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Inherited  Mitochondrial 
Disease

History: Mitochondrial Disease
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Field of mitochondrial disease started almost 60 years ago 
from a single patient with hypermetabolism 

Doctor’s view

Nowadays we have testing available
BUT!!

-No standartised diagnostics that would be applied to all 
patients across the word

-Most work is still conducted in experimental settings in 
the labs – by postdocs, MD/PhDs and PhD students

First case – the unusual exception
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~20% are due to mtDNA mutations (200 pathogenic mutations) 

~80% nuclear DNA mutations 

Probably the most common neurometabolic diseases in childhood

Incidence of 1:5000 live birth (Smeitink 2006) – old estimate

Mitochondrial disorders

Monogenetic defects associated with human mitochondrial disorders 

10% of entire cell proteome
~1500 from nuclear genes and 13 - mtDNA

281 genes in patients with mitochondrial disease, 
including in 36 genes from the mitochondrial genome
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Mitochondrial DNA
Double stranded, circular

• No introns, 80 - 93% coding gene

• 1000-10000 copies per cell

• No repeats

• Lack histone and DNA repair mechanism 

damage, mutations (ROS)

• 37 gene: 22 tRNA, 2 rRNA & 13 protein

• Replication is independent from the cell cycle

•Half life~7-10 days

• Methylation?

NUCLEOID
A dynamic complex that consists of
several copies of mitochondrial DNA and
key maintenance proteins within the
organelle.
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ENZYME Genes

NADH:ubiquinone oxidoreductase /
(complex I)

MT-ND1, MT-ND2, MT-ND3, 
MT-ND4, MT-ND4L, MT-
ND5, MT-ND6

Ubiquinone:cytochrome c 
oxidoreductase / (complex III)

MT-CYB

cytochrome c oxidase / (complex IV) MT-CO1, MT-CO2, MT-CO3

ATP synthase / (complex V) MT-ATP6, MT-ATP8

Mitochondrially encoded subunits of 
respiratory chain enzymes 

Di Mauro, 2019. Int J.Mol.Sci

Morbidity map of mitochondrial DNA.

Mutations in protein-coding genes -red.
Genes controlling protein synthesis -blue.

Deletions/insertions and mitochondrial
single-nucleotide variants 
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Maternal mitochondrial inheritance 

An affected woman transmits the trait to all
her children. Affected men do not pass the
trait to any of their offspring.

Sperm mitochondria are shed before entry
of the sperm nucleus. All mitochondrial in
the zygote are contributed by the egg cell.
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Stewart&Chinnery, 2020, Nat.Gen

Possible explanation of the biparental mtDNA inheritance

11,035 trios analyzed

“Nuclear-mitochondria sequences” nuMT

This is the reason for detection of heteroplasmy
when sequencing

No evidence of paternal transmission of mtDNA in 
humans

Heteroplasmy - A mixture of wild-type and mutant mitochondrial DNA. The 

proportion of mutant and wild-type molecules is often referred to as the 

heteroplasmy percentage, heteroplasmy frequency or heteroplasmy burden

>80% => disease
~1 in 8,000

Heteroplasmy present
~1 in 25 – with no disease

Stewart&Chinnery, 2020, Nat.Gen
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GENETIC BOTTLENECK

Stewart&Chinnery, 2020, Nat.Gen

Cytochrome c oxidase deficiency in mitochondrial DNA-associated disease and
Tissue sections that are reacted for cytochrome c oxidase (COX) with COX-positive cells shown in brown and
COX-deficient cells shown in blue.
a Skeletal muscle from a patient with a heteroplasmic mitochondrial tRNA point mutation. The section shows a
typical ‘mosaic’ pattern of COX activity
b Cardiac tissue (left ventricle) from a patient with a homoplasmic tRNA mutation that causes hypertrophic
cardiomyopathy, which demonstrates an absence of COX in most cells.
c A section of cerebellum from a patient with an mtDNA rearrangement that highlights the presence of COX-
deficient neurons.
d,e Tissues that show COX deficiency (d; extraocular muscles) and rapidly dividing cells (e; colonic crypt)
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Stewart&Chinnery, 2020, Nat.Gen

Mitochondrial DNA heteroplasmy levels change with age

Some  diseases associated with 
mitochondrial mutations

Pearson syndrome

LHON = Leber’s Hereditary Optic atrophy

Mitochondrial encephalomyopathy,  lactic acidosis, and stroke-like 
episodes (MELAS)

Leigh syndrome (rare severe brain disease in infancy+heart problems)

Neuropathy, ataxia, and retinitis pigmentosa (NARP)

Myoclonic Epilepsy with Ragged Red Fiber (MERRF)
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Clinical presentation of mitochondrial disease

• More than three organ systems from the figure
are involved

• Maternal inheritance (family history)

• One or more highly suspicious symptoms

• Two or more other symptoms are present

Blood/CSF/Urine

1. Elevated CSF and blood lactate (fasting > 3 mmol/L 

/lactic acidosis)

2. Elevated lactate/pyruvate ratio

3. Others (blood Creatine Kinase, myoglobinuria, 

blood/CSF alanine)

4. Urine organic acid (ethylmalonic aciduria, tricarbon

excretion)

Imaging

1. MRI/CT scan brain (abnormal signal or calcification in 

the basal ganglia; brain atrophy; bliateral striatal 

necrosis, cerebellar hypoplasia; infarct

2. ECG – cardiac function

3. MRS – metabolic alteration in the basal ganglia

Investigations in clinic

Testing might be needed multiple times and at different conditions (i.e., physical exercise)
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Leigh syndrome

Usually, onset of the symptoms is 3-12 months.

Progressive disease with poor prognosis.

Mutations in mtDNA, but can be also caused by
mutations in nuclear DNA too (75 genes can be
involved)!

Deterioration from months to years with episodes
of rapid decline correlated with minor infections.

Most accurate diagnosis is by MRI.

1988:  First description of mitochondria DNA mutations, insertion-deletions 
and base substitutions, causing disease.

Kearns-Sayre/Chronic progressive external ophthalmoplegia (Holt et al., 
Nature 1988;331:717).
Leber’s Heredity Optic Neuritis (Wallace et al., Science 1988;242:1427).

Ophthalmoplegia
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Leber's hereditary optic neuropathy

90% of LHON cases are caused by mutations:
11778G A  ND4 subunits
3460G A    ND1 subunit   
14484TC   ND6 subunit (highest chance of recovery)

Most common syndrome

Onset is 15-30 years, men are five times more
affected than women.

Painless vision loss with blurring starts in one eye and
the other eye later.

Visual recovery is possible, but strongly genotype
dependent.

Diagnosis -ocular examination – retinal fibre layer
oedema, tortuosity of central retinal vessels, swelling
of retinal fibre layer around the disk.

Mutation detection tells chances for recovery
Therapy – trials running with idebenon (ubiquinone
analogue)

Mitochondrial encephalomyopathy, 
lactic acidosis, and stroke-like episodes (MELAS) 

Clinically and genetically heterogeneous phenotype.

Elevated lactic acid levels in blood/CSF is present in 
most patients.

Stroke-like episodes typically before 40 years 
(pathology is unexplained yet).

3242A G tRNA for Leu
or Complex I subunits ND1, ND5, ND6

Overlapped symptoms with LHON and Leigh 
syndrome. 
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Neuropathy, ataxia, and retinitis pigmentosa (NARP)

Various degree of proximal weakness, ataxia (lack of
voluntary coordination of muscle movements),
neuropathy and visual disturbances.

8993TG/C mutation in subunit 6 of ATP-synthase
(Complex V)

70-90%mutant (to G) load causes NARP syndrome.
Asymptomatic individuals described with 75% load.
Mutational load of <70% can result in migraine headache.

No specific therapy.

Prenatal and preimplantation diagnostics is possible
(amniocytes and chondrionic villus has stable
heteroplasmy level. )

History
• 1963:  Engle and Cunningham (Neurology 1963;13:919)

– Described ragged red fibers - clumps of diseased 
mitochondria accumulate in the subsarcolemmal region 
of the muscle fiber. They appear as "Ragged Red 
Fibers" when muscle is stained with modified Gömöri
trichrome stain

Normal RRF
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Myoclonic Epilepsy with Ragged Red Fiber (MERRF)

Relatively uncommon with various clinical phenotype.

RRF in muscle biopsy

8344AG tRNA for Lys (80% of cases)

No treatment for MERRF except physical therapy and
treatment of seizures.

Pearson syndrome

Deletion in mtDNA – more abundant in blood than in other
tissues.

First months of life – anemia, vomiting failure to thrive,
excessive excretion of fat in the stool, liver failure and
photosensitivity. Lactic acid in blood is increased.

Poor outcome. If survived, clinical picture changes to
neurological conditions.

Treatment is mostly symptomatic, blood transfusion, liver
enzymes supplementation, cardiac defibrillator
implantation.
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History: Disease

• 1963:  Nass and Nass (J Cell Biol 1963;19:593)

– Described mitochondrial DNA.

Michael presented with muscle problems, epilepsy, lack of progress at
school, difficulty with vision and hearing.

Diagnosed as MERRF aged 12 after muscle biopsy. At postition 8344 he
has a change from A-G in most of the mitochondrial DNA from muscle
and lymphocytes.The other relatives have different proportions of the
same mutation, which is in the tRNA for lysine (MT-TK)
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Deletions of mitochondrial DNA in 
muscle biopsies from individuals 
with Kearns-Sayre syndrome. DNA 
was digested with restrictase, 
which cuts the mitochondrial 
genome at one site, resulting in a 
16.5-kb fragments that is detected 
on a gel. Each individual with the 
syndrome has two populations of 
mitochondrial DNA: one of normal 
size and one of smaller size form

Zeiani M, Moraes CT DiMauro S et al. 

Deletions of mitochondrial DNA in Kearns-
Sayre syndrome. Neurology 1988; 38: 1339-
1346)

Diagnosis of deletions
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10 mg menadione and 

1g  Vit C every 6 h

Before treatment After treatment

Response to Therapy
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Therapeutic interventions

Perlata et al, 2015_Mitochondrion

Ubiquinone – not significant

Idebenon – one not significant,

active trials

Resveratrol – completed no results yet

EPI-743 – parabenzoquinone –

trials active or terminated

Agents to reduce oxidative stress
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Elamipretide – tetrapeptide associates with cardiolipin 
– active or terminated

Sonlicromanol – redox modulator
not significant, active

Sonlicromanol

Vit E

NAD+ precursors/modulators = niacin, nicotinamide riboside
Positive effects found, active – 4 trials

While the treatment of mitochondrial disorders still lags behind in comparison to the
advances in the diagnosis of these disorders, recent efforts in this field to provide a more
targeted approach are promising.

Therapy: mitochondrial donation

Craven et al., 2017, Ann.Rev Genom.Hum.Gen
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Therapy: Pronuclear Transfer

Any fertilised egg reaches a point where the nuclear DNA from both the sperm and the egg has

formed two pronuclei that are visible under a normal light microscope. The pronuclei containing

nuclear DNA from both parents can be taken from the fertilised egg and placed in a donated egg

which has had its pronuclei removed. The donated egg with its healthy mitochondria and replaced

nuclear DNA is then implanted in the mother as per standard IVF procedures (or mtDNA analysis).

1 + 1 + 0.00001 ≠ 3

Legislation – UK first
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Legislation by country

Ishiia&Hibino, 2018, Reprod. Med.Soc.

Stewart&Chinnery, 2020, Nat.Gen

The role of mtDNA in human diseases
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Hypoxia as a therapy for the Leigh 
syndrom

Mouse model of the Leigh syndrom

Zhu et al., 2015, PNAS

Wang et al., 2017, PeerJ



23

Prevention by hypoxia

Jain et al., 2016, Science Ferrari et al., 2017, PNAS

Protective effect of hypoxia - Leigh 
syndrom

Jain et al., 2016, Science

No effect on compelx I 
activity!
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Activation of HIF pathway?

Jain et al.,, 2019. Cell.Met

Genetic Activation of the Hypoxia Response Is Insufficient to Prevent Leigh Disease

Mechanism of hypoxia protection

Jain et al., 2019. Cell.Met
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Alternative to hypoxia: 
CO and anemia

Jain et al., 2019. Cell.Met

Mechanism of hypoxia protection -
ROS again!

Jain et al., 2019. Cell.Met
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Autistic spectum disorder and 
mitochondrial dysfunction

Autistic spectum disorder

Autism spectrum disorder is a condition

related to brain development that impacts

how a person perceives and socializes with

others, causing problems in social

interaction and communication. The

disorder also includes limited and repetitive

patterns of behavior. The term "spectrum" in

autism spectrum disorder refers to the wide

range of symptoms and severity.

~2% children in the USA - purely behavioral

criteria which continue to evolve as the

Diagnostic Statistical Manual of Mental

Disorders is revised

No “lab analysis” – just observational !
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Autistic spectum disorder
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• Child's sex
• Family history
• Other disorders
• Extremely preterm babies
• Parents' ages

No link between vaccines and autism spectrum disorder

Autistic spectum disorder

While there is no prevention therapy or  cure for autism spectrum disorder, 
intensive, early treatment can make a big difference
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• Impaired long range-structural and functional connectivity

• Occurs in early development

• Impaired synaptic pruning and autophagy => more connections 
and more cells

• Brain development is extremely sensitive

Autistic spectum disorder

• Impaired long range-structural and functional connectivity

• Occurs in early development

• Impaired synaptic pruning and autophagy => more connections 
and more cells

• Brain development is extremely sensitive

Autistic spectum disorder
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Neurodegeneration can be detected

No abnormalities in the brain in ASD
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Sometimes neurodegeneration can be 
detected with age

• Brain weight = ~1.4 kilograms= 2% of total body weight, but it 
demands 20% of energy (resting metabolic rate)

• Brain development is extremely sensitive to energy 
level/demand/supply => mitochondria should be involved somehow

Autistic spectum disorder and 
mitochondrial dysfunction

4 out of 80 patients with autism had higher lactate
It was linked to PHD complex altered metabolism
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Autistic spectum disorder and 
mitochondrial dysfunction

Pyruvate

Autistic spectum disorder and 
mitochondrial dysfunction

Oliveira et al., 2007, Dev.Med.Child.Neurol

~20% - increased lactate
Only 5 patients = diagnosed with Mt disorders
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Autistic spectum disorder and mitochondrial dysfunction

Autistic spectum disorder and mitochondrial dysfunction

92 children with ASD and 68 controls were

“-” Significant RC activity deficiencies were found in 39 (42%) ASD -

”+”  Aberrant RC overactivity was seen in 9 children (!!!).

RC-I/RC-IV activity ratio was increased in 64% of the ASD cohort
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Is it a loss of function or a gain of function?
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Autistic spectum disorder and mitochondrial dysfunction

Autistic spectum disorder and mitochondrial dysfunction

Conclusion: 80% of ASD children  have mitochondrial dysfunction – however sample size was 10  children !!!

Plus mtDNA overreplication in ASD vs control!
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Example of spectra from a participant with 
lactate-positive autism spectrum disorder 

Autistic spectum disorder and 
mitochondrial dysfunction

Lactate distribution in participants with  ASD
13% of ASD had higher level

Cingulate gyrus: connnects sensory inputs to
emotions, pain response, regulation of aggressive
behaviour, communication, maternal bondng,
language expression and decision making
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1. Mitochondrial dysfunction appears to be present in majority of
children with autism

2. Mitochondrial dysfunction may be a final common pathway

3. Mitochondrial dysfunction may be treatable

No agreement in the field, but:
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Mt-DNA disease – 1:5000
ASD – 1 in 50

Huge market for food supplements

Many-many combinations and vitamins

Prof. Cecilia Giulivi (UC Davis):
None of the haplotypes are uniformly associated with autism, so mitochondrial 
DNA variants must work in combination with other mutations or environmental 
factors, 

Prof. Michael Renemus (Cold Spring Harbor):
The real question is the magnitude of the contribution to autism risk from 
mitochondrial DNA mutations. There’s no solid answer here.
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Neurodegeneration

• Brain weight = ~1.4 kilograms= 2% of total body 
weight, but it demands 20% of energy (resting 
metabolic rate (RMR)

10 million people worldwide are living with PD
60 000 per year in the USA
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Parkinson’s disease

Parkinson’s disease and mitochondrial Complex I

"Peter's good as dead anyway," Molly said. "In another twelve 
hours, he'll start to freeze up. Won't be able to move, his eyes 
is all." 

"Why?" Case turned to her. 
"I poisoned his shit for him," she said. "Condition's like Parkinson's 

disease, sort of." 
3Jane nodded. "Yes. We ran the usual medical scan, before he was 

admitted." She touched the ball in a certain way and it sprang away from 
Molly's hands. "Selective destruction of the cells of the substantia 
nigra. Signs of the formation of a Lewy body. He sweats a great deal, in his 
sleep." 

"Ali," Molly said, ten blades glittering, exposed for an instant. She 
tugged the blanket away from her legs, revealing the inflated cast. 
"It's the meperidine. I had Ali make me up a custom batch. Speeded up 
the reaction times with higher temperatures. N-methyl-4-phenyl-1236," she 
sang, like a child reciting the steps of a sidewalk game, “tetra-hydro-pyridene." 

"A hotshot," Case said. 
"Yeah," Molly said, "a real slow hotshot." 
"That's appalling," 3Jane said, and giggled. 
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After decades of research, a single cause for Parkinson's disease has 
not been found and is unlikely to emerge. 

Parkinson’s disease and mitochondrial Complex I 
inhibition in MPTP poisoning

Animal models of Parkinson’s disease based on complex I inhibition 
are very  common
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Early Parkinson’s diagnostics

di Biase et al., 2020, Sensors

Human gait cycle

Stride analysis

Kinetic analysis

Early Parkinson’s diagnostics

Walking patterns of the lower limb joints in the sagittal plane in a typical PD subject 

Pistacchhi et al., 2020, Func.Neurol
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Early Parkinson’s diagnostics

Pistacchhi et al., 2020, Func.Neurol

Molecular remedy of complex I defects 

Yagi et al., 2006, Biochim.Biophys.Acta
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Molecular remedy of complex I defects – Ndi1!

Iwata et al., 2012, PNAS

Ndi1
Alternative NADH dehydrogenase
Type 2 NADh dehydrogenase

1 subunit, 57 kDa, FAD

Homologue to human AIFM2

NADH + H+ UQ  NAD+ + UQH2

Molecular remedy of complex I defects 

Yagi et al., 2006, Biochim.Biophys.Acta
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Prevention of apoptosis of cells treated with rotenone by Ndi1 expression 

Marella et al., 2010, PLOS One

Unilateral expression of NDi1 (right hemisphere)

Unilateral injection of recombinant adeno-associated virus carrying the NDI1 gene into the vicinity of 
the substantia nigra resulted in expression of the Ndi1 protein in the entire substantia nigra of that side 
and prevented rotenone-induced  cell death ad oxidative damage

Marella et al., 2008, PLOS One
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Behavioral tests of rotenone-exposed rats.

Marella et al., 2008, PLOS One

Still no cure.



46

https://pubmed.ncbi.nlm.nih.gov/29290371/

https://pubmed.ncbi.nlm.nih.gov/32989265/

https://pubmed.ncbi.nlm.nih.gov/32892956/

https://pubmed.ncbi.nlm.nih.gov/28415858/


