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• Present in all cells (except mature RBC’s)

• Multiple copies/cell

• Dynamic network

Mitochondria



Mitochondria - functions
• Calcium homeostasis

• Apoptosis, ferroptosis

• Autophagy, cellular stress respons

• Different enzymatic pathways
• (e. g. Krebs cycle, urea cycle, heme synthesis)

• ATP-production (Krebs cycle – OXPHOS) 

• Redox balance

Suomalainen and Nunnari, 2024; PMID: 38788685

Primary mitochondrial diseases



Mitochondria – ATP production
• Oxidative Phosphorylation (OXPHOS) (C I - V)



• Functions thanks to the concerted action of two genomes

OXPHOS built up



Mitochondrial diseases

Schlieben and Prokisch, 2023



Genetic origin of mitochondrial diseases

Origin -Adults

Nuclear mtDNA

Origin - Paediatric

Nuclear mtDNA

Heath et al., 2025; PMID: 39793294



mtDNA
Discovered:
1963 (Nass and Nass, 1963)

First alterations:
1988 (Zeviani et al., 1988; Holt et al., 1988; 
Wallace et al., 1988)



Nuclear genes involved in mitochondrial
functioning: Mitocarta 3.0



Schlieben and Prokisch, 2023; PMID: 36813310

37 mtDNA encoded
335 nuclear encoded



mtDNA: particularities



Particularities for mtDNA related disorders

• Particular genetic defects: Point mutations, Deletion(s), Depletion

• Inheritance

• Heteroplasmy

• Tissue specific genotype

• Bottleneck phenomenon



• Maternal inheritage for mtDNA

Particularities



• Homoplasmy - heteroplasmy

Particularities

~ 60-70%



Heteroplasmy
Variability:

- time
- tissue

m.3243A>G



Heteroplasmy – tissue specificity

Importance for diagnostics: Think of relevance of mtDNA diagnostics in leukocytes?



Depletion

Normal # mtDNA copies mtDNA depletion



Depletion associated genes

All nuclearly encoded



• Bottleneck phenomenon

Particularities



Bottleneck phenomenon



mtDNA related genetic defects

Point mutations

Deletion

Depletion

Heteroplasmy: % ~ disease severity

Grady et al., 2018; PMID: 29735722



mtDNA alterations: detection techniques

Point mutations Deletions Depletion

subunit tRNA rRNA

Whole mtDNA analysis:
- targeted mtDNA analysis
- Next Gen Seq

Southern blot
Long range PCR
Next Gen Seq

qPCR
nDNA

mtDNA

VS

Indirect: MDS-gene panel



WGS: pipeline of the future/ presence

R:0,994

Davis et al., 2022; PMID: 35641312

WES
CNV-seq
mtDNA

WGS



mtDNA: variant interpretation



Mitochondrial diseases
• Two genomes, many genes AND

Allelic heterogeneity Locus heterogeneity

MT-ND5

MELAS LHON MERRF

MT-ND5

Leigh syndrome

> 150 nuclear genes



Mitochondrial diseases



• Prevalence: >1/5000 *

• Variable age of onset (neonatal – late adulthood)

• Often multisystemic
• Often progressive

• Poor treatment possibilities

Mitochondrial diseases

* Ng and Turnbull, 2016



Pizzamiglio et al., 2024

Clinical aspects

Every medical specialism can encounter a 
patient with a primary mitochondrial

dysfunction

Prevalence: 
- 1/5000 
- 5-15/100000 in children



Clinical pictures



Involved organ systems in MD

Keshavan and Rahman, 2018; PMID: 29980629



Mitochondrial disorders (MD)and the brain

• Group of MDs: most common cause of neurological disease in children 

DD
ID
Hypotonia
Epilepsy (20-60%)
Movement disorders

Progressive

Heath et al., 2024; PMID: 39793294



Kandemirli et al., 2025; PMID: 39937244

m.3243 A>G
POLG

KSS
SURF1

Leigh
Leigh/MELAS

MT-ATP6
NUBPL

PDH
PDH



Brain MRI

Both mtDNA and nDNA

more likely
nDNA

more likely
mtDNA

Kandemirli et al., 2025; PMID: 39937244



More mtDNA

More nDNA

deletions

Primary deletionsPOLG

CPEO

Zeviani and Carelli et al., 2021; Chen et al., 2023

Mitochondrial disorders: the eye



Mitochondrial diseases: LHON (Leber Hereditary
Optic Neuropathy)

MT-ND1, MT-ND2, MT-ND3, MT-ND4, MT-ND4l, MT-ND5, MT-ND6, MT-CYB, MT-CO1, MT-CO3, MT-ATP6

Clinical presentation
Subacute vision loss
Male predominance
Young onset (15-35y)
Increased risk by sigarette smoking

Therapy: Idebenone



mtDNA

nDNA

O’Toole et al., 2014



• In children: isolated myopathy, as presenting symptom is uncommon
• myopathy more commonly one of the multisystem

• mitochondrial myopathies: 
• exercise intolerance
• premature fatigue
• muscle cramps 
• vomiting after exercise (cf. lactic acidosis)

Mitochondrial disorders: muscle

Olimpio et al., 2021; PMID: 34736635



Mitochondrial disorders: muscle

Ahmed et al., 2018; PMID: 30406383



Chin et al., 2024; PMID: 38241155



Mitochondrial disorders: heart muscle

Exceptional, m.3243A>G

KSS

40% of cases



• Barth syndrome
• X-linked
• TAZ

• Diagnostics
• 3-Methylglutaconid-aciduria

• Treament:
• Elamipretide

Mitochondrial disorders: heart muscle





The quest for biomarkers: lactate - pyruvate

Blood lactate:
sens: 34 - 62%  
spec: 83 - 100%

CSF lactate:
more specific (CAVE status E)

Urine lactate:
less correlation

Pyruvate:
PDH and PC def

L/P ratio: when elevated lactate

distinction between pyruvate and ETC disease

Parikh et al., 2015; PMID: 25503498
Forni et al., 2021; PMID: 34056100

postprandial



The quest for biomarkers: amino acids

lactate

ProDH P5CDH

P5CSPYCR

Blood alanine
CSF alanine

Blood proline
CSF proline

Parikh et al., 2015; PMID: 25503498
Forni et al., 2021; PMID: 34056100



The quest for biomarkers: organic acids

Parikh et al., 2015; PMID: 25503498
Forni et al., 2021; PMID: 34056100



The quest for biomarkers: CSF
CSF:

- lactate
- amino acids

- 5-methyltetrahydrofolaat 

Batllori et al., 2018; PMID: 29974349

39%



The quest for biomarkers: FGF21 and GDF15 in children

Riley et al., 2022; PMID: 34991945 VS healthy controls VS diseased controls



The quest for biomarkers: FGF21 and GDF15 in PMD

Lehtonen et al., 2020; Martin-Jimenez et al., 2025; PMID: 32857451; 39854975



What in case of VUS or NUS?

Time for a biopsy!

Molecular

Functional

re-run mtDNA analysis (deletions)

RNA seq

RC-analysis

Oxygen consumption

WB

Histology



Functional analysis

RC-analysis

Oxygraph



Functional analysis

WB

BN-PAGE 
with IGA

m.3243A>G
m.7402delC (MTCO1) NARS2



mtDNA alterations: biochemical consequences

Point mutations Deletions Depletion

KEEP IN MIND TISSUE SPECIFICITY

subunit tRNA rRNA

Isolated
complex 
deficiency

combined complex deficiencies (except complex II)

Complex III
Complex IV
Complex V

Complex I 90%

Very rare

mt-tRNA

mt-rRNA Non-syndromic hearing loss

MELAS

MERRF

Deletion

PearsonKearn-Sayre

Examples

CPEO



Morphological analysis

Pathology

EM EM to be preferred in children
as histology may be negative

Parikh et al., 2015; PMID: 25503498

NADH COXCOX-SDHSDH
m.3243A>G

CHKB



Conclusions
• Always keep in mind a high suspicion for MD

• Screen for other organ involvement

• Check biochemical markers

• Perform genetic tests (nDNA – mtDNA)
• Keep in mind tissue specificity!

• Perform advanced testing by tissue biopsy in case of VUS or no diagnosis



Joél Smet
Boel De Paepe 
Lenie Van Hove

Arnaud Vanlander



ADDENDUM: 1 

• Particular clinical pictures



Mitochondrial diseases: MELAS
MT-TL1, MT-TQ, MT-TH , MT-TC , MT-TS1 , MT-TS2 , MT-TK , MT-ND1 , MT-ND5 , MT-ND6

mitochondrial myopathy
encephalopathy
lactic
acidosis
stroke like episodes

M
E
L
A
S

Clinical presentation
- teenage focal epilepsy
- progressive muscle weakness
- progressive cognitive decline
- cerebellar symptoms

m.3243A>G, MT-TL1, 
22% blood
35% skin fibroblasts
37% saliva

CSF lactate: 35,7mg/dl (ref: 13,7-20,5)

Ikeda et al., 2018

Tissue specifity !

m.3243A>G



MELAS



Mitochondrial diseases: MERRF
myoclonic
epilepsy
ragded
red
fibres

M
E
R
R
F

Clinical presentation
- Myoclonic epilepsy/generalized epilepsy
- progressive myopathy/exercise intolerance
- progressive cognitive decline
- cerebellar ataxia

MT-TK, MT-TL1, MT-TH, MT-TF, MT-TS1, MT-TS2, MT-TP

Ragged red fibres

m.8344A>G

Additional clinical signs
- Ptosis – optic atrophy
- Peripheral neuropathy
- Sensorineural hearing loss
- Short stature

Less common clinical signs
- Cardiomyopathy
- Pigmentary retinopathy
- Ophthalmoparesis
- Multiple lipomas



Mitochondrial diseases: nonsyndromic deafness
M T - R N R 1

Clinical presentation
Deafness (isolated)
Sometimes caused by aminoglycoside treatment

m.1555A>G
m.1243T>C 
m.1291T>C

MT-RNR1



Mitochondrial diseases: Leigh syndrome
MT-ND2 , MT-ND3 , MT-ND5 , MT-ND6 , MT-ATP 6 , MT -CO3 , MT-TK

Clinical presentation
Typical symmetrical basal ganglia MRI lesions

1) Childhood presentation
- subacute necrotising encephalopathy
- developmental delay
- hypotonia
- epilepsy

2) Adult onset
- psychiatric features
- headache
- movement disorders

M a n y n u c l e a r e n c o d e d g e n e s

Baldo and Vilarinho, 2020



Mitochondrial diseases: deletions
m t D N A d e l e t i o n

Clinical presentation
- teenage onset CPEO
- pigmentary retinopathy
- heart conduction problems 
- ataxia
- deafness
- endocrine abnormalities

Kearns-Sayre syndrome

mtDNA deletion (1,0 -10 kb)

Nguyen et al., 2019



Mitochondrial diseases: deletions
m t D N A d e l e t i o n

Clinical presentation
- childhood onset  early dismiss (<3y)
- bone marrow dysfunction
- exocrine pancreas dysfunction

-  sometimes evoluting towards 
Kearns sayre

Pearson syndrome

mtDNA deletion

Nishimura et al., 2021



Mitochondrial diseases: tRNA
M T - T C

Clinical presentation
Paediatric patients with
- Dystonia

- Myoclonic epilepsy

m.5816A>G, MT-TC, 
100% muscle and blood

McFarland et al., 2007

Homoplasmy

AV1



Dia 64

AV1 (B) Histochemical section of skeletal muscle
from Patient 3, dual stained for cytochrome c oxidase (COX) and succinate dehydrogenase
(SDH) activities, revealing approximately 15% COX-deficient fibers.
Arnaud Vanlander; 24/11/2021



Mitochondrial diseases: tRNA
M T - T D

Seneca et al., 2005

Clinical presentation

childhood onset
exercise intolerence
progressive

m.7526 A>G, MT-TD
100% skeletal muscle
3% blood and skin fibroblasts!

Maternal testing: undetectable mutation

Tissue specifity !



Mitochondrial diseases: tRNA
M T - T F

Clinical presentation

Adult onset exercise intolerence, progressive

Hearing loss

m.622 G>A, MT-TF
88% skeletal muscle
66% blood
36% urine

Deschauer et al., 2006

Variable age of onset!



nDNA encoded defeciencies

Mitochondrial diseases



mtDNA depletion syndromes



POLG deficiency



POLG-def: clinical spectrum

Rahman and Copeland, 2019



Amino-acyl tRNA synthetase deficiencies



AARS2-def
• hypertrofic cardiomyopathy
• Delayed motore development
• lactate

•WES: AARS2

Götz et al., 2011



AARS2-def

• Progressive leuko-
encephalopathie

• Ovarian failure

• NO cardiomyopathie

Dallabona et al., 2014



DARS2

LBSLScheper et al., 2007



ADDENDUM: 2 

• Prevention of Mitochondrial diseases



Castelluccio et al., 2025

Strategies to prevent



Strategies to prevent

Castelluccio et al., 2025


