1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Curr Opin Pediatr. Author manuscript; available in PMC 2021 December 01.

Published in final edited form as:
Curr Opin Pediatr. 2020 December ; 32(6): 707-718. d0i:10.1097/MOP.0000000000000954.

Mitochondrial Medicine Therapies: Rationale, Evidence, and
Dosing Guidelines

Isabella Barcelos!', Edward Shadiack?, Rebecca D. Ganetzky?3+* Marni J. Falk?3.+"

1Center for Applied Genomics, Division of Human Genetics, Department of Pediatrics, The
Children’s Hospital of Philadelphia, Philadelphia, PA 19104, USA

2Mitochondrial Medicine Frontier Program, Division of Human Genetics, Department of Pediatrics,
The Children’s Hospital of Philadelphia, Philadelphia, PA 19104, USA

3Department of Pediatrics, University of Pennsylvania Perelman School of Medicine, Philadelphia,
PA 19104, USA

Abstract

Purpose of review—Primary mitochondrial disease is highly heterogeneous but collectively
common inherited metabolic disorder, affecting at least 1 in 4,300 individuals. Therapeutic
management of mitochondrial disease typically involves empiric prescription of enzymatic co-
factors, antioxidants, and amino acid as well as other nutrient supplements, based on biochemical
reasoning, historical experience and consensus expert opinion. As the field continues to rapidly
advance, we review here the pre-clinical and clinical evidence, and specific dosing guidelines, for
common mitochondrial medicine therapies to guide practitioners in their prescribing practices.

Recent findings—Since publication of Mitochondrial Medicine Society guidelines for
mitochondrial medicine therapies management in 2009, data has emerged to support consideration
for using additional therapeutic agents and discontinuation of several previously used agents. Pre-
clinical animal modeling data have indicated a lack of efficacy for vitamin C as an antioxidant for
primary mitochondrial disease, but provided strong evidence for vitamin E and N-acetylcysteine.
Clinical data has suggested L-carnitine may accelerate atherosclerotic disease. Long-term follow
up on L-arginine use as prophylaxis against metabolic strokes has provided more data supporting
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its clinical use in individuals with MELAS and Leigh syndrome. Further, several precision
therapies have been developed for specific molecular etiologies and/or shared clinical phenotypes
of primary mitochondrial disease.

Summary—We provide a comprehensive update on mitochondrial medicine therapies based on
current evidence and our single-center clinical experience to support or refute their use, and
provide detailed dosing guidelines, for the clinical management of mitochondrial disease. The
overarching goal of empiric mitochondrial medicines is to utilize therapies with favorable benefit-
to-risk profiles that may stabilize and enhance residual metabolic function to improve cellular
resiliency and slow clinical disease progression and/or prevent acute decompensation.

Keywords

Primary mitochondrial disease; mitochondrial cocktail; nutrient therapies; antioxidants; cofactors;
dose guidelines

INTRODUCTION

Primary mitochondrial disease (PMD) are a heterogeneous group of inherited genetic
disorders, caused by several hundred different pathogenic variants in both nuclear and
mitochondrial DNA genes[1,2]. PMD is highly clinical heterogeneous, presenting with a
myriad of signs and symptoms that may variably affect every organ in the body[3]. Although
each individual genetic cause of mitochondrial disease is itself rare, mitochondrial disease
collectively affects at least 1 in 4300 individuals[4]. Unfortunately, there exist no evidence-
based treatments or cures that have been proven effective in randomized, controlled, double-
blind clinical trials[5]. This extensive locus, allelic, and phenotypic heterogeneity, rapid pace
of novel genetic etiologies, lack of validated outcome measures that are responsive to
change, lack of generalizable biomarkers with high sensitivity and specificity for all PMD
cases, and poorly defined natural histories that often involve long periods of relative stability
punctuated by episodic acute decline have made performing randomized controlled trials to
demonstrate or refute the safety and efficacy of candidate therapies especially difficult in this
population[6].

PMDs share a common cellular pathophysiology involving reduced energy production in the
form of adenosine triphosphate (ATP), together with increased oxidative stress due to
imbalance between oxidant production and scavenging within both mitochondria and the

broader cell[7,8]. Therefore, commonly used mitochondrial medicines are generally
empirically based to support and enhance the residual oxidative phosphorylation capacity of
the mitochondrial respiratory chain as well as to reduce oxidative stress. While no cure has
been identified, the clinical goal of available therapies is to EiliGHCCHNGIANCHZnatcEng
cellular functioning and provide resiliency to support cellular needs during times of
metabolic stress sufficient to prevent acute clinical decompensation. Therapeutic

management of mitochondrial disease typically involves empiric prescription of enzymatic
co-factors, antioxidants, and amino acid as well as other nutrient supplements[9], based on
biochemical reasoning, historical experience and consensus expert opinion[10-12].
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Clinical goals of mitochondrial medicine therapies are to mitigate symptoms and prevent
disease progression. Given the phenotypic heterogeneity of PMD, goals for each patient may
vary based depending on their current symptoms or in anticipation of the eventual
development of symptoms given natural histories available for specific genetic conditions.
Acute treatment and prevention of metabolic stroke are therapeutic goals when treating
patients with arginine, citrulline and, more recently, taurine[13-16]. Therapies to improve
vision or prevent further vision loss for pigmentary retinopathy include lutein and n-
acetylcysteine[17-19]. N-acetylcysteine also has some evidence supporting its use for
neurobehavioral symptoms and hepatopathy[20-24]. A thorough review of specific
phenotypic indications for individual mitochondrial medicine therapy components is
presented in Table 1. Unfortunately, randomized controlled clinical trials that provide the
gold-standard of evidence for therapeutic effect are currently lacking for most of these
agents.

In the absence of safety and efficacy evidence from gold-standard randomized clinical trials,
clinical care for the growing cadre of definite PMDs has been guided by consensus expert
opinion, including from the Mitochondrial Medicine Society (MMS)[11,12]. These
guidelines offer rationale considerations to approach PMD based upon what is known about
the underlying pathophysiology and biochemistry of PMD, animal and cellular experimental
studies, and expert clinical experience of what has been deemed generally low-risk and
tolerable. Since the 2009 publication of therapeutic dosing guidelines for “mitochondrial
cocktail” therapies[12], a number of advances have been made in the field of mitochondrial
medicine. Here, we update and discuss current rationale, evidence, and dosing guidelines for
mitochondrial medicine therapies in patients with PMD including practical considerations as
to which therapies may be administered parenterally and which genetic etiologies and/or
phenotypes might be particularly responsive to specific therapies[25].

MITOCHONDRIAL MEDICINES

Within the literature and clinical practice, mitochondrial medicine regimens (colloquially

referred to as ‘lOCHONUNIGNCOCKIAINE ) ncompass a highly diverse selection of nutrients
with extensive variability in their combinations and dosages. [iECOMNCISDECICRNCIADEUIE
RN ENARCUERASUBRISHERS] Here, e have systematically catalogued

the specific individual therapies standardly utilized, current rationale and existing evidence
to support the safety and/or potential efficacy for each medication, and additional
considerations to support dose selection in children or adults, including whether there are
monitoring tests available useful for monitoring therapeutic dosing, parenterally available
formulations, FDA approved formulations, or specific genetic and/or phenotypic defined
PMD subpopulations for whom a specific therapy might be particularly useful to consider
(Table 1). Indeed, while we anticipate some of these therapies may be broadly useful to any
individual with a definite PMD, we recognize that in the growing era of precision medicine a
personalized approach to tailor the precise therapeutic selection to each patient’s broader
genomic or metabolic profile and specific molecular diagnosis (Table 2).
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Ultimately, the goal of empiric mitochondrial medication regimens is to support alternative
energy production pathways, reduce oxidative stress, remove toxic metabolites when
relevant, and stabilize and/or optimize residual mitochondrial respiratory complexes. The
extensive heterogeneity and episodic nature of mitochondrial diseases, along with a lack of
real-time biomarkers to evaluate disease severity, makes it difficult to measure day-to-day
clinical response. However, as most of the empiric therapeutic agents that are commonly
used are typically tolerable at even very high doses, it is reasonable to start a combination of
agents that have complementary mechanisms of action rather than initiating them
individually and attempting to gauge their individual response. Indeed, mitochondrial
medicine starting regimens and dosing have been standardized across all practitioners at our
clinical site (Table 1), with recommendation to obtain compounded regimens to standardize
medication source, stability, and dosing adherence; tailored adjustments are then made based
on tolerability concerns or additional patient-specific genetic and/or clinical features.
Relevant considerations to temper this approach is that reliable sources or formulations may
not be readily available, cost may be prohibitive, and insurance coverage may be limiting. To
minimize costs, a minimal general mitochondrial medicine regimen may include a
multivitamin, a B50 vitamin (as opposed to a B100 compound that is often too large for
many individuals to safely swallow), one or more antioxidant(s), and coenzyme Q10, with
additional agents selected based on the individual patient’s genotype and phenotype (Table
1). Indeed, as the volume or quantity of pills may be highly challenging for patients with
mitochondrial disease, many of whom have dysphagia, use of a compounding pharmacy
may be of benefit to provide a minimal volume for the selected therapies. We anticipate
multiple other precision therapies will be developed in the coming years, as dozens of
additional pharmaceutical companies are now working to develop a wide range of additional
therapeutic agents for PMD to be tested in randomized clinical trials (see Clinical Trials.Gov
for updated search of completed and active trials enrolling PMD patients).

CO-FACTORS
B vitamin serve as co-factors for many cellular reactions. [iGIINCIIGIISDNCE
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mitochondrial carboxylases, including pyruvate carboxylase[31]; secondary biotin
deficiency, although rare, is theoretically possible in individuals treated with lipoic
acid[32,33], based on which biotin is often supplemented in individuals on lipoic acid

therapy. Folic acid (Vitamin B9) is necessary for one-carbon transfer reactions; the active
form, folinic acid (5-formyltetrahydrofolate) is able to cross the blood brain barrier[34] and
is especially important in mitochondrial diseases associated with cerebral folate

BEFBIBABYI35] (c.9. Polymerase Gamma (POL G) deficiency[36], mtDNA deletion
disorders[37], Kearns Sayre Syndrome[38,39]), which may present with white matter
changes that may be reversible upon folinic acid (leucovorin) supplementation[40].

ANTIOXIDANTS

A range of different cellular antioxidants exist that have different mechanisms of action and
levels of efficacy. In PMD, antioxidants are empirically used to reduce oxidative stress in
attempt to mitigate DNA, lipid, and protein damage within mitochondria and the broader

cell. Commonly used antioxidants that have generally high tolerability include vitamin £

the mitochondrial and plasma membrane to scavenge free radicals and prevent oxidative
eSS R REIREMBEReEsE2]. Oxidized vitamin E is a stable
free radical, which can itself be reduced again by ascorbate to continue the antioxidant cycle.
Additional vitamin E effects include transcriptional inhibition of protein kinase C, which
reduces the downstream activity of oxidative pathways including NADPH oxidase[43,44]. In
pre-clinical animal models, vitamin E led to complete rescue of C. elegans short lifespan in a
genetic-based chronic mitochondrial complex I disease, and provided significant protection
from brain death in zebrafish exposed to a toxin that acutely inhibits mitochondrial
respiratory chain complex | function[8]. Alpha lipoic acid is a prominent intra-mitochondrial
antioxidant and cofactor of PDHC, which is water soluble and generally well-tolerated[45—
47). eSO rEbAVAIEBISNIMBReE0M0, \hich plays a central
role in mitochondrial biochemistry through its role in shuttling electrons from respiratory
chain complexes I or 1l and the electron transport flavoprotein to respiratory chain complex
I11. Ubiquinol also serves as a lipophilic and vitamin E-sparing antioxidant, with similar /n
vitro efficacy[41,48]. The oxidized form of CoQZ10, ubiquinone, does not itself have
antioxidant potential, although in some model systems it may decrease oxidative stress,
perhaps by its endogenous conversion to ubiquinol[41]. The recycling pathway of ubiquinol
is distinct, as it is not reduced by ascorbate, but rather by glutathione or directly by the
electron transport system [48]. Secondary CoQ10 deficiency, while uncommon, may also
occur in mitochondrial diseases[49]. Leukocyte CoQ10 levels are used by many clinicians to
adjust ubiquinol dosing, with a common therapeutic goal to keep levels at, or up to twice, the
upper normal range limit as a proxy for tissue CoQ10 levels. Although plasma CoQ10 levels
can also be measured, this is very sensitive to lipoprotein content of the blood, and therefore
is not reflective of tissue CoQ10 levels[49]. Idebenone, a synthetic version of CoQ10, is not
approved for the treatment of mitochondrial disease by the Food and Drug Administration
(FDA) in the United States, as trials have not shown clinical efficacy[50], although it has
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received provisional approval by the European Medical Agency (EMA) for Leber’s
Hereditary Optic Neuropathy, pending completion of a pivotal clinical trial[51].

ERTICXICERMRSHSRl Hovever, the latter has not been demonstrated in mitochondrial disease
models and, in contrast, lack of benefit with potential for toxicity at high doses was seen
when vitamin C was evaluated in a PMD complex | disease C. elegans animal model [8]. N-
acetylcysteine has been recognized as a central nervous system penetrant antioxidant that
may enhance the endogenous synthesis of glutathione, the major endogenous antioxidant
scavenging system[52] that is often deficient in mitochondrial disease patient tissues[53].
Brain magnetic resonance spectroscopy analysis demonstrated efficacy of N-acetylcysteine
supplementation to increase brain glutathione levels [54]. In addition, benefits of N-
acetylcysteine on animal viability, lifespan, health span, and systemic resiliency were
demonstrated in C. elegans, human cell, and zebrafish models of mitochondrial complex |
disease[8]. Plasma glutathione level analyses (total level, reduced glutathione, and oxidized
glutathione) have become clinically available in several US labs, which may be used to
determine which PMD patents have glutathione deficiency as an indicator of chronic
oxidative stress as well as to adjust N-acetylcysteine dosing to keep glutathione levels in the
normal range.

OTHER NUTRIENTS

Several additional nutrients may be variably used as mitochondrial medicines. L-arginine is
a substrate of nitric oxide synthase in the vascular endothelium that may be administered to

increase nitric oxide levels and relax vascular smooth muscle[55]. [ EGIGINCHSHSCONoneal

(MELAS)[13,14]
and clinical benefit when administered acutely to pediatric Leigh syndrome patients for
metabolic stroke[13]. L-citrulline is a precursor of L-arginine that leads to even greater nitric
oxide synthesis[15,56], and is empirically used in individuals with recurrent stroke-like
episodes despite prophylaxis with L-arginine[57]. Finally, L-creatine, when phosphorylated,
provides a cellular energy store that has particular clinical utility as a therapy for individuals
with mitochondrial myopathy presenting with exercise intolerance and muscle fatigue.

I ERErOSBIBesIs [ 53, 59]. Pyruvate and taurine recently been evaluated in PMD trial trials.
Pyruvate has been suggested to rebalance NADH/NAD™ levels with short-term benefit in a
small clinical cohort[60], but is not currently broadly used for this purpose in PMD patients.
Recent clinical studies in Japan of high-dose taurine demonstrated efficacy in reducing the
frequency of metabolic strokes in MELAS**[16,61], an indication for which it gained
regulatory approval in Japan but has not been approved by the FDA. Additional information
for health professionals about these and other dietary supplements are maintained on the
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NIH Office of Dietary Supplements Fact Sheet, “Dietary Supplements for Primary
Mitochondrial Disorders (https://ods.od.nih.gov/factsheets/PrimaryMitochondrialDisorders-
HealthProfessional/).

CONCLUSION

Despite the absence of randomized controlled trials evaluating mitochondrial medicine
empiric therapies to stabilize and/or improve health mitochondrial disease, progress has been
made to identify potentially beneficial compounds with a high benefit-to-risk ratio that are
generally well-tolerated for patients with inherited PMDs. Compounded regimens of empiric
therapies that have complementary mechanism of action, such as a multivitamin, B50
complex, one or more antioxidants (vitamin E and/or lipoic acid, as well N-acetylcysteine
when plasma glutathione deficiency is present), and coenzyme Q are generally well-
tolerated when started together. Precision mitochondrial medicine further supports the use of
specific therapies that have particular benefit for some genetic etiologies and/or shared
phenotypes, such as arginine for metabolic strokes, folinic acid for white matter disorders,
creatine for metabolic myopathy, high-dose N-acetylcysteine for ethylmalonic
encephalopathy, biotin and thiamine for biotin/thiamine-responsive basal ganglia disease,
and high-dose ubiquinol for primary CoQ10 deficiencies (Figure 1). The future of
mitochondrial medicine will increasingly require therapeutic personalization based on
molecular diagnosis and clinical phenotype.
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KEY POINTS

. While randomized controlled trial data is lacking, supporting pre-clinical
evidence and favorable benefit-to-risk ratios justify empiric use of
mitochondrial medicine regimens to manage PMDs.

. The overarching goal of mitochondrial medicines is to stabilize and enhance
residual metabolic function to improve cellular resiliency to slow clinical
disease progression and/or prevent acute decompensation.

. Mitochondrial medicine empiric therapies commonly include a combinatorial
regimen of vitamins, antioxidants, and co-factors, with further modification
based on genetic etiology, clinical phenotype(s), and biochemical findings.
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CORE MITOCHONDRIAL MEDICINE REGIMEN:

Multivitamin

B50 complex vitamin
Coenzyme Q10 (ubiquinol)
Antioxidant (vitamin E and/or alpha-lipoic acid + biotin)

Depletion Liver

Involvement

Myopathy

Kearns Sayre Muscle Fatigue
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Figure 1: Personalized prescribing of mitochondrial supplements.
This figure represents the recommended approach to prescribing mitochondrial medicines.

(Elevated lactate:pyruvate ratio indicates elevated NADH/NAD+ ratio.)
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