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Advances in drug therapy for mitochondrial diseases
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Abstract: Mitochondrial diseases are a group of clinically and genetically heterogeneous disorders driven

by oxidative phosphorylation dysfunction of the mitochondrial respiratory chain which due to pathogenic

mutations of mitochondrial DNA (mtDNA) or nuclear DNA (nDNA). Recent p

and biochemical methodologies has provided a better understanding of the et
mitochondrial diseases, and this has expanded the clinical spectrum of]
of mitochondrial diseases is largely symptomatic and thus does not sig n
disease. Few clinical trials have led to the design of drugs aimi
reversing the consequences of mitochondrial dysfunction which ar
mitochondrial diseases. Several other drugs are currently

with mitochondrial diseases. In this review, the current statu

is described systematically, and newer potential
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Mitochondria play multiple functions, such as supplying

Introduction

energy and maintaining intracellular homeostasis, and are
widely found in many eukaryotic cells. From the outside to
the inside, the mitochondrial structure is divided into four
functional areas: the outer membrane, the intermembrane
space, the inner membrane, and the matrix. Except
glycolysis which takes place in the cytoplasm, other cellular
oxidation processes are carried out in mitochondria.
The electron transport chain (ETC) of oxidative
phosphorylation is located in the inner membrane of
mitochondria and consists of five enzyme complexes (I-V),
two mobile electron carriers, coenzyme Q10 (CoQ10) and
Cyt C. The mitochondrial matrix contains many enzymes
and mitochondrial DNA (mtDNA), which together
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regulates pyruvate oxidation, tricarboxylic acid cycle, and
other biochemical reactions (1).

Mitochondrial diseases are a group of clinical and genetic
heterogeneous diseases stemming from disputation of the
oxidative phosphorylation of mitochondrial respiratory
chain caused by the pathogenic mutation of mtDNA
or nuclear DNA (nDNA). In addition to abnormal
intracellular calcium homeostasis, increased production
of reactive oxygen species (ROS), apoptosis disorder, and
other cell disorders makes the mitochondria unable to
produce enough energy to match needs of various organs,
especially the nervous system, skeletal muscle, myocardium,
kidney, liver and endocrine system. This suboptimal energy
situation in different organs may lead to disruption of
various processes which clinically manifest as mitochondrial
diseases, including cognitive impairment, seizures, motor

Ann Transl Med 2020;8(1):17 | http://dx.doi.org/10.21037/atm.2019.10.113


https://crossmark.crossref.org/dialog/?doi=10.21037/atm.2019.10.113

Page 2 of 10

disorders, heart diseases, kidney disease, liver disease,
and endocrine diseases (2). Because the mitochondria of
fertilized eggs only come from eggs, mitochondrial diseases
caused by mtDNA mutation show maternal inheritance
pattern, which differs from that caused by nDNA mutation.
It is worth noting that only a subset of patients with
mitochondrial diseases carry mitochondrial mutations, and
the the corresponding cell dysfunction and organ damage
occurs only when the level of mutant mtDNA in the cells
reaches a certain proportion. Moreover, the proportion
of mutant and non-mutant mtDNA show significant
differences even in cells from the same organ obtained
from different patients, or cells from different organs
of the same patient. This results in different degrees of
organ involvement and hence clinical manifestations, that
is to say, the clinical heterogeneity of mtDNA hereditary
mitochondrial diseases is immense. Similarly, nDNA
hereditary mitochondrial diseases show moderate clinical
heterogeneity for some subtypes (3).

With the advancements in molecular genetics and
biochemical methodologies, especially for next generation
sequencing, researchers have gained substantial in-
depth understanding of the etiology and pathogenesis
mitochondrial diseases, this has led to the diagnosis of more
mitochondrial diseases. However, progress in the tr
of mitochondrial diseases has been slow. Most t

ent

dt

Clinicians

for mitochondrial diseases are symptomati as
led to suboptimal control of the disease pro

iary fac

ondrial diseases,

often use antioxidants, vitamins, and a s as the
mainstay treatments of patients with
and creatine
drugs. Most doctors
ugs, the so-called
but can partly improve

symptoms. The components of this type of “cocktail

among which arginine, CoQ10

are the most commonly pre
use a combination of three t
“cocktail therapy”. It is not efficien

therapy” are many and have not been standardized.
Although the clinical application of these compounds is
based on the current understanding of the pathophysiology
of mitochondrial diseases, the evidence base for clinical
efficacy is very limited (4).

The pathological mechanisms of mitochondrial
diseases include: oxidative phosphorylation deficiency,
insufficient energy production, toxic effect caused by high
ROS production, impaired nitric oxide (NO) synthesis
in vascular endothelial cells, fission and fusion disorder,
among others (5). These pathogenic mechanisms may
provide effective therapeutic targets for mitochondrial
diseases. Here, the potential treatment strategies for
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mitochondrial diseases are discussed on the basis of
possible therapeutic targets (Figure I).

The treatment strategies of mitochondrial
diseases

Treatments that enbance the function of the electron
transfer chain

Some mitochondrial treatments strengthen the function of
the ETC by increasing the levels of its components (CoQ10,
idebenone) or utilization rate of its substrate (thiamine).

CoQ10 is an important component of ETC, which
transmits electrons from complexes I and II to complex
II1, facilitating o

Primary CoQ10 de Q@ is caused by gene defects of
din thelsynthesis of CoQ10 (6). CoQ10
supplementa cam restore electron flow and improve
the cli ms related to CoQ10 deficiency (7).
bel studies have shown that supplementation

e phosphorylation in cells.

enzymes inv

al sym
Some ope
0Q10 miay have a beneficial effect on patients with

itocH®ndrial diseases. However, other studies have found

th pplementation of CoQ10 has a little effect on
robic exercise ability and lactic acid after exercise, but
has no influence on other clinical variables such as resting
lactic acid or muscle strength (8). Accordingly, except for
CoQ10 deficiency, the benefits of this supplement for other
mitochondrial diseases are minimal. The dosage of CoQ10
is 5 to 30 mg/kg daily divided into two doses. Some studies
indicate that the absorption effect of reduced CoQ10 is
3 folds higher than that of oxidized CoQ10, when applied at
the dose of 2 to 8 mg/kg daily divided into two doses (9).
Idebenone is an analog of CoQ10, which can readily
pass through the cell membrane and blood-brain barrier. It
has been used in the clinical treatment of Leber hereditary
optic neuropathy (LHON). A clinical study evaluated the
efficacy of idebenone on LHON. The main results showed
that there were no significant differences in the efficacy of
idebenone and placebo in visual recovery. Furthermore,
subsequent analysis showed that idebenone could prevent
further visual loss, especially in patients with discordant
vision (10). Elsewhere, it was reported that although
treatment had been stopped for 30 months, the beneficial
effects of idebenone from the previous treatment
persisted (11). Another clinical trial showed that idebenone
prevented color vision loss in patients with LHON, and
its efficacy was most evident in individuals with discordant
vision (12). The dose of idebenone used ranged from 30 to
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300 mg/dose thrice daily.

Thiamine (vitamin B1) can incr
pyruvate dehydrogenase, t hance the oxidative
decomposition of pyruvate. ne has been used
alone or in combination with othe®drugs in the treatment
of mitochondrial diseases. It is reported that thiamine
supplementation in a family with thiamine deficiency and
mitochondria myopathy, encephalopathy, lactic acidosis,
and stroke-like episodes (MELAS syndrome) can improve
the symptoms of myopathy and lactic acidosis (13). The
combined use of CoQ10, carnitine, thiamine and vitamins
C, E significantly improves the clinical symptoms of
adult patients with Leigh syndrome with subacute severe
brainstem encephalopathy (14). For adults, dosages of
thiamine are 100-1,000 mg daily and 10 mg/kg daily for
children (15). Thiamine transporter-2 deficiency is caused
by SLC19A3 gene mutation. The main manifestations
of this disease include neuroimaging features and lactic
acidosis of Encephalopathy and Leigh syndrome. Higher
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dosage of thiamine (20 mg/kg daily) is required for
optimal treatment and improvement of neurological and
biochemical abnormalities of this disease (16).

Energy buffering

Creatine binds to phosphate in the mitochondria to
form phosphocreatine, which is the main source of high
energy phosphate release in the process of anaerobics
metabolism. Creatine is highest in tissues with high energy
demand, including muscles and brain (9). The content
of phosphocreatine is decreased in both muscle tissues of
patients with mitochondrial myopathy and in brain tissue
of patients with mitochondrial encephalopathy (17,18).
Supplementation of creatine monohydrate effectively
improves the motor ability of patients with mitochondrial
myopathy (19). Some studies have shown that creatine
monohydrate enhances high intensity aerobic activity
and anaerobic activity in individuals with mitochondrial
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diseases, but has no significant effect on low intensity
aerobic activity (20). It is often applied in dosages in the
range of 2-10 g daily for adults and 100-300 mg/kg daily
for children divided into three doses (9,15).

Antioxidants

During oxidative phosphorylation in the mitochondria, a
small portion of oxygen is reduced and converted to ROS.
Although ROS have beneficial roles in many signaling
pathways, excessive ROS is toxic to cells. In normal
conditions, ROS is eliminated by the mitochondrial
glutathione peroxidase and superoxide dismutase (21). In
addition, abnormal ETC can also increase the production
of ROS (22). ROS can irreversibly modify numerous
cellular macromolecules. And excessive ROS production
in mitochondrial diseases is a cause of lipid, protein and
DNA damage, which further disrupts cellular processes (21).
Antioxidants reduce the toxicity of excessive ROS in
mitochondrial diseases and hence they can be used for the
treatment of mitochondrial diseases. Vitamin C and E are
sometimes combined with other drugs to manage patients
with mitochondrial diseases. Some studies have, howeve
found that this is not very beneficial to some patients (4).
Lipoic acid is a coenzyme of pyruvate dehydr

Lipoic acid is usually used in conjunc
antioxidants in patients with mitoch
Some studies have shown that the

ation of lipoic
tively reduces
@ ative stress markers in
urine, and improves the sympt
patients with mitochondrial diseases (24). The frequently
used dosage is 300-600 mg daily or 25 mg/kg daily (15).

Glutathione is an important intracellular antioxidant,

acid, CoQ10 and creatine monohydrate
plasma lactic acid content a

oms of muscle strength in

and its synthesis mainly relies on the availability of cysteine.
Because some patients with mitochondrial diseases may be
deficient in glutathione levels, cysteine supplementation
in such patients may help to eliminate excessive ROS
production by restoring the level of glutathione (25).
Cysteamine is an amino thiol mainly used in the treatment
of cystine storage disease, that is a lysosome storage disease.
The deficiency of the lysosomal cystine transporter results
in cystine accumulation in cells. Entry of cysteamine
into the lysosome destroys the disulfide bond of cystine,
resulting in the generation of cysteine-cysteamine disulfide
and cysteine. Cysteine exits from the lysosome with the
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assistance of cystine transporter. Therefore, cysteamine
can increase the level of intracellular glutathione by
providing the cysteine required for the synthesis of reduced
glutathione (26). RP 103, cysteamine bitartrate delayed-
release capsule, has been used to evaluate its efficacy, safety,
tolerance, pharmacodynamics, and pharmacokinetics in
children with mitochondrial diseases in an open-label, dose-
escalating study. The primary outcome measure was assessed
based on Newcastle Pediatric Mitochondrial Disease Scale
Score. Other metabolites, including glutathion disulfide,
glutathion and lactic acid, were assessed as secondary
outcome measures. This study has been already completed
and a follow-up information analysis is being prepared for
release (27).

alog of vitamin E with better
peutic effects. It can prevent

improving the clinical symptoms of some patients at risk
progressing to end-of-life care within 90 days (28). At
present, several studies on EPI-743 are being carried out.
One randomized, double-blind, placebo-controlled has
completed the recruitment of children with mitochondrial
diseases and is in a follow-up phase. The primary
outcome measure was the effect of EPI-743 on quality
of life. Secondary outcome measures included clinical
manifestations, imaging, and various biochemical (https://
clinicaltrials.gov/ct2/show/nct01642056).

Restoration of NO synthesis

NO, produced by vascular endothelial cells, plays an
essential part in maintaining the relaxation of vascular
smooth muscles and keeping small vessels unobstructed.
Abnormal mitochondrial proliferation of vascular
endothelial cells can lead to endothelial dysfunction and
compromise endothelial NO synthesis. Besides reduced
energy production, accumulating evidence indicate that
NO deficiency in mitochondrial diseases plays an essential
role in the pathogenesis of several complications, including
myopathy, stroke-like episodes, lactic acidosis and diabetes
(31,32). As precursors of NO, citrulline and arginine can be
used to restore the synthesis of NO. Accordingly, citrulline
and arginine have therapeutic effects on symptoms related
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to NO deficiency in mitochondrial diseases (31,32). So far,
few clinical studies have evaluated the impact of citrulline
and arginine on patients with mitochondrial diseases. These
studies have shown that arginine can improve the clinical
symptoms associated with stroke-like episodes and reduce
the severity and frequency of these attacks in patients
with MELAS syndrome (33). Therefore, it is prudent to
further study the clinical effects of citrulline and arginine
on different aspects of mitochondrial diseases to clarify the
potential therapeutic value of these drugs. A random cross-
over study evaluating the effects of citrulline and arginine
supplementation on endothelial dysfunction in children
suffering from mitochondrial diseases is underway. The
primary outcome of the study is the change of reactive
hyperemia index (reflecting endothelial function) after
the supplementation of citrulline and arginine (https://
clinicaltrials.gov/ct2/show/nct02809170).

Cardiolipin protection

Cardiolipin is mainly expressed in the intima of
mitochondria, and it is a unique phospholipid. It plays a
significant role in regulating the curvature of mitochondri
intima, forming cristae and assembling ETC complexes into
supercomplexes. Cardiolipin can also anchor cyto me
¢ to the intima and promote the transfer of

from complex III to complex IV (34). In a

oxidized, cardiolipin participates in cell de

ition, Wghen
ardiolipin
ontains

is highly vulnerable to oxidative damagedbecause

many of unsaturated fatty acids a ocated close to
the production site of ROS. Oxidat

leads to the destruction of i microregions and the

cardiolipin

loss of membrane curvature and eristae. It also interferes

with the supercomplex, releases ¢ytochrome c from the
intima, thereby compromising oxidative phosphorylation
and energy generation (35). Moreover, the synergy of
oxidized cardiolipin and calcium leads to the opening of the
mitochondrial permeability transition pores, resulting in the
release of cytochrome ¢ and other proapoptotic proteins into
the cytoplasm, an effect that activates the caspase cascade
and cell death by apoptosis (36). Elamipretide is an aromatic
cationic tetrapeptide, which selectively binds to cardiolipin
through hydrophobic and electrostatic interaction to
protect it from oxidative damage. It also protects the cristae
by inhibiting the oxidation of cardiolipin. It can inhibit the
opening of mitochondrial permeability transition pores
and promote oxidative phosphorylation as well as energy
production. For this reason, it is used as a drug for primary
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mitochondrial myopathy (PMM). Studies have tested the
impact of elamipretide on aging, ischemia and heart failure
under pathological conditions related to mitochondrial
injury (36). In a study of patients with mitochondrial
myopathy, the primary endpoints of the phase 2 trial were
tolerability, safety and improvement of walking distance
on 6-minute walk test in the MMPOWER (A Study
Investigating the Safety, Tolerability, and Efficacy of M'TP-
131 for the Treatment of Mitochondrial Myopathy)-1
and MMPOWER-2 studies. The results showed that
elamipretide can improve the motor ability of PMM
patients and resolve the symptoms related to myopathy
without increasing the safety related problems (37).

activator

n as the master regulator of mitochondrial

enesis. PGC-1a is activated by factors such as declining
duction and increased NAD". The expression and

activ
liferative-activated receptors (PPARs). Activation leads

to transcription of nuclear-encoded mitochondrial gene

of PGC-1a are also regulated by the peroxi-some

and consequently mitochondrial biogenesis, increasing the
amount of ATP production (38,39). Given that activation
of PCG-1la can potentially alleviate the lack of ATP in
patients with mitochondrial diseases, development of drugs
to promote mitochondrial biogenesis presents an active
research field in the treatment of mitochondrial diseases.

Bezafibrate is a PPAR activator that can activate PPAR-
PCG-1a pathway to enhance mitochondrial biogenesis. It is
a common drug for the treatment of dyslipidemia. A mouse
model of cytochrome ¢ oxidase deficiency treated with
bezafibrate showed increased oxidative phosphorylation
due to activation of mitochondrial biogenesis, an effect
that increased energy production and improved the disease
phenotype (40). A study is under way to assess the role of
bezafibrate on adult mitochondrial myopathy. The main
assessment results are changes in the activity of ET'C, and a
variety of clinical indicators and other biochemical variables
are secondary outcomes (https://clinicaltrials.gov/ct2/show/
nct02398201) (27).

Epicatechin is an isoflavone derived from cocoa, and
it has the biological characteristics of mitochondria. It
has been reported that mice fed with epicatechin show
improved motor ability and anti-fatigue, and this is
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accompanied with enhanced biogenesis of mitochondria,
and increased ET'C proteins, porin, mitofilin, mitochondrial
volume, mitochondrial transcription factor A (Tfam), and
cristae abundance (41). An iz vitro study on bovine coronary
artery endothelial cells showed that epicatechin enhanced
the function of mitochondria by increasing the activity of
citric acid synthase and inducing changes in the structure
of mitochondria and the level of oxidative phosphorylation
protein (42). An open-label study is under way to assess the
safety and effectiveness of epicatechin in individuals with
Friedreich ataxia. The primary outcome measures are the
changes in the comprehensive score of a clinical score scale
and the changes in ventricular hypertrophy from baseline
assessed by cardiac MRI (https://clinicaltrials.gov/ct2/show/
nct02660112).

RTA 408 is a synthetic isoprenoid that increases
the activity of the nuclear respiratory factor 2 (Nrf 2),
a downstream effector of PGC-1a and an activator of
mitochondrial biogenesis (39). A study based on mouse
models of amyotrophic lateral sclerosis (ALS), RTA
408 increased the levels of glutathione and promoted
mitochondrial biogenesis (43). A MOTOR study is
underway which has two parts. The purpose of the fir
part is to assess the safety of different doses of RTA 408 in
patients with mitochondrial myopathy. The secon
to assess the efficacy, safety, and phaOrmacokineti

t is

wh he

outcome

408 in patients with mitochondrial myop
dose level is no more than double. The p

is the change of the peak value of exex@ise volume during
e is the change

test (https://

the exercise test, and the secondary
te w:

22) 27).

of walking distance in the 6-mj
clinicaltrials.gov/ct2/show/nc

Manipulating mitochondrial dynamics

As a dynamic organelle, mitochondrion often undergoes
fusion and fission to adjust to the changes in the cellular
environment. In physiological conditions, the fission
and fusion of mitochondria occur in a consistent and
balanced manner to adapt to the morphological
mitochondrial network of the metabolic needs of the
cell (44). Mitochondrial autophagy is a cell recycling
process in which damaged or dysfunctional mitochondria
are selectively targeted by autophagosomes which deliver
them to lysosomes. In addition, mitophagy may play an
important role in diseases caused by mtDNA mutations by
blocking the expansion of heteroplasmy (45). Manipulation
of mitochondrial dynamics may be a potential method
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of treating mitochondrial diseases because the balance
between fission and fusion processes controls the repair of
damaged mitochondria through mitochondrial fusion, or
the selective elimination of abnormal mitochondria through
mitochondrial autophagy.

In recent years, drugs to treat mitochondrial diseases
by promoting mitochondrial autophagy have been put on
the market. Rapamycin and its derivatives are the most
studied studies drugs. Rapamycin promotes autophagy by
competitively inhibiting mTOR (a target of rapamycin)
complex. In a mouse model of Leigh syndrome, rapamycin
treatment delayed the onset and progression of neurological
symptoms in Ndufs4”~model by inhibiting mTOR, reducing
neuroinflammation whi
time of mice (46).
the exercise e

(COXI Ssm/sm

effectively prolonged the survival

uscles, and increasing the activity of
oxidase (Cox) in muscles (47).

other strategy for treating mitochondrial diseases is
f agents which inhibit mitochondrial fission such
as mdivi-1 (mitochondrial division inhibitor 1), an inhibitor

t us

Drp 1 that selectively blocks mitochondrial fission (48).
It has been reported that mdivi-1 corrects morphological
and functional defects of mitochondria caused by PINK1
mutation (49). The selective peptide inhibitor P110,
another inhibitor of the mitochondrial fission protein Drpl,
may be beneficial as it reduces abnormal mitochondrial
fission in these diseases (50).

Other potential treatment

MtDNA replacement therapy: due to the congenital
mutation related mitochondrial diseases, significant
progress has been made in the study of mtDNA genetics
in recent years, as evidenced by the developments in
mitochondrial replacement therapy (MRT) (51). MRT
prevents the inheritance of mutated mtDNA from mother
to offspring through in vitro fertilisation. In this process,
the nuclear genome of the individual’s egg is transferred to
the enucleated healthy egg before normal fertilization. In
this manner, mitochondrial diseases induced by mtDNA
mutation can be prevented. Nevertheless, there are
uncertainties about the long-term application prospects
of this technology. MRT is not suitable for mitochondrial
diseases caused by nDNA mutations that encode most of the
proteins, rather only for mtDNA mutations. However the
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proteins encoded by mtDNA account for only 13 out of the
1,000 proteins expressed in mitochondria. As a result, the
proportion of suitable patients is quite small. In addition,
MRT can only prevent the occurrence of mitochondrial
diseases in the offspring of mutant carriers, but can not
treat the secondary mitochondrial dysfunction induced by
environmental stress or the existing mitochondrial diseases.
Social ethical disputes have also limited the development
and application of this technology. As a result, this
technology can be a potential complement but cannot be
regarded as a mainstay treatment.

Hypoxia therapy: chronic hypoxia has been found to
significantly improve the survival rate, body temperature,
body weight, behavior, disease biomarkers and
neuropathology in mice, which are the most common
manifestations of mitochondrial diseases in children.
In a study of Leigh syndrome mice with Ndufs4
gene disruption, the results showed that chronic
hypoxia (11% O,) prolonged the lifespan of mice and
alleviated the disease phenotype of model mice, while
chronic hyperoxia (55% O,) aggravated the disease
phenotype. These findings suggest that hypoxia may
not only trigger innate adaptation procedures, but als
limit the accumulation of toxic oxygen substrate, thus it

may be a natural solution to overcome the path of
mitochondrial diseases. Further preclinical st

required to assess whether hypoxia exposuregfan be ajsafe
and effective treatment for mitochondrial d (52).

Gene therapy: neither metab
symptomatic treatment can fur

ic pathWay nor
ntally correct
enet

mitochondrial diseases given thei s. Thus, gene

therapy is the ideal approac 0 now, most advances
in gene therapy for mitochon seases are aimed at
LHON. About 70% of individuals with LHON carry
pathogenic variations of mtDNA encoding complex IV
subunit 4 (MT-ND#4). The adeno-associated virus (AAV)
can be used as the vehicle of mtDNA, and its capsid VP2
can fuse with plasmid targeting sequence, which reexpresses
ND4. The expression of wild type ND4 in ND4 mutant
cells can restore ATP synthesis defects. Some studies have
shown that when human M'T-ND4 DNA is injected into
rodent eyes, its level in mitochondria can reach 80% of
that of mouse homologues. It can also be expressed in most
retinal neurons where it inhibits optic atrophy and visual
loss caused by mutant ND4 homologue (53). Five patients
with LHON carrying m.11778G>A mutation were treated
with unilateral intravitreal injection of AAV vector. Three
cases showed no significant improvement in visual acuity,
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two cases exhibited increased visual acuity, without any
serious adverse events (54). The results of subsequent trials
after this study showed that the average visual acuity of
12 patients with bilateral visual impairment after unilateral
intravitreous injection was improved to some extent.
The study confirmed the safety of allogeneic therapy for
LHON (55). Recently, two teams used the classic gene
editing techniques ZFN and TALENSs to eliminate the
mutation mtDNA in animals which leads to mitochondrial
diseases. This is the first time gene editing technology was
used to edit mtDNA iz vivo, pointing to the possibility of
curing mitochondrial diseases using gene editing strategies
(56,57). Although research on its application is at an early

stage, it does show great promise.

Symptomatié’treat t, exercise and diet

treatment hondrial diseases
The tomati¢ treatment of mitochondrial diseases
includes siotherapy for muscle strength loss and

or retardation, cochlear implantation or hearing aid
hearing loss, cardiac pacemaker for arrhythmia, slow
injection of sodium bicarbonate during acute aggravation
lactic acidosis, surgical treatment of blepharoptosis, use
of trypsin to treat pancreatic exocrine dysfunction, diet,
sulfonylurea and insulin in the treatment of diabetes.
Exercise is beneficial to patients with mitochondrial
diseases. Indeed, the lack of exercise in healthy individuals
may lead to the decline of mitochondrial ETC activity,
whereas the activity of ETC can be improved by endurance
training. Resistance training triggers the transfer of normal
mtDNA templates from satellite cells to mature muscles,
thus reducing the heterogeneity of mutations, because
there are fewer mitochondria containing mutant mtDNA
in satellite cells. In addition, exercise can promote the
biogenesis of mitochondria by activating PCG-1a (58,59).
There are no specific dietary treatments that show clear
benefits for patients with mitochondrial diseases. Because
optimizing the quantity and quality of calorie intake can
improve the oxidative phosphorylation ability of patients
with mitochondrial diseases, it is imperative to conduct
comprehensive nutritional evaluation and support for
patients with mitochondrial diseases (60,61). A high-fat and
low-carbohydrate diet is recommended because aerobic
oxidation is the main process of glucose oxidation, while a
high-carbohydrate diet may confer metabolic difficulties
in patients with dysfunctional oxidative phosphorylation.
Ketogenic diet is beneficial to patients with pyruvate
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dehydrogenase deficiency. Some studies have shown that
implementation of long-term ketogenic diet at early stage
or the strict restriction of carbohydrate intake after onset
of pyruvate dehydrogenase deficiency, prolonges the life
expectancy to a certain extent, and improves intellectual
development to some extent (62).

Summary and prospect

Some of the drugs intended to enhance mitochondrial
function or to treat the consequences of mitochondrial
dysfunction have been applied in the clinical treatment of
mitochondrial diseases, but the application of these drugs
is based on limited clinical trials and are only successful
in certain mitochondrial diseases. Consequently, the
treatment of mitochondrial diseases is largely symptomatic
and this does not significantly change the course of such
diseases. Given the lack of effective treatments for many
mitochondrial diseases, several clinical studies have been
designed to investigate different aspects of mitochondrial
diseases. These studies have shown great promise and are
expected to provide more effective treatment strategies for
mitochondrial diseases. Some of the drugs that are currentl
being assessed include mitochondrial biogenesis enhancers
(bezafibrate, epicatechin, and RTA 408), antioxid P
103 and EPI-743), and cardiolipin protector (elami

Gene therapy has shown positive results i
of LHON, and the first successful gene th
on editing of the mtDNA in vivo
curing mitochondrial diseases. Mor

rought'hope of
er potential
therapeutic methods are e ted rovide more

treatment options of mitocho iseases.
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