI-743 treatment were compared, whereas 10 patients showed
improvement in section IV (quality of life) [92].

Twelve of the 14 patients also underwent serial brain imaging using technetium-99m-
hexamethylpropyleneamine oxime (HMPAO) SPECT. HMPAO is a lipophilic radionuclide tracer
that is sensitive to intracellular redox status that is used to measure cerebral blood flow, as well as
intracellular GSH and reduced protein thiols. This tracer is retained inside cells, locked in a hydrophilic
state, in the presence of adequate reducing equivalents generated by functional mitochondria [104].
Before the administration of EPI-743, all 12 individuals had decreased brain HMPAO uptake compared
to normal controls. After three months of EPI-743 therapy, there was a significant increase in whole
brain HMPAO uptake [92]. A further study of 22 patients enrolled in the EPI-743 emergency treatment
protocol demonstrated an increase in HMPAO uptake in the cerebellum in all patients. Furthermore,
there was a significant correlation between increased cerebellar uptake and improved Newcastle score
(r = 0.623; p = 0.00161). The subgroup of five patients with MELAS showed a significant relationship
between whole brain HMPAO uptake and Newcastle score improvement (r = 0.917; p = 0.028) [7].

5.2. Leber Hereditary Optic Neuropathy

EPI-743 has also been used to treat LHON patients. An open-label trial using EPI-743 was
performed in five LHON patients, including a child harboring the m.14484T > C variant (associated
with spontaneous recovery in some cases), three patients with the m.11778G > A variant and one with
the m.3460G > A variant. EPI-743 arrested disease progression and reversed vision loss in all but one
of these consecutively-treated patients [93].

An open-label study of EPI-743 therapy in ten children with genetically-confirmed Leigh
syndrome showed stabilization and even reversal of disease progression. A significant improvement
was noted for each of the primary outcome endpoints, which included the NPMDS, and measures of
gross motor function, and quality of life (p < 0.05) [94]. Enrolled subjects also had total, reduced, and
protein-bound glutathione levels measured in lymphocytes before and after treatment with EPI-743.
At baseline, the Leigh syndrome subjects had decreased total and reduced glutathione levels, as well
as high levels of oxidized glutathione. Following treatment with EPI-743 a marked increase in reduced
glutathione (p < 0.001) and a 96% decrease in the ratio of oxidized-to-reduced glutathione (p < 0.001)
was observed [30].

5.3. Leigh Syndrome

EPI-743 is currently being used in a randomized, double blind, placebo-controlled clinical trial
in children with Leigh syndrome (NCT01721733; NCT02352896). Clinical trial design included a
six-month placebo-controlled phase, followed by a 30-month extension phase to assess long-term drug
safety and impact on disease morbidity. In the initial six-month phase, treatment with EPI-743 was
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associated with fewer subjects requiring hospitalization or experiencing serious adverse events as
compared with those subjects who received a placebo (11.8% vs. 42.8%). Further follow-up of enrolled
subjects indicated that there was a progressive decline in hospitalizations and serious adverse events
from the first six months of EPI-743 treatment to months 19 to 24 [95].

5.4. RARS2 Deficiency

Autosomal recessive pathogenic variants in RARS2, the gene encoding mitochondrial
arginyl-transfer RNA synthetase, have been associated with an early-onset mitochondrial
encephalopathy characterized by microcephaly, profound developmental delay, intractable seizures,
dystonia, and pontocerebellar hypoplasia [96]. In an open-label study, five children with RARS2
deficiency were given EPI-743 over a 12-month treatment phase, followed by an extension phase
that is still ongoing. All subjects demonstrated an improvement in clinical status regardless of the
severity of baseline disease. Status epilepticus resolved in two children, and the other three children
demonstrated a reduction in seizure frequency and duration [97].

5.5. Friedreich Ataxia

In a study of EPI-A0001, an α-tocopheryl quinone structurally related to EPI-743, 31 adults
with Friedreich ataxia were evaluated using a measure of diabetic tendency as the primary clinical
trial outcome measure (NCT01035671). The Friedreich Ataxia Rating Scale (FARS) was used as a
secondary neurological outcome measure [105]. No significant difference was observed in the measure
of diabetic tendency between treated subjects and controls after four weeks of therapy. However,
a dose-dependent improvement in the FARS score was observed, indicating that this compound
potentially has an effect on the central nervous system [98].

In a phase 2 double-blind placebo-controlled trial of EPI-743 in adults with Friedreich ataxia
(NCT01728064), EPI-743 treatment resulted in a significant improvement in neurological function and
disease progression when compared to controls as measured by the FARS. The improvement in FARS
score was dose-dependent; subjects who received EPI-743 at the highest dosage for the entire 24-month
study period registered the greatest degree of improvement [99].

Friedreich ataxia may rarely be caused by a point mutation in FXN on one allele in combination
with a typical GAA trinucleotide repeat expansion on the other allele. Four Friedreich ataxia patients
who harbor a point mutation in one FXN allele were treated with EPI-743 in an open-label study
(NCT01962363). The patients showed clinical improvement as assessed by FARS score over 18 months
of therapy [100].

5.6. Rett Syndrome

In a six-month, randomized, double-blind, placebo-controlled trial involving 24 Rett syndrome
patients aged 2.5–8 years (NCT01822249), those who were treated with EPI-743 showed a significant
increase in head circumference relative to placebo subjects (p = 0.05). In a subgroup of children with the
greatest degree of head growth, improvements in oxygenation, hand function, and disease biomarkers
were also observed [101].

5.7. Parkinson Disease

A phase 2a open-label pilot study was performed to determine if EPI-743 might improve
the treatment of Parkinson disease (NCT01923584). The Unified Parkinson Disease Rating Scale
(UPDRS) [106], electroretinography, and brain metabolite levels as measured by magnetic resonance
spectroscopy (MRS) were used as clinical outcome measures. Six of seven patients with follow-up
MRS studies showed a decrease in glutamine/glutamate levels in the basal ganglia opposite the side
most severely affected by Parkinson disease. In addition, improvement in retinal function was noted
on evaluation by electroretinogram. Subjects also demonstrated an improvement in UPDRS scores
that approached statistical significance [102].
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6. N-Acetylcysteine and Cysteamine

Other compounds that have the potential to increase intracellular GSH include N-acetylcysteine
(NAC) and cysteamine [107,108]. NAC is a drug that is best known for its therapeutic effects in
acetaminophen-induced liver failure [107,109,110], but has also shown promise in acute liver failure in
the absence of acetaminophen overdose [110,111]. Since oxidative and nitrosative stress play a role in
the pathogenesis of liver failure and the subsequent CNS effects of hepatic encephalopathy [112,113],
the replenishment of intracellular GSH by NAC may be beneficial [107]. NAC has also been used as
a mucolytic for the treatment of cystic fibrosis, and to treat chronic obstructive pulmonary disease,
diabetes mellitus, and patients infected with human immunodeficiency virus [107].

NAC has been shown to improve markers of oxidative stress in an animal model of
Huntington disease and cell lines derived from patients with Huntington disease and mitochondrial
respiratory chain disorders [114–116]. Although there have been case reports using NAC to treat
primary mitochondrial disorders, for example, in mitochondrial disease patients who have liver
dysfunction [117], to our knowledge there have not yet been controlled clinical trials that explore the
efficacy of NAC in these conditions. On the other hand, NAC has been used in controlled trials in
several conditions with likely secondary mitochondrial involvement, including Alzheimer disease,
amyotropic lateral sclerosis, and autism [118]. Improvement in some measures of cognitive ability was
observed in Alzheimer disease patients, but no improvement in survival or disease progression was
noted in those with amyotropic lateral sclerosis. Autistic patients have shown improvement in some
aberrant behaviors, especially irritability, following treatment with NAC [118].

NAC has also been used in combination with metronidazole to treat ethylmalonic encephalopathy,
a disorder caused by mutations in ETHE1 that result in secondary inhibition of cytochrome
c oxidase and other enzymes. Treated Ethe1-deficient mice had a prolonged lifespan, and five
ethylmalonic encephalopathy patients demonstrated marked clinical improvement following
combined therapy [119].

Cysteamine, an established therapy for cystinosis, serves to decrease the abnormal lysosomal
storage of cystine. Cysteamine also appears to promote the transport of cysteine into cells, which
could increase intracellular glutathione levels [108]. Cysteamine has been shown to improve
symptoms in mouse models of Huntington disease, and has been used in a small open-label
clinical trial in Huntington disease patients [120]. Clinical efficacy was not demonstrated, although
the trial established a safe cysteamine dosage regimen in Huntington disease patients [120,121].
Cysteamine bitartrate delayed-release (RP103) is a microsphere formulation associated with decreased
gastrointestinal symptoms [122]. RP103 is currently being used in a randomized, controlled,
double-blind multicenter trial for Huntington disease (NCT02101957) and an open-label study in
children with mitochondrial disease (NCT02023866), but results have not yet been published.

In summary, the glutathione system continues to be evaluated as a potentially valuable biomarker
of mitochondrial dysfunction across multiple diseases. There have been clear advances in the field
of mitochondrial redox biomarker analysis, with glutathione levels being able to be measured
by improved analytical techniques in virtually any tissue sample, as well as by using relatively
non-invasive brain imaging techniques, such as HMPAO SPECT. Measuring of glutathione metabolites
has provided investigators with unique insights into the redox imbalance present in patients who
have mitochondrial dysfunction, which has led to clinical trials designed to address this issue. In the
near future, clinicians caring for individuals affected by mitochondrial disease may not only have
improved therapies to offer their patients, but may also be able to monitor individuals by blood and
imaging biomarkers. By doing so, physicians may be able to both predict and understand in advance
the answer to the question, “Do you feel any better?”
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Abstract: Coenzyme Q10 (CoQ) is a lipid that is ubiquitously synthesized in tissues and has a key
role in mitochondrial oxidative phosphorylation. Its biochemical determination provides insight
into the CoQ status of tissues and may detect CoQ deficiency that can result from either an inherited
primary deficiency of CoQ metabolism or may be secondary to different genetic and environmental
conditions. Rapid identification of CoQ deficiency can also allow potentially beneficial treatment to
be initiated as early as possible. CoQ may be measured in different specimens, including plasma,
blood mononuclear cells, platelets, urine, muscle, and cultured skin fibroblasts. Blood and urinary
CoQ also have good utility for CoQ treatment monitoring.

Keywords: coenzyme Q10 deficiency; mitochondrial diseases; treatment monitoring

1. Introduction

Coenzyme Q10 (CoQ) is a lipid that acts in the mitochondrial respiratory chain (MRC) as the
electron transporter from Enzymatic Complexes I and II to Complex III. Recognized biological functions
of CoQ include an essential role in energy biosynthesis in the form of ATP, free radical detoxification,
stabilization of mitochondrial enzymatic complexes, binding to the permeability transition pore, and
the function of mitochondrial uncoupling proteins [1]. Almost all cells have the capacity for CoQ, and
at least 13 genes have been shown to be required for endogenous production of CoQ. Furthermore,
additional genes also influence CoQ availability such as those related with acetyl-CoA metabolism
or those that can cause secondary reduction in CoQ biosynthesis or increase its degradation [2,3].
CoQ deficiency has been associated with different clinical phenotypes and genetic conditions [4]
and environmental factors can also influence CoQ availability [5]. Regardless of the cause, the
impairment of CoQ status can result in profound deficits to mitochondrial function. Treatment with
CoQ supplementation can result in clinical improvement in CoQ deficiency, and early measurement
of CoQ status is therefore of fundamental importance to allow the rapid initiation of treatment.
Unfortunately, response to CoQ supplementation in trials with other mitochondrial disorders has
been disappointing [6,7]. However, the lack of efficacy could potentially relate to delayed treatment;
consequently, further studies are needed to ascertain whether early identification of CoQ deficiency
in mitochondrial patients may help identify those in whom CoQ supplementation may yet prove
beneficial [7].
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2. Diagnostic Issues of CoQ Deficiency Syndromes

Currently, it is known that 8 of the 13 genes related to CoQ biosynthesis (COQ genes) can
cause human disease [4], but these primary conditions are extremely rare. However, secondary CoQ
deficiency is a common feature in a range of diseases. This susceptibility may be due to the intricate
mechanisms and biological functions in which CoQ participates. Secondary deficiencies can occur
in mitochondrial oxidative phosphorylation (OXPHOS) disorders [2,6,7] and in a broad spectrum of
non-OXPHOS disorders [3]. Interestingly, the prevalence of muscle CoQ deficiency was demonstrated
to be similar for both OXPHOS and non-OXPHOS disease patients [3]. Furthermore, it has been
suggested that CoQ status may be an accurate predictor of deficient activity of MRC components [8,9],
so routine CoQ measurement within the diagnostic workflow of OXPHOS disease seems advisable,
especially for muscle biopsies.

Primary CoQ deficiency is considered a rare mitochondrial disorder associated with a
heterogeneous clinical phenotype [4]. Nevertheless, clinical identification of potential cases is of
paramount importance to initiate investigations that may provide early diagnosis and initiation
of specific treatment, especially as some CoQ-deficient patients respond well to high oral doses of
CoQ [10]. The clinical picture in primary CoQ deficiency can include ataxia with cerebellar involvement
(the most common phenotype of CoQ deficiency syndromes), multiple organ failure in neonatal-onset
forms, kidney disease, deafness, or muscular involvement [4], amongst others. The biochemical
findings consist of a variable degree of CoQ deficiency in tissues (muscle/fibroblasts), which in
turn may cause a reduction in the activity of the CoQ-dependent mitochondrial respiratory chain
(Complexes I + III and Complexes II + III in muscle, Complexes glycerol-3-phosphate (G3P) + III and
Complexes II + III in fibroblasts). However, it is not possible to biochemically distinguish between
primary and secondary CoQ deficiencies nor to identify candidate genes for mutational analysis [11].

The initial stage of laboratory analysis is the biochemical identification of CoQ deficiency. Reduced
activities of CoQ-dependent enzymes are indicative of CoQ deficiency, suggesting a decrease in electron
transfer related to the quinone pool. This is supported by the restoration of Complex II + III activity
after incubation with exogenous ubiquinone [12–14]. Nevertheless, direct quantitative measurement of
CoQ levels is the most reliable test for diagnosis [15]. Essential to this is the choice of tissue for analysis.
This may often be a balance between obtaining the most reliable sample for CoQ measurement and
minimizing invasive procedures. However, some specimens such as plasma may not be suitable for the
diagnosis of primary CoQ deficiency since misleading partial restoration of CoQ values from dietary
sources of CoQ can occur in plasma.

After establishing the biochemical diagnosis, the next step is to identify the specific genetic
defect. Next-generation sequencing has largely replaced the need to serially sequence individual COQ
genes and other genes associated with secondary deficiency and thus has profoundly changed the
diagnostic process [11]. Nevertheless, biochemical measurements still play an important role in the
diagnostic pathway by providing rapid and reliable demonstration of CoQ deficiency that allows early
treatment initiation.

In this chapter, we will review the state of the art in CoQ measurement, utilizing different
biological specimens for the investigation of mitochondrial disorders for both diagnosis and therapeutic
follow-up. Additionally, we will highlight the advantages and pitfalls of CoQ determination in
such specimens.

3. CoQ Determination in Biological Samples. What Can We Expect?

CoQ is ubiquitously synthesized and found in almost all human cells, with higher CoQ
concentrations found in organs with high-energy demand and metabolic rate. The measurement of
both reduced and oxidized forms of CoQ allows for the determination of total CoQ, and this provides
an optimal measure to detect CoQ deficiencies. CoQ levels in a range of specimen types from patients
with mitochondrial diseases have been demonstrated to be lower than control values [6,7,16,17].
However, the particular CoQ distribution in distinct cellular fractions and the complexity of biological
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matrices makes the biological sample choice and preparation a critical step in the CoQ quantification
process [18]. Additionally, since CoQ deficiency may be tissue-specific [19], invasive procedures are
frequently needed in order to assess endogenous CoQ in the target organ, especially in muscle. Thus,
it can be of value to analyze CoQ status in a full range of sample types, as a deficiency may remain
undetected if the appropriate specimen is not chosen. Table 1 summarizes the different biological
specimens and technical approaches for accurate CoQ determination.

Table 1. Advantages and limitations for the CoQ analysis in different biological specimens.

Tissue Advantages Limitations

Plasma
Minimally invasive
Identification of secondary CoQ deficiencies
CoQ treatment monitoring

Low diagnostic yield for CoQ deficiency in
mitochondrial disorders
CoQ values modified by external sources

Leukocytes
Platelets

Minimally invasive
Correlation with CoQ tissue levels
CoQ treatment monitoring

Fresh preparation
Time-consuming
Few reported experiences in
mitochondrial disorders.

Muscle Good diagnostic yield for CoQ deficiency
Other mitochondrial studies can be performed

Invasive
No treatment monitoring

Fibroblasts
Good diagnostic yield for some CoQ deficiencies
Functional studies can be performed (CoQ biosynthesis)
Unlimited biological material for further studies

False negative results in some cases

Urine
Non-invasive
Easily detectable CoQ values
Treatment monitoring purposes

Correlation with kidney CoQ status
remains to be established

Note: Coenzyme Q10 (CoQ).

3.1. Blood Plasma

Plasma CoQ is influenced by both dietary intake and hepatic biosynthesis [20]. Exogenous
CoQ is absorbed through the gut by a complex process that can involve both active and passive
mechanisms [21]. CoQ is then redistributed via the blood linked to cholesterol transporter
lipoproteins [22] that act as the major carrier of CoQ in circulation [23]. The first step of patient
CoQ estimation may be based on plasma measurement. However, CoQ status in plasma can be
affected by both dietary supply and lipoprotein concentration. It is noteworthy that dietary sources
of CoQ can significantly influence plasma CoQ concentrations, contributing up to 25% of the total
amount [23]. For this reason, it has been suggested that plasma CoQ evaluation is not reliable for the
diagnosis of primary CoQ deficiencies [24] as partial correction of CoQ levels may occur due to dietary
consumption of CoQ or increases in cholesterol availability. Indeed, in most patients with primary CoQ
deficiencies, plasma CoQ values are normal. Conversely, a reduction of plasma CoQ is not frequently
observed in the general population, and although there is no demonstrated correlation of plasma and
tissue CoQ values, decreased levels may reliably indicate secondary CoQ deficiencies associated with
diseases such as phenylketonuria and lysosomal storage diseases [25–30]. Whether plasma CoQ can be
used to indicate deficient tissue CoQ status in patients with mitochondrial disorders remains unknown
at present.

While the usefulness of plasma CoQ analysis for the diagnosis of CoQ deficiency remains to be
established, plasma CoQ determination has a critical role for CoQ treatment monitoring [31]. CoQ
therapy is commonly used for the treatment of mitochondrial disorders and the follow-up of these
patients should include regular plasma CoQ quantification. This allows for informed adjustment of
the oral CoQ dose, the control of treatment compliance and confirmation of adequate CoQ intestinal
absorption. The degree of distribution of this supplemented plasma CoQ from blood to affected tissues
remains to be demonstrated and is still a matter of debate.

3.2. Blood Cells

Since analysis of plasma CoQ has limitations for diagnosis and avoidance of invasive first-step
diagnostic procedures for the investigation of mitochondrial patients is desirable, a range of studies
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have tested the reliability of CoQ determination in different blood cell types. Remarkably, leukocyte
CoQ levels correlate well with that of skeletal muscle and therefore represent a good alternative
to evaluate endogenous CoQ [20]. Moreover, these cells can also display changes in cellular CoQ
status upon CoQ supplementation [32]. This approach should be applicable for the identification of
some patients with primary CoQ deficiencies. However, there is a lack of experience with these cells
in most specialist clinical chemistry laboratories. Reference values have been reported [33], but no
large-scale studies of mitochondrial diseases have been published. Unfortunately, the utility of this
specimen currently remains constrained by technical limitations, including difficulties concerning
sample collection and processing.

Similarly, platelet CoQ evaluation seems to be a good indicator of mitochondrial electron transport
chain function [34,35]. Some studies have reported platelets as being a useful material for the
determination of cellular CoQ content and of great utility for clinical monitoring CoQ treatment [36,37].
Although no reference values have been established, it is of note that platelet CoQ measurement may be
advantageous compared to plasma during CoQ supplementation by providing a more representative
measurement of cellular uptake and steady-state conditions [37]. However, even though detailed
information about sample preparation and methods of detection are available, no studies of a large
patient series have been published in relation to platelet CoQ evaluation for diagnosis or for follow-up
in mitochondrial diseases.

Another possibility is to employ lymphoblastoid cell lines [11]. These cells combine the advantages
and disadvantages of mononuclear cells and fibroblasts (see below) in that they do not require invasive
procedures and allow for functional measurements. However, experience with these cells in clinical
laboratories is very limited and the immortalization procedure may cause artifacts. In particular,
immortalized cells tend to compensate the CoQ deficiency by overexpressing components of the CoQ
biosynthetic machinery, so this may mask partial deficiencies.

3.3. Muscle

Muscle biopsy material continues to be the best current option for investigations of CoQ status
in mitochondrial disorders, with a biochemical diagnosis of CoQ deficiency indicated from the
measurement of total CoQ content in muscle homogenates. The main advantage of this biological
specimen is that other biochemical and histological studies may be conducted in parallel to evaluate
the functional condition of the mitochondria, including measurement of mitochondrial respiratory
chain enzyme activities, expression and assembly of mitochondrial complexes, and an assessment
of the characteristic histopathological features of mitochondrial diseases [8]. Typically, a part of the
muscle biopsy is processed in fresh conditions for histopathological and functional studies whilst the
remaining sample is frozen immediately at −80 ◦C until analysis. The frozen samples are useful for
CoQ determination and some other mitochondrial studies, with a minimum of 20–40 mg of muscle
biopsy required for CoQ measurement [8].

Muscle CoQ deficiency is relatively common in patients with mitochondrial disorders [2–8].
Biochemically, it may be concomitantly present with decreased Complexes I + III and Complexes II + III
activities, although other MRC complexes may be affected [8]. However, not all patients with muscle
CoQ deficiency show MRC abnormalities, supporting the role of this molecule in other essential
biological processes beyond energy production [2,17]. Some investigators have proposed CoQ redox
status as a biomarker for oxidative stress [8,38]. However, this requires extensive and complicated
investigations and is unnecessary to establish the diagnosis of CoQ deficiency.

In the last few years, a large list of mutated genes in patients who display secondary muscle
CoQ deficiency has been reported [2–7]. All of these authors concluded that muscle CoQ deficiency
is a frequent finding in mitochondrial disorders in general, with primary CoQ deficiency a much
rarer condition. Clearly, some of these patients may benefit from CoQ supplementation aimed at
restoring CoQ values and thus improving clinical outcomes [39]. Recently, it has been demonstrated
that muscle CoQ values are a good predictor of MRC enzyme function with a utility at least equal to
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citrate synthase activity [9]. This provides added value for muscle CoQ analysis in the investigation of
mitochondrial disorders.

3.4. Fibroblasts

Skin fibroblasts are also a good specimen for demonstrating CoQ deficiency [40]. CoQ content
and MRC enzyme activities can be measured in fibroblasts alongside different in vitro studies for
assessing CoQ synthesis and other metabolic pathways [41,42]. Fibroblast CoQ deficiency may be
accompanied by decreased activities of Complexes G3P + III and Complexes II + III that may or may
not be associated with deficiency of other MRC complexes [17].

Fibroblasts are usually obtained from minimally invasive skin punch biopsies and after culturing
in standard medium (Dulbecco’s Modified Eagle Medium (DMEM) containing 10% Fetal Bovine Serum
(FBS) and 1% penicillin-streptomycin) [40], these cells are amenable to biobank storage, making them
a very valuable material for future investigations. To analyze CoQ content, cultured skin fibroblasts
are homogenized and lipids are extracted before CoQ quantification [43]. In addition, in vitro
investigation of CoQ biosynthetic capacity can be performed in cultured fibroblasts. These assays
are used to analyze the incorporation of radiolabeled substrates into CoQ, such as [3H]-mevalonate
and [14C]-4-hydroxybenzoate, or that of stable isotopes with the measurement of synthesized CoQ by
high pressure liquid chromatography (HPLC) with radiometric or tandem mass spectometry (MS–MS)
detection [41,44,45]. These studies have been demonstrated to be very useful in discriminating between
a primary CoQ deficiency, where the CoQ biosynthesis downstream of the provided substrates is
impaired, and secondary CoQ deficiencies, where other mechanisms leading to CoQ deficiency are
expected [41]. However, some limitations inherent to fibroblasts have been reported. For example,
patients with muscle CoQ deficiency may show normal CoQ values in fibroblasts [46], and secondary
fibroblast CoQ deficiency has been described in patients with other non-mitochondrial diseases [41].

Other investigations in cultured skin fibroblast have provided insights about key
pathophysiological aspects implicated in CoQ deficiency, such as impairment of ATP synthesis or
increased free radical damage [47,48]. Other pathophysiological mechanisms proposed include the
implication of CoQ in pyrimidine biosynthesis (demonstrated in COQ2-mutant fibroblasts) [49]
and the potential induction of mitophagy in response to CoQ deficiency [50]. Cotan et al. [51]
reported that MELAS fibroblasts show a significant reduction of the mitochondrial membrane potential
associated with secondary CoQ deficiency, which triggers mitochondrial degradation by mitophagy.
Fragaki et al. [52] also observed a secondary mitochondrial dysfunction in ganglioside GM3 synthase
(EC:2.4.99.9) deficient patients (including decrease in Complexes I + III and Complexes II + III in
the liver among other MRC abnormalities in fibroblasts), leading to the impairment of normal
mitochondrial electron flow and proton pumping, including a drop in mitochondrial membrane
potential and an increase in apoptosis.

3.5. Urine

Mitochondrial diseases can be associated with renal involvement. Interestingly, primary CoQ
deficiency patients can present with a nephrotic syndrome either in isolation or in combination with
other clinical signs [53,54]. This is perhaps not surprising given that renal tubules and glomerular
podocytes are rich in mitochondria, allowing them to satisfy a high metabolic demand. Moreover,
dramatic clinical improvement of patients with renal disease and CoQ deficiency has been observed
following CoQ supplementation [10]. Urinary tract CoQ analysis could be an appropriate approach
to assessing kidney CoQ status and may help fulfill the critical need for less invasive procedures
to determine tissue CoQ status. Recently, a new methodology for the measurement of CoQ in
urine has been standardized, including the establishment of reference values for a pediatric control
population [55]. This new evaluation of urinary tract CoQ is a noninvasive procedure that might be
useful for estimating CoQ kidney status for diagnosis and especially for CoQ treatment monitoring.
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3.6. Other Biological Samples

CoQ is present in all tissues with its abundance in individual tissues associated with energy
requirements or metabolic activity. Consequently, CoQ content displays a great variability between
different organs and even between cells within the same organ [33]. Several authors have
reported reduced CoQ levels in other tissues such as liver or kidney in patients with mitochondrial
diseases [6,56,57]. However, these procedures require invasive biopsy procedures that can only
be justified if other options for investigations of CoQ status have been exhausted. Experimental
measurement of CoQ has also been reported in cardiac tissue obtained from patients undergoing heart
transplantation [58]. This study found moderate decreases in CoQ in patients with heart failure in
comparison to those without heart failure.

CoQ deficiency can present with profound neurological features, so measurement of CoQ in
cerebrospinal fluid (CSF) has the potential to provide important clinical insight as an indicator of
brain CoQ status. The concentration of CSF CoQ is in the low nanomolar range and therefore requires
specialist analysis by tandem mass spectrometry [59]. Reference ranges have been established for CoQ
in CSF, and a suggested application for this technique is in the identification of cerebral CoQ deficiency,
although pathological samples were not reported [59].

Very recently, a new approach for CoQ determination has been described using non-invasive
mouth swab collection of buccal mucosa cells for CoQ measurement by micro-HPLC. This technique
may prove to be valuable for monitoring pediatric patients [60].

4. CoQ Quantification: Technical Aspects

The gold standard procedure for biochemical diagnosis of CoQ deficiency is the analysis of
CoQ concentration by HPLC with ultraviolet or electrochemical detection [11]. Recently, new
procedures for CoQ determination have been developed based on liquid chromatography-tandem mass
spectrometry [41], allowing not only CoQ quantification but also an estimation of the CoQ biosynthetic
rate in fibroblast cell cultures incubated with adequate CoQ precursors. Methodological approaches
for CoQ measurement are reviewed in another chapter of this issue. Typical CoQ chromatograms from
serum, urine, muscle, and cultured skin fibroblasts are depicted in Figure 1.

Figure 1. Normal Coenzime Q10 (CoQ) chromatograms of different biological specimens. (A) serum;
(B) urine; (C) muscle; (D) cultured skin fibroblasts. In each specimen, type Q9 and Q10 have a
different retention time that is related to differences in sample matrices and the high-pressure liquid
chromatography (HPLC) column length required for separation.
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5. Conclusions

CoQ is a molecule involved in multiple essential biological functions mainly within the
mitochondria. The intricate metabolic pathways related to CoQ biosynthesis and metabolism underlie
a vulnerability to frequent reductions in the concentration of this molecule as a consequence of different
disease states, but are especially relevant in mitochondrial disorders. Because of this, the measurement
of CoQ status in different biological specimens can be considered an essential part of the diagnostic
and research workflows for patients with mitochondrial disorders and for CoQ treatment monitoring.
This is particularly crucial as CoQ deficiency can be a treatable condition in some cases, so early
recognition of the CoQ-deficient status is important to allow for the commencement of CoQ therapy as
soon as possible.
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Abstract: Coenzyme Q10 (CoQ10) deficiency syndrome includes clinically heterogeneous
mitochondrial diseases that show a variety of severe and debilitating symptoms. A multiprotein
complex encoded by nuclear genes carries out CoQ10 biosynthesis. Mutations in any of these
genes are responsible for the primary CoQ10 deficiency, but there are also different conditions that
induce secondary CoQ10 deficiency including mitochondrial DNA (mtDNA) depletion and mutations
in genes involved in the fatty acid β-oxidation pathway. The diagnosis of CoQ10 deficiencies
is determined by the decrease of its content in skeletal muscle and/or dermal skin fibroblasts.
Dietary CoQ10 supplementation is the only available treatment for these deficiencies that require
a rapid and distinct diagnosis. Here we review methods for determining CoQ10 content by HPLC
separation and identification using alternative approaches including electrochemical detection and
mass spectrometry. Also, we review procedures to determine the CoQ10 biosynthesis rate using
labeled precursors.

Keywords: coenzyme Q10; CoQ10 deficiency syndrome; CoQ10 biosynthesis; mitochondria diseases

1. Introduction

The mitochondrial respiratory chain (MRC) generates most of the cellular ATP and is comprised
of five multi-subunit enzyme complexes. Both the mitochondrial DNA (mtDNA) and the nuclear
DNA (nDNA) encode for polypeptides of these complexes and also proteins involved in mitochondrial
function. Besides MRC enzyme complexes, two electron carriers, coenzyme Q (CoQ) and cytochrome
c, are vital for mitochondrial synthesis of ATP. Mutations in genes of either genome may cause
mitochondrial diseases, which are common among inherited metabolic and neurological disorders [1].

CoQ is a lipid-soluble component of virtually all cell membranes. It is composed of a benzoquinone
ring with a polyprenyl side chain, the number of isoprene units being a characteristic of given specie,
e.g., 10 in humans (CoQ10). CoQ10 transports electrons from MRC Complexes I and II to Complex III.
These electrons come from either NADH or succinate [2] although CoQ10 can be alternatively reduced
with electrons provided by different redox reactions in mitochondria [3]. Consequently, CoQ10 is
essential for ATP production inside mitochondria, although it is also an indispensible antioxidant in
extramitochondrial membranes and a key factor for pyrimidine nucleotide synthesis [4].

CoQ biosynthesis depends on a pathway that involves at least 11 genes (COQ genes), showing a
high degree of conservation among species, and is carried out by a putative multi-subunit enzyme
complex [5]. Most of the information about the CoQ biosynthesis pathway comes from yeast, and
maintains a high homology with mammal gene components (Table 1) [6]. The CoQ10 biosynthesis
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pathway is highly regulated by transcription factors PPARα and NFκB [7–9]. HuR and hnRNP C1/C2
binding proteins stabilize COQ7 mRNA as another CoQ10 biosynthesis regulatory mechanism [10].

Table 1. Yeast COQ genes and their characterized human homologues.

Yeast Human Function

COQ1 PDSS1 */PDSS2 * Synthesis of polyprenyl-diphosphate
COQ2 COQ2 * pHB-prenyl-transferase
COQ3 COQ3 * Methyltransferase
COQ4 COQ4 * Organization of the multi-enzyme complex
COQ5 COQ5 Methyltransferase
COQ6 COQ6 * Mono-oxygenase
COQ7 COQ7 * Hydroxylase
COQ8 ADCK3 */ADCK4 * Unorthodox kinase (regulatory)
COQ9 COQ9 * Lipid binding protein

COQ10 COQ10A/COQ10B CoQ chaperone
PTC7 PPTC7 Phosphatase (regulatory)

* These genes were mutated in human causing primary CoQ10 deficiency.

Coq7p is post-translationally regulated in yeast that involves mitochondrial phosphatase
Ptc7 [11,12]. Ptc7 human orthologue (PPTC7) is related to cellular bioenergetics and stress
resistance [13]. Coq7p activity is a key regulator of the CoQ biosynthesis complex [6,14], which
may depend on the interaction with Coq9p contributing to the stabilization of the biosynthesis
complex [15–18]. The level of CoQ is highly regulated inside cells and tissues but its concentration is
different in each tissue and organ, and depends on dietary conditions and age [19,20]. CoQ also varies
greatly in human diseases such as Alzheimer’s disease, cardiomyopathy, Niemann-Pick and diabetes.

2. CoQ10 Deficiency Syndrome

CoQ10 deficiency syndrome includes diverse inherited pathological diseases defined by the
decrease of CoQ10 content in muscle and/or cultured skin fibroblasts. CoQ10 deficiency impairs
oxidative phosphorylation and causes clinically heterogeneous mitochondrial diseases [21,22]. When
the decrease in CoQ10 content is due to mutations in genes encoding proteins of the CoQ biosynthesis
pathway or its regulation (COQ genes), it causes primary CoQ10 deficiency [23,24]. Secondary CoQ10

deficiencies may be due to defects in genes unrelated to the CoQ10 biosynthetic pathway. Secondary
CoQ10 deficiency is a common finding in oxidative phosphorylation (OXPHOS) and non-OXPHOS
disorders [25]. A low mitochondrial CoQ10 content is described in mtDNA depletion [26], mutations in
the DNA repairing aprataxin [27], mutations of the enzyme ETFDH of the β-oxidation of fatty acids [28],
recurrent food intolerance and allergies [29], methylmalonic aciduria [30], myalgic encephalomyelitis
chronic fatigue syndrome [31], and propionic acidemia [32]. We propose that cases of secondary CoQ10

deficiency associated with OXPHOS defects could be adaptive mechanisms to maintain a balanced
OXPHOS which is required to keep cells alive, although the mechanisms explaining these deficiencies
and the pathophysiological role in the disease are unknown.

The clinical phenotypes of primary CoQ10-deficient patients are broader than initially reported
in 1989 [33], including (i) a multisystem disorder with steroid-resistant nephrotic syndrome as the
main clinical manifestation (COQ1-PDSS2) [34], (COQ2) [35], (COQ6) [36] and (ADCK4) [37]; (ii) a
multisystem disorder without nephrotic syndrome (COQ1-PDSS1) [38], (COQ9) [39] and (COQ7) [40];
(iii) cerebellar ataxia (COQ8-ADCK3) [41–47]; and (iv) myopathy and encephalopathy (COQ4) [48–50].

3. Primary CoQ10 Deficiency Therapy

Primary CoQ10 deficiency is unique among mitochondrial diseases because an effective therapy is
available for patients, which is the supplementation of CoQ10. Ubiquinol, the reduced form of CoQ10,
was recently approved as an orphan drug for primary CoQ10 deficiency [51]
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While this approach is quite successful in some patients, with a clear improvement of
the pathological phenotype [52], some cases do not show any clinical relief as would be
expected [53], probably because they are suffering secondary CoQ10 deficiency. High-dose oral
CoQ10 supplementation can stop the progression of the encephalopathy and allows the recovery of
renal damage [52]. High-dose CoQ10 supplementation was also able to prevent the onset of renal
symptoms in PDSS2-deficient mice [54]. Furthermore, CoQ10 but not other quinones can restore
mitochondrial function in deficient human fibroblasts [55]. Due to the therapeutic possibility of CoQ10

supplementation for these patients, a rapid and unequivocal diagnosis of the deficiency is essential.

4. CoQ10 Determination in Cells and Tissues

Content of CoQ10 has been determined in plasma, white blood cells, skin fibroblasts and skeletal
muscle biopsies to assess a deficiency diagnosis [56–58], and recently useful determination in the urine
of pediatric patients was demonstrated [59]. Although CoQ can be measured in plasma and white
blood cells, you cannot use it for the diagnosis of mitochondrial diseases since CoQ content in plasma
and white blood cells is often not decreased in these conditions.

CoQ10 content is mainly analyzed by the injection of lipid extracts in HPLC and detected by
either electrochemical and/or UV-vis detectors, or mass spectrometry. Electrochemical detection has
significant advantages compared to UV-vis detection; these include higher sensitivity and also the
ability to measure oxidized and reduced forms of CoQ, either separately or combined, according to
differential positioning of the conditioning cell (before or after the injector valve, respectively).

CoQ10 extraction from biological samples (0.5 mg protein) requires the disruption of hydrophobic
elements (lipid bilayers and lipoproteins) by adding SDS (1% final concentration). Lipids are dispersed
with an alcohol cocktail (2-propanol 5% in ethanol) mixed with the disrupted biological sample (ratio
1:2 v/v), and they undergo subsequent triplicated hexane extraction (dispersed sample:hexane ratio
3:5 v/v). Hexane fractions are mixed and dried under vacuum, and then reconstituted in ethanol prior
to HPLC analysis. To estimate CoQ10 recovery, 100 pmol CoQ9 was included in the alcohol cocktail
(2-propanol 5% in ethanol). Trace amounts of CoQ9 may have eventually been found in human tissues
(probably from dietary uptake), but this does not interfere with the significant amount of internal
standard added.

For convenience in high-throughput analysis, volumes are scaled down for extraction and vortex
in 1.5 mL polypropylene tubes or 2 mL cryo vials.

Separation in C18 RP-HPLC columns (5 μm, 150 × 4.6 mm) requires 20 mM AcNH4 pH 4.4
in methanol (solvent A) and 20 mM AcNH4 pH 4.4 in propanol (solvent B). A gradient method
with a 85:15 solvent mixture (A:B ratio), and a flow rate of 1.2 mL/min, is regularly used as the
starting conditions. The mobile phase turns to a 50:50 A:B ratio starting in minute 6 and completed in
minute 8, as the flow rate decreases to 1.1 mL/min. After 20 min (run time) at 40 ◦C, the columns are
re-equilibrated to the initial conditions for three additional minutes.

The detection of total CoQ10 can be achieved either by UV-vis (set to 275 nm) or electrochemical
(ECD) detectors (channel 1 set to −700 mV and channel 2 set to +500 mV, conditioning guard cell after
injection valve). For complex samples including many peaks, the CoQ10 peak is confirmed by spectral
information (UV-vis) or by the redox area ratio (ECD detector, −700/+500 area ratio), compared to
pure CoQ10. Figure 1 illustrates two chromatograms that correspond to normal age-matched human
dermal fibroblasts (black plot) compared to patient dermal fibroblasts with CoQ10 deficiency (red plot).
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Figure 1. HPLC elution profile of lipid extracts from human skeletal muscular tissue. Patient
pathological profile (red plot) shows that CoQ10 is clearly diminished compared to healthy control
volunteers (black plot). CoQ9 is used as internal standard for normalization.

5. Analysis of CoQ10 Biosynthesis

Another important approach to assess CoQ10 deficiency in cells is to determine the rate of
biosynthesis by the level of incorporation of labeled of CoQ10 precursors such as para-hydroxybenzoate
(p-HB) labeled with either 13C-p-HB or 14C-p-HB, which is the precursor of the benzoquinone ring, or
2H-mevalonate, which is the precursor of the isoprenyl side chain [10,60].

Polyprenyl-pHB transferase activity was assayed by measuring the incorporation of 14C-p-HB
into nonaprenyl-4-hydroxybenzoate [35]. Isolated mitochondria (0.1–1 mg protein) were mixed with
assay buffer (50 mM phosphate buffer, pH 7.5, 10 mM MgCl2, 5 mM EGTA containing 1 mM PMSF,
20 μg/mL each of the protease inhibitors chymostatin, leupeptin, antipain, and pepstatin A, 5 μM
solanesyl pyrophosphate solubilized in detergent solution (1% in water), and 105 DPM of 14C-p-HB).
A sufficient volume of a 10% detergent stock solution was also added to the reaction medium to
achieve a final detergent concentration of 1%. The following detergents were tested: Triton X-100,
Chaps, sodium cholate, sodium deoxycholate, lysophosphatidyl choline, and octylglucoside. After
incubation for 30 min at 37 ◦C with gentle stirring, the reaction was stopped by chilling samples
to 4 ◦C. Prenylated 14C-p-HB was separated by organic extraction with hexane and then measured
using a liquid scintillation counter. Specific activity was expressed as disintegrations per minute
(DPM) min−1·mg·protein−1.

Biosynthesis of 14C-CoQ10 has been quantified in any type of cell culture, such as cancer cells,
human skin fibroblasts, and murine embryonic fibroblast and stem cells [10,61]. Previously, cultures
were incubated with 4.5 nM 14C-p-HB for one to three days, depending on the cell-specific rate
of growth. The 14C-p-HB was chemically synthesized in our laboratory from 14C-thyrosine [61].
Labeled-CoQ10 content is analyzed by lipid extract injection in HPLC and detected by the radio-flow
detector LB 509 with a solid cell YG 150 Al-U4D (Berthold Technologies, Bad Wildbad, Germany)
in parallel with either electrochemical or UV-vis detectors. Lipid extraction is done as we described
above for CoQ10 determination in cells and tissues, but isocratic HPLC analysis lipid separation is
performed with methanol:propanol (65:35) plus 20 mM AcNH4 pH 4.4 at a constant flow rate of
1 mL/min (Figure 2).
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Figure 2. HPLC elution profile of lipid extracts from human fibroblasts cultured with the radiolabeled
precursor 14C-p-HB. Patient pathological profile (red plot) shows that CoQ10 is clearly diminished
compared to control cells from healthy humans (blue plot). Left Y-axis shows the radio-flow detector
scale (volts). Right Y-axis shows the UV-detector scale (absorbance units) for a standard pool of CoQ10

and CoQ9 (black plot). Notice that the only peak detected in this analysis corresponded with CoQ10.

Alternatively, a non-radioactive protocol to analyze CoQ10 biosynthesis was developed using
either 2H-mevalonate or 13C-phydroxybenzoate as CoQ10 precursors as described by Buján et al.
(2014) [60]. Human fibroblasts at 60%–70% were incubated with these precursors for 24–72 h at
different concentrations. After incubation, cells were trypsinized and washed twice with isotonic
buffer. Pelleted cells were resuspended with 300 μL of a buffer solution containing 0.25 mmol/L
sucrose, 2 mmol/L EDTA, 10 mmol/L Tris and 100 UI/mL heparin, pH 7.4, and sonicated twice for
5 s. These homogenates were used to determine CoQ10 biosynthesis measuring by HPLC-MS/MS, as
described in Arias et al. (2012) [62]. Briefly, HPLC separation was as indicated above and extracted
peaks were analyzed by MS/MS in a Micromass Quattro micro™ (Waters/Micromass, Manchester, UK).
The MS/MS was operated in the electrospray positive ion mode with a cone voltage (CV), and collision
energy (CE) of 15 V and 20 eV, respectively. The following multiple-reaction monitoring transitions
were selected: m/z 900 > 203 and 897>197 for 13C-CoQ10 or 2H-CoQ10, respectively, 894 > 197 for the
physiological CoQ10 and 826 > 197 for CoQ9 (internal standard). The dwell time for each transition
was 200 ms and the run-time was 16 min. Nitrogen (at a flow rate of 50 L/h) and argon (adjusted to
obtain a vacuum of 3◦—10−3 bar) were used as the nebulizing and collision gas, respectively.

6. Concluding Remarks

Coenzyme Q10 deficiency syndrome includes a group of mitochondrial diseases showing diverse
inherited pathological phenotypes. The common aspect of them is the lower content of CoQ10 in
tissues and organs. Primary deficiency is caused by defects in proteins encoded by COQ genes, which
are components of the biosynthesis pathway or its regulation. CoQ10 supplementation is the current
treatment of primary CoQ10 deficiency, which highly improves symptoms. A rapid and distinct
characterization of the deficiency is important, and it is mainly determined in skeletal muscle and/or
skin dermal fibroblasts. The main approach is to analyze the total content of CoQ10 in lipid extracts by
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HPLC and UV and/or electrochemical detection. Alternatively, the CoQ10 biosynthesis rate in cultured
cells can be determined by incubation with radiolabeled precursors.
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