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Mitochondrial diseases (Mito)

“The challenge is the extraordinary clinical spectrum of mitochondrial diseases,
which all too often leads practitioners to either underdiagnose ("What is this
complex disorder?") or over diagnose ("This disorder is so complex that is must be
mitochondrial!"). From the NAMDGC mission statement (www.namdc.org)
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1960 . .
—— 1962 Luft disease described

— 1963 mitochondrial DNA discovered

1970
1980
—— 1988 mitochondrial DNA mutation causing human disease (LHON)
1990
—— 1995 nuclear gene mutation causing human disease (Leigh syndrome flavoprotein)
2000
2010

—— Large scale clinical trials

2020



The Clinical Criteria Era

Table Mitochondrial disease criteria (simplified version for bedside use)*
I. Clinical signs and symptoms, 1 point/symptom (max. 4 points)
A. Muscular presentation B. CNS presentation C. Multisystem disease II. Metabolic/imaging studies II1. Morphology
(max. 2 points) (max. 2 points) (max. 3 points) (max. 4 points) (max. 4 points)
Ophthalmoplegiaf Developmental delay Hematology Elevated lactatet Ragged red/blue fibers:
Facies myopathica Loss of skills GI tract Elevated L/P ratio COX-negative fibers:
Exercise intolerance Stroke-like episode Endoerine/growth Elevated alaninet Reduced COX staining
Muscle weakness Migraine Heart Elevated CSF lactate} Reduced SDH staining
Rhabhdomyolysis Seizures Kidney Elevated CSF protein SDH positive blood vesselst
Abnormal EMG Myoclonus Vision Elevated CSF alaninet Abnormal mitochondria/EMT

Cortical blindness Hearing Urinary TA excretiont

Pyramidal signs Neuropathy Ethylmalonic aciduria

Extrapyramidal signs Recurrent/familial Stroke-like picture/MRI

Brainstem involvement Leigh syndrome/MRIT

Elevated lactate/MRS
* Score 1: mitochondrial disorder unlikely; score 2 to 4: possible mitochondrial disorder; score 5 to 7: probable mitochondrial disorder;
score 8 to 12: definite mitochondrial disorder.

Morava et al. Mitochondrial disease criteria: diagnostic applications in children. Neurology. 2006 Nov 28;67(10):1823-6. PMID: 17130416.



The Genetic Era
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The Genetic Era

2. mtDNA replication and

Autosomal recessive; Aulcsomal dominant. Autosornal recessive gad autosanal daminart, Ma

3. Mitochondrial dynamics,
homeostasis, and quality control

4. Metabolism of substrates

1. OXPHOS subunits, assembly
factors, and electron carriers
Cl subunit Cll subunit CIV subunit
MTNDI SDHA COx4i1
MTND2Z SDMB COX412
MTNO3 ® SOHC COX5A
MT-NOA SDHD COX6A1
MT-NOAL ® COXEAZ
MTNDY Cll assembly  COX&81
MINDE factors COX78
NDUFA1 COX8A
NDUFA1D SDHAF1 MT-CO)
NDUFA12 ~ ®SOHARZ MT.CO2
NDUFA13 @ MT-COS
NDUFA2 Cili subunit  noyFAg
@ NDUFAB
O NDUFAB %?1‘: CIV assembly
NDUFAS UQCRB factors
NDUFB10 UQCRC2
NDUFB11 CEPa9
@ UQCRFS1
NDUFB3 UQCRQ COA3
® NDUFBB COAS
NDUFBS Clll assembly SIS
NDUFS1 sz COA7
NDUFS2 COX10
NDUFS3 BCSiL COxX14
NDUFS4 LYRMT COX15
NDUFSE TTC19 COX20
NDUFS? uacez FASTKD2
NDUFS8 uaces e
NDUFV1 Sxies Pgwg
PET11
Classembly ~— ggg‘?__'
oy coa2 1
factors COO4 TACO!
ACADS COQs5
@ ECSIT CO0s CV subunit
FOXRED1 cOq7
NDUFA11 COQRA ATPSF1A
NDUFAF1  COQES SATEEF1D
NDUFAF2 coas ATROF1E
NDUFAF3 PDSS1 MIATPE
NDUFAF4 POSS2 MTATPRPE
NDUFAFS ~ by
NDUFAFG (¥ ome C sl
g NDUFAF7 :% factors
NDUFAFB YCse
NUBPL® HCCs* » zgfﬁ’
TIMMDC1
Other ® OXAIL
TMEM126B RTNAIP1

expression
tRNAs IRNA RNA
Tz _' synthetases processing
MT-TC AARS2 ELAC2
MTID CARS2 ERALY
MT-TE DARS2 GTPBF3
MT-TF EARSZ HED17810
MT-1G FARSZ LRPPRC
MT-TH GARS MRM2
MT-TI © GATB MTOM
MT-TK ® GATC MTPAP
MT-TLY HARS2 NSUN3
MT-TLZ IARS2 @ PDE12
MTIM KARS PNPT1
MTTN LARS2 PUs1
MT-TP MARS2 ® THGIL
MT-TQ MTFMT ™RITY
MT-TR NARS2 TRMT10C
MT-181 PARS2 TRMTS
MT-152 QRSL1 TRMU
MT-TT RARS2 TRNTH
MTaV SARS2
MT-TW TARS2 Translation
MT-TY VARS2Z regulation
e C120rf65
ation, YA
s i ctaBP
transcription  Ribosomes GRM1
GFM2
DNAZ MRPL12 ® GUF1t
MGME1 ® MRPL24 RMND1
POLG MRPL3 TSFM
POLG2 MRPL44 TUFM
@ POLRMT @ MRPS14
RNASEH1 MRPS16 Nucieotide
@ 5S8P1 ® MRPS2 poot
® TFAM MRPS22 maintenance
@ TOP3A MRPS23
TWNK ® MRPS25 DGUCK
® MRPS28 RiM2B
DNA repalr MRPS24 SAMHO1
AT MRPS7 TK2
® APTX_ MT-RNR1 TYMP.
@ XRCCa ® MT-RNR2
@ PTCD3

Morpholegy ~ Quality control  Fission
S MIEF2. AFGIL2 DaM1L
MSTON ATADGA GDAPY
OPAY CLPB MFF
YME1L1 CLPP SLC25A46"
® cLPX STAT2
Phospholipid € HSPAS
and import HSPD1 Fusion
machinery & HSPE?
HTR;? MFNZ
AGK LONP1 @ NME3
AlFM1 MIPEP
SLdeD 8 PINK1 Ca?
DNAJCIS & prTRMA homeostasis
GFER = PMP:
OPA3 ﬂ;gxgs ~ C19or70°
BPAMIG éACS @ CYP24A1
PISD SPGT MICU1
PMPCA. & TRAP! Micu2
@ PNPLAB MICOS
SERAC1
A Apoptosis
JaZ_ defect complex
< TIMM22 oS -
TIMMS0 APOPT? e
THAMBA e DIABLO 8 CHCHD2
@ TOMMT0 @ PTRMH2 SLC2SALE"
@ XPNPEP3

6. Metabolism of toxic compounds

@ D2HGDH 8 |IDH2
ECHS1 @ L2HGDH
ETHE1 & SQOR
HIBCH TXN2

@ HIT @ TXNIP

lemal; Xlinked recessive Xdinked domimant, Unkrown

5. Metabolism of cofactors

Mitochondrial  Fatty acid Redox Haem Iron-sulphur Lipoic acid
carriers oxidation carriers biosynthesis cluster biosynthesis
MPC 8 ACADM ®GOT2 8 ABCES Hosynteslt oo
SLC25A4 @ ACADS ® MDH1 8 ALAS2 ®ABCBT LIAS
@ SLC25A10 @ ACADSB SLC25A1 COX10" BOLA3 LIPTY
® SLC25411 @ ACADVL ® SLC25A13 COX15* FDX1L LIPT2
SLC25A12 @ CPTIA cYes® FDXR ® MCAT
@ SLC25A15 @ CPI2 Tricarboxylic HGCes® FXN MECR
® SLC25A21 & CRAT acid cycle € PPOX GLRXS
@ SLC26A22 @ ETFA —— SFXN4 IBAST Riboflavin
® SLC25424 SETFS Aco2 ® SLC26A38  @ISCA1 metabolism
SLC25A26 @ ETFOH @ ALDH18A1 ISCA2
SLC25A3  © FA2M ®DLST CoA ISCU FLAD1
® HADH FH metabolism  LYRM4 SLC25A32
Pyruvate @ HADHA IDH3A . NSt @ SLCGHZA1
metabolism & HADHE IDH3B COASY NFU1 ® SLCS2A2
= SPYCR1 MDH2 PANK2 NUBPL® ® SLC52A3
DLD* ® SLC25A20 PPA2 SLC25A42 Selenocysteine Thiamine
POHA1 SUCLAZ 8 SLC33AT metabolism metabolism
PDHB Ketone SUCLGH e R
POHX bodios NADPH  ®Secisgpz @ SLC19AZ
PDK3 $ A—CA‘H metabolism ©SEPSECS gtg%gﬁ-;ig
PDP1 Anaplerosis
.y & HMGCL O @ HAAQ. Copper TPK1
& HMGCS2 ® CASA 2 KYNU_ transport
@ OXCT1 ®PC’ NADK2 Biotin
® NAXD ®CCS metabolism
I =
S NMNAT1 S 22
8 NNT 5COz @HLES
®PC*
7. Others / Unknown function
ABAT FBXL4 © SPART
& ANO10. ® FGF12 © SPATAS
@ C190d12 © KIF5A ® STXBP1
@ CISD2 MPV17 ® TANGO2
@ CTBP1 ® PLA2GE TMEMES
@ pcc @ PNPLAR ® TRAK1
@ DIAPH? ® POP1 ® VPS13C
& EMCt. ® RCBOS ® WFS1
& EXOSC3 @ SLC3gA8

Schlieben et al. Front Cell Dev Biol. 2020 Nov 26;8:600079.




The Genetic Era

Table 1 Differential diagnosis of selected phenotypes commonly assaciated with mitochondrial disease
Phenotype Mitochondrial cause Limited differential diagnosis
Dystonia Leigh syndrome, deafness-dystonia syndrome, other Biotinidase deficiency, thiamine transporter deficiency 2, ADAR mutations

Epileptic encephalopathy

Progressive myaclonic epilepsy

Leukoencephalpathy

Ataxia

Demyelination
Peripheral neuropathy

Ptosis and ophthalmoplegia

Optic neuropathy

Hypertrophic cardiomyopathy
with lactic acidosis

Dilated cardiomyopathy with
lactic adidosis

Exocrine pancreatic insufficiency
Diabetes and deafness
Sideroblastic anaemia

B cell immune deficiency
Liver failure

Renal tubulopathy/failure
Myopathy
Rhabdamyalysis

Low copper
Complex multisystem disorders

mitachondrial encephalomyopathies

Alpers-Huttenlocher syndrome, many other mitochondrial
disorders

MERRF

Complex | deficiency, Complex Il deficiency, SURF1 deficiency
(rarely), disorders of mitochondrial translation and Fe-5 custer
assembly

ADCK3 mutations, ataxla-neuropathy syndromes, for example,
SCAE, MIRAS, MERRF, NARF, disorders of coenzyme Q,
biosynthesis

MNGIE

Mutations in POLG, MPVI7, KARS and SURFT; part of
multisystem disease in many mitochondrial disorders, for
example, MNGIE

PED, K55 MNGIE, MELAS

LHON, ADOA, Leigh syndrome

Complex | deficiency, TMEMZ0 mutations, Sengers syndrome
(AGK deficiency), disorders of mitochondrial translation

Barth syndrome, disorders of mitochondrial phospholipid
remodelling, other mitochondrial cardiomyopathies

Pearson syndrome
MIDD, other mtDNA mutations

Pearson syndrome, MLASA, TRNT1 deficiency, PUST ar YARS2
miutations

TRNT1 deficiency
Mitochondrial DNA (mtDNA) depletion syndromes,

Pearson and Kearns-Sayre syndromes, RMND I -related disease

Part of multisystem disease in many mitochondrial disorders,
especially mtDNA depletion syndromes

Mitachondrial myopathies (eq, MTCOT, MTCO2, MTCOZ2 and
MTCYE miutations)

Cytochrome oxidase deficiency
Many mitochondrial disorders, particularly in childhood

(Aicardi- Goutieres syndrome 6}, organic acidaemias (especially glutaric
aciduria type 1), NBIA, acute (viral) necrotising encephalopathy, mutations in
NUPB2, RANBP2 and PDESB, primary genetic dystonias

Many genetic epileptic encephalopathies, including Dravet syndrome and
KCNGQ2 mutations, Pyridoxine dependent epilepsies (Antiquitin deficiency,
PHPO deficiency), viral encephalitis

Ramsay Hunt syndrome, Unverricht-Lundborg disease, Lafora body disease,
slalidosis, PRICKLET mutations

Vanishing white matter disease, lysosomal storage disorders, Canavan
disease, Alexander disease, Pelizaeus-Merzbacher(-like), hypo!
dysmyelination

Spinocerebellar ataxias, CAPOS syndrome

ADEM, multiple sclerosis

Other non-mitochondrial genetic causes of Charcot-Marie-Tooth syndromes,
riboflavin transporter deficiency, toxic neuropathies, critical iliness

Some cangenital myopathies, pseudo upgaze impairment in OPMD,
horizontal gaze palsy and scoliosis (ROBO3F mutation)

Toxic optic neuropathy (eg, methanol, cyanide, tobacco)

Viral infection
Viral infection

Cystic fibrosis
Type Il diabetes mellitus with incidental non-syndromic deafness

Blackfan-Diamond syndrome, Schwachman-Diamond syndrome, X linked
sideroblastic anaemia

Primary immunodeficiency disorder

MEBAS, LARS and LARS deficiencies, viral infection, lysosomal storage
disorders, other syndromic genetic conditions

Gitelman syndrome, Fanconi Bickel (SLC2A2 mutations) syndrome, other
syndromic genetic conditions

Congenital muscular dystrophies, myositis, many other disorders

LPINT mutations, fatty acid oxidation defects (VLCAD, LCHAD), TANGO
deficiency, glycolytic defects, toxic, postexercise
Menkes, SLC324T mutations

Congenital disorders of glycosylation, peroxisomal disorders, lysosomal
storage disorders, other syndromic genetic conditions

Table 2 Mitochondrial dysfunction identified in select other genetic disorders

Reference by PubMed
Disorder Mitochondrial defect ID number
ADAT (APTX mutations) Coenzyme Q, 15699391
Desminopathy 5, mtDNA depletion (35%) 26097489
Dravet syndrome (SCNTA mutations) Variable OXPHOS deficiencies 20392657; 21906962

EXOSC3 and EXOSCE related diseases

GLUTY deficiency

GM3 synthase deficiency
LCHADD

Limb immobilisation

Lysosomal diseases: GM1-gangliosidosis, mucopolysaccharidasis
1IC, multiple sulfatase defidency, Krabbe disease, Gaucher disease,
Niemann Pick disease type €

MADD (ETFDH, ETFA or ETFB mutations)

Molybdenum cofactor deficiency

MTHFR mutations

Multiple carboxylase deficiency

NBIA (PEAN)

Neonatal haemochromatosis

Neuroferritinopathy (FTL1)

NPHS3 (PLCE1 deficency)

Neuronal Ceroid Lipofuscinosis (CLNMZ and CLN3-related)

ORAI related disease
Organic acidemias

Ras/MAPK pathway mutations
Rett syndrome (MECP2 mutations)
SCAR10

Spinal muscular atrophy

STXBP! mutation (de nova)
Zellweger syndrome

Low Complex | and pyruvate dehydrogenase activities, low mtDNA copy
number, increased expression of mitochendrial genes

Complex |

Respiratory chain dysfunction in fibroblasts and liver
Complex ll, COX

COX and C5

Multiple OXPHOS deficiencies attributed to excessive production of
mitachondrial reactive oxygen species and dysregulated calcum homeostasis
with mitochondria-induced apoptosis and neurodegeneration

Complex | and |l deficiencies; Riboflavin and Coenzyme Q, , responsive
COX

Complex | deficiency

Complex Il

Complex 1l

Complex Il (fiver)

Complex | or multiple Complex deficiency

COX

Partial deficiency in fatty acid oxidation enzymes and the storage of subunit ¢
of mitachondrial ATP synthase in fibroblasts

Impaired lipid metabolism and fatty acid oxidation in skeletal muscle, heart and
liver due to abnormal store-operated Ca™* entry

Coenzyme Q,, multiple OXPHOS deficiencies and free radical induced oxidative
damage

Variable OXPHOS defidencies
Variable OXPHOS deficiencies
Coenzyme Q,,

Complexes |-V, mtDNA depletion
Complex |

Complexes [1-+ll, COX

28687512; 24989451

22156785
22950144
16417669
19654872
28132808

17412732
16417669
21131308
16417669
16417669
16417669
17142829
21365190

8971698

28132808

21329767, 28753922;
28753922

26097489
26741492
25182700
12557011; 25844556
25418441
25287621, 28753922

Parikh S et al. J Med Genet 2019;56:123—-130




Primary Mitochondrial Disease

Primary mitochondrial disease = Mitochondrial disease

Secondary Mitochondrial dysfunction = Mitochondrial dysfunction



Primary Mitochondrial Disease

[ Diagnostic Evaluation of Mitochondrial Disease ]

Medical and Family History,
Physical Exam

v

Bigenomic Sequencing (BGS)
(DNA from buccal swab, saliva,
whole blood, or urine)

https://member.myhealthtoolkitla.com



Primary Mitochondrial Disease

Most frequent patients parents reported symptoms.”
Muscle Weakness
Chronic Fatigue
Imbalance

Exercise Intolerance
Gastrointestina
Decreased Visio
Headache

Speech proble
Sleep Difficult

Constitwtional Musculoskeletal Neurological Gastro- Intestinal Cardiac iher

High frequency symptoms (in > 50% of patients)

Chronic fatigue 61%E Wieeakness 50%

Medium frequency symptoms [in 25 50¢2of patients)

Dehydratio Temperature 48% Myalgia 3% Prosis 30% [rritable bowel 13% Anxiety 5%
Developmental Dela instability Headaches|Migraines 28% syndrome
Peripheral neuropath Developmental delay  27% Dysphagia 5%

Intellectual disabilit Exercise intolerance 42 5%

Learning disabilit
Difficulty gaining weigh
Heart rhythm proble

[Intellectual disability

Low frequency symptoms (in <25%of patients)

Cholestero Difficulty gaining 17% Myoglobinuria 1.5%  Myoclonus 0% Gastroparesis 73%  Arrhythmias 18% Depression 19%
Ptﬂ‘!r!‘!- weight Rhabdomyolysis 2% PEC} 17% Gl dysmaodtility 4% 508 11% Thyroid disease 93
Dysa Utml"ﬂ‘rm Growth delay 6% Seizures 17% Mawsea/vomiting 12Z&  Syncope 4 Diabetes 7%
Epileps Cachexia 5% Ataxia 17% Pseudoobstruction 5% Cardiomyopathy 4% Short stature 7
Eye muscle proble Lipoma £ | Meuwropathy 17% Steatosis 45% Parathyroid disease 7%
MDPd disorde Hypotonia 15% Pancreatic X Hypogonadism 2%
Behavior proble Spasticity 15% dysfunction Delayed puberty 3E
SIE'F_'EP apnea Dy sarthria 15% Hepatopathy X Renal tubulopathy 2%
HHT'PQ Los Optic atrophy 1E
: Optic nerve Dystonia 0%
Difficulty losing weigh . .
Tinnitus th:arlng loss 5'
Heart muscle proble Stroke(TIA .
Kidney disease Dm‘el-:Flrlzn ntal 5.5%
Diabatas regression
Autism spectru Autism 8%
Liver disease Dementia 3.7%

Stroke
Retinal proble

A. Karaa et al. / Molecular Genetics and Metabolism 119 (2016) 100-108

L] L} L) L}
25 80 -] 100
Subjects Affected (%) [ Yes Mo

PLOS ONE | https://doi.org/10.1371/journal.pone.0197513



Primary Mitochondrial Disease

First doctor Specialty Did they give a Final doctor's Final doctor
seen Mito diagnosis? specialty a mito expert?

Psychiatic disorder 1 [ Y
Gastrointestinal disease 25 [N | -
Fibromyaigia 25 | --
chronic faigue 22 [ -
seizure 20 [ -
chronic pain 12 [
Multipie sclerasis 12 ||| | Y
Myasthenia gravis 12 12
Other medical diagnosis a 2

. Befora recoding "Others”

. Afier recoding "Othars”

Rheumatoiogical disorder

Other neurologicalineuromuscular
Other genetic, neurogenetic
Auto-immune disease

Cerebral palsy

Endocrine disease

-
= o~ A~

=1 =]

Inbom emor of metabolism 0
Dysautonomia 0
Meurodegenerative ﬂ..!
otner &= [

20 A0 B0 70
Number of responses

=

Thompson et al. Orphanet Journal of Rare Diseases (2023) 18:157



Primary or secondary Mito?

Fatigue
@de Sleep DisturbancefLifestyle Issues,’Pregn@
]
¥ L J
Organic Etiologies Mo Organic Etiologies
| I
¥ v ¥ ¥ ¥ ¥ ¥
Endocrine Neoplastic : Chronic _ : : :
_’f P ’f Infectious ) Pharmacologic Psychogenic Idiopathic
Metabolic Hematologic Disease
* ANEmia sEndocarditis *Hypnotics s ety *ChronicFatigue
s Malignancy sTuberculosis * - *Somatization Syndrome
*EpsteinBarr hypertensives Disarder
Wirus * Anti--Depressants ehdalnutritiony
*Hepatitis +Drug Ahuse Drugaddiction
Ny (e g Alcahal)
* Drugwithdrawal
¥
Endocrine Metabolic
¥ ! ¥
“Hy po/ Hy per- * Renal Failure Autoimmunef Cardio- .
thyroidism i - Neurologic
+ LiverFailure Inflammato ry pulmnnaw
» Diabetes * Hypercalcemia .
=Pituitary *Rheumatoid sCongestive *Depression
Insufficiency Arthritis Heart Failure shiultiple Scleraosis
=Adrenal +CeliacDiseaze *Chronic sStroke
Insufficiency *SLE Ohstructive *Parkinson's uniens oy or
*Polymyalgia Pulmanary *hlvasthenia .
R heum atica Disease Gravis .@E




Primary or secondary Mito?

Fibromyalgia

« Mitochondrial cytopathy

« Sick building syndrome

« (Candida infection

* Multiple chemical sensitivities
« Dental amalgam disease

« MTHFR

 Heavy metal toxicity

» Mast cell activation disorder

« Chronic pain

« Small fiber polyneuropathy

EDS/
Joint hypermobility

Fatig ue Dysautonomia




Primary or secondary Mito?

Mitochondria: Energy & Metabolism
ATP is an energy molecule - animates life



Primary or secondary Mito?

Essays In Biochemistry May 25, 2012,5223-35



Primary or secondary Mito?

Autism
(1-2%)
ADHD
Asthma (5-12%) Bipolar Disorder (3%)
0N Obsessive Compulsive Disorder %)
PTSD (5-20%) v ;
O Suicidal Depression (0.1%-2%)
nxie ISsOraers (2-5% .
Y e Mental Health Related Gun Violence
Restless Leg Syndrﬂme (2-5%) (340 mass shootings in US , 24, in 2018).
_ Gluten Intolerance (10-15%)
Type 1 Diabetes (1:400) _
. MNCDR=> MATP Irritable Bowel Syndrome (10-15%)
Neuroimmune Gl and Signaling R MG
; 00 ergies
Muscle Dysfunction (1:s00) esrnite S8 ie Sone a5}
Autoimmune Kidney Failure Autoimmune Thyroiditis (12%)
(1:500; more in .iapa-ln} & Other Autoimmune Disorders: Lupus, RA,
Inflammatory Bowel Disease (1:250) $j5grens Anti-hespietmibvadans
i itic (1.4%)
|C_Fibromyalgia, Chronic Pain Syndromes (-
Auto y:s;um,iiurl Postural Orthostatic .
Tachyiardia’s it 1.550) Gt Polycystic Ovary Syndrome (10%)
. ale . .
Post-Treatment Lyme Disease Syndrome (0.1 Infertility Leukemia, Lymphoma, Thyroid,
Auto ; : =SETTT:500; more in India) (5-10%) Brain, Breast, Bladder, and other
2 Environmental Cancers in Adults (20%
Childhood Cancers G
(1:200)

RK Naviaux, Mitochondrion 51 (2020) 40-55.



Primary or secondary Mito?

Ehlers Danlos Hypermobilit
Chronic Fatigue syndrome — yP y

Beighton memery loss, confusion /headadmes/mg'anes
g POO"' concentration,
Psychological Immune anxnety deoression /wsaon problems, aw pan
Depression s ! Tender lymph nodes tion, vestibular
Irritability Cognition =33 P08 RO J faints, myefascial pain
Mood swings Reduced cognition (L::?I:md:( fse;:; " lightheaded. dizzy ' o W‘P p
Anxiety ::::;..cfg ?;"JLZ?" Chronic cough spinal buming,
gamc a“l:c“:han Memory loss Allergies to food/chemicals shoulder P'am muscle
e/ ges . p Frequent infections or dislocation \4 Spm
) Post exertional malaise / \ iwﬂohlna
Cardiovascular v\ tri*ralo‘valve
: Orthostatic hypotension ; apse,
Neurological Light-headedness l"gprt:ensm
:‘Jabg‘ue:”h Dizziness ' 4 ,
nrefreshing sieep Shortness of breath P = : .
Balance problems Chest pains irri+able bowel ! | \ L) USde/JOIM‘ pan
Seizures Irregular heartbeat syndrome, ' \ stiffrness
Headaches navsea. | -
Muscular upse+t . dsiy Kb
: AL ' muscle motility
: ; Nuscie pein stomach. UL\ ‘
Gastrointestinal Fatigue _ wh N dysfunction
Diarrhea Muscle twitching dlmfu/wnshpwnon | .
gg?n%awn urination problems grinding hip pan
SROfach Gamps Sensory/pain menstrual/groin pain nuirbness and t+ingling
Nausea Joint pain ‘ jally in extremities
Food intolerances \ Skin rashes U
Numbness restess leg gyndrome | | nordermatornal
Tingling or burning -dass ! ‘ i
Temperature sensitive W"me-on ' PNy A / Pmmes!as
Al B = | | allergic” sympioms.
Heightened sensitivites flu-like/cold symptoms ‘ ) chemical =ensitivity and
night sweats, - " Iai
- slee.p dicorders, , ‘ “ . I ‘
Armstrong et al. Metabolism in chronic fatigue syndrome. Adv Clin Chem. 2014;66:121-172 - famgue. weakness _J . \NCta'ﬁ fluctuations

https://balanced-bodies.net/



Primary or secondary Mito?
Dysautonomia/POTS

FIBROMYALGIA

cns Psychiatric: Symptom- Decreased cerebral
s related anxiety, perfusion: Brain fog,
ron doso sy hypervigilance, impaired memory,
Cognitive Impairment depression headache,
- lightheadedness, blurred
Depression SOINT OF ATV @ e Cardiovascular: vision, dizziness,
CHEST REGION e ', ® @ Increased heart rate, fainting, poor sleep

o e o palpitations, chest pain quality

STOMACH or discomfort, high or

Nausea low blood pressure Generalized: Fatigue,
URINARY weakness, exercise
Problems Urinating Gl: Nausea, diarrhea, intolerance, muscle pain,
REPRODUCTIVE constipation, bloating, tremors

SYSTEM abdominal cramping

Dysmenorthes Lungs: Rapid

Genitourinary: respirations, shortness of
Increased urination, breath
difficulty urinating

Skin: Poor temperature
Extremities: Increased regulation, increased or
sweating to extremities, decreased sweating

cool and clammy feet

and hands Legs and feet: Tremor,
weakness, edema,
heaviness to the legs,
discoloration, cool,
Modified and used with

restless leg pain,

permission of Michael Carroll, ) g
neuropathic pain

. www.myamericannurse.com
https://vectormine.com/ y



rimary or second

ary Mito?

Oxidative stress
Inflammation
Aging

High-fat diets

Oxidative burst
Inflammation
Low cellular function

Insulin resistance
Mitochondrial dysfunct

Mild

m

Mediators of Inflammation Volume 2013, Article ID 135698
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Physiological stress ]

co-factor [

(Exercisel)

o - ' - N
e : ] Immunological and gastrointestinal
« Viral infections : aberrations
= Bacterial infections <3 = Inflammation NF-kE, COX-2, IL-, IL-E, #lc)
+ Immune disease : = Immune dyshunc tion ENAse-L fragmenlation, et}
1 = ek X = | ndd wppre S5 o (MK cell oy1otoxicity, e1c.)
= Leaky oul and intestinal dyshiosis
. ; F o
' Biological sequels R
Intervention Ppr——N = Owidathve and nitrotative stress [iNO5) =
(primary focus) Damage 10 DNA, proteins, famy acids el
De pletion ol anticxidants
Mitochordr ial dystunction and/ or d amage =
o e T s e s Irhibition of the aempbic metabolism /ATP Sy mhes i
| Immunclegic polymerphisms | » Chanmelopathy: ion channel dyslunction
'I {eytokines IFMy, IL-10, THF-a, | = Auloimmenity, negepilopes &,
i HLA elass I, HLA-KIR, &g ) J‘T B elc. y
Hiyp siparm i agl obuli nemia, @1 i p
[

B I )

ME/CFS

Characienis L symplisms:
Ex haustion {"F atigue’],
Pain,

Pt 1= we rhonal malaise,
ML) & e pkirbe 55

Mbeis PG Thee
ik it rrnEnt, el

LT R F R s g e T P P P R T P P PR TP PP

r Fsye hosodial
L i S B L CRS

Maes and Twisk BMC Medicine 2010, 8:35



Neuro}ogical

=
(o Seizure related stroke/
metabolic stroke
e Epilepsy
* Ataxia
* Migraine
* Dementia
e Parkinsonism
¢ Developmental delay
e Psychiatric or
mood disorder
* Developmental
regression

Sensorineural
hearing loss

Non-neurological
|

¥

[Respiratory failure

¢ Ptosis

* Progressive external
ophthalmoplegia

* Optic atrophy

e Retinitis pigmentosa

* Conduction defect

¢ Fanconi syndrome

* Renal tubular acidosis

¢ Focal segmental
glomerulosclerosis

 Renal failure

¢ Adrenal insufficiency )

{0 Cardiomyopathy

<)
* Diabetes mellitus
* Pancreatitis

¢ Intestinal pseudo-
obstruction

¢ Gastrointestinal
dysmotility

 Chronic villous atrophy

¢ Failure to thrive

* Myopathy
e Exercise intolerance

~
¢ Premature ovarian

failure
* Male infertility

* Kyphoscoliosis
[. bl Vafai and Mootha, Nature 2012

* Bone marrow failurej

Mitochondrial disorders are one of the most
complex and heterogeneous group of
diseases

'—(Peripheral neuropathyj

Nature Reviews | Disease Primers




Primary or secondary Mito?

Mitochondrial genetics

REVIEW

Diagnosis of ‘possible” mitochondrial disease: an
existential crisis

Sumit Parikh,” ' Amel Karaa,” Amy Goldstein,** Enrico Silvio Bertini,
Patrick F Chinnery,® John Christodoulou,”® Bruce H Cohen,*'° Ryan L Davis,
Marni J Falk,®* Carl Fratter,*'* Rita Horvath,">'® Mary Kay Koenig, "’
Michaelangelo Mancuso,'® Shana McCormack,>* Elizabeth M McCormick,>
Robert McFarland, " Victoria Neshitt, "% Manuel Schiff.“ 2! Hannah Steele, "%
Silvia Stockler,” Carolyn Sue,""'%** Mark Tarnopolsky,” David R Thorburn, %27

Jerry Vockley,”® Shamima Rahman®"?'

11,12

Parikh S, Karaa A, et al. J Med Genet. 2019 Mar;56(3):123-130.
Mitochondrial Medicine Society: www.mitosoc.org



Primary or secondary Mito?

Box 2 Potential harms arising from a diagnosis of

‘possible’ mitochondrial disease

» Ending diagnostic odyssey prematurely.

» Missing potentially treatable disorders.

» Psychological burden of mitochondrial disease diagnosis:
parent/patient fear of progressive or degenerative disorder.

» Inaccurate recurrence risk counselling.

» |nappropriate preventative care.

» Unnecessary medical interventions at times of catabolic
stress.

» Avoidance of needed medications owing to fear of
mitochondrial toxicity.

» Inappropriate reproductive decisions taken.

Parikh S, Karaa A, et al. J Med Genet. 2019 Mar;56(3):123-130.
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- Recognizable syndrome?

Mitochondrial Disease Syndromes

Leigh syndrome

Alpers Syndrome

Lethal infantile mitochondrial disease
Pearson’s syndrome

Barth syndrome

Kearns-Sayre syndrome

Mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes (MELAS)
Myoclonic epilepsy with ragged-red-fibers (MERRF)

Neuropathy, ataxia and retinitis pigmentosa (NARP)

Mitochondrial neuro-gastro-intestinal encephalomyopathy (MNGIE)

Leber’s hereditary optic neuropathy (LHON)

Chronic Progressive external ophthalmoplegia (CPEQ)

Ataxia, neuropathy syndrome (ANS)




Primary or secondary Mito?

- Recognizable syndrome? Red flags?

TABLE1 Red-Flag Findings in Mitochondrial Disease

Neurologic Imoloqgi
urolog Ophthalmologic

Cerebral stroke-like lesions in a nonvascular pattern _ ; teis 4 09 _ L .
Basal ganglia disease Retinal degeneration with signs of night blindness, color-vision deficits,

Encephalopathy: recurrent or with low/moderate dosing of valproate decreased visual acuity, or pigmentary retinopathy
Neurodegeneration Ophthalmoplegia/paresis

Epilepsia partialis continua Fluctuating, dysconjugate eye movements

PECOOS Ptosis

Ataxia

Sudden- or insidious-onset optic neuropathy/atrophy

MRI findings consistent with Leigh disease P :
Gastroenterologic

Characteristic MRS peaks

Lactate peak at 1.3 ppm TE (time to echo) at 35 and 135 Unexplained or valproate-induced liver failure
Succinate peak at 2.4 ppm Severe dysmotility
Cardiovascular Pseudo-obstructive episodes

Hypertrophic cardiomyopathy with rhythm disturbance
Unexplained heart block in a child

Cardiomyopathy with lactic acidosis (>5 mM)

Dilated cardiomyopathy with muscle weakness
Wolff-Parkinson-White arrhythmia

http://www.mitosoc.org/toolkit



http://www.mitosoc.org/toolkit

Primary or secondary Mito?

« Tissue pathology (RRF, COX, SDH...)
* Functional assays (ETC, skin biopsy, ...)
* Biochemical tests (lactate, organic acids...)

Current Limitations of biochemical testing

» Imperfect sensitivity and specificity.

» Secondary mitochondrial dysfunction leading to abnormal
results.

» Interlab variability of methods and reference ranges.

» Challenges with tissue processing.
Parikh S, Karaa A, et al. J Med Genet. 2019 Mar;56(3):123-130.
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- Non-Mendelian disorders
-  Other Mendelian disorders to be identified
- Multifactorial etiologies

Organic causes:
hormonal imbalances,
malfunction of immune system

(auto-immune, allergies)
Inflammation
Degeneration

Genetic
Factors

Affected

-actors



<« C @ https://www.mitonetwork.org/about

ABOUT CENTERS NEWS CONTACT

MITOCHONDRIAL CARE NETWORK

What is the
Mitochondrial Care
Network (MCN)?

The MCN represents a group of physicians at medical .
, : o Improving
centers across the country that have expertise and ! z
experience in providing coordinated, \ MItOChond"aI
Disease Care

multidisciplinary care for patients with genetic
mitochondrial disease. A complete list of MCN

Centers can be found here.

The effort is a collaboration between mitochondrial physicians in the Mitochondrial Medicine Society and US based patient advocacy

groups (Foundation for Mitochondrial Medicine, MitoAction, United Mitochondrial Disease Foundation).




MMS Papers (links to journal articles open in a new window

HOME NEWS & UPDATES EDUCATION M3 JOURNAL MEMEBERSHIP COURSES CARE NETWORK ABOUT DONATE CONTACT

/

MITOCHONDRIAL

MEDICINE SOCIETY

ADVANCING EDUCATION, RESEARCH, AND GLOBAL COLLABORATION IN CLINICAL MITOCHONDRIAL MEDICINE




Thank you, and any questions?

Amel Karaa, MD

Massachusetts General Hospital
Harvard Medical School

Bl
1S
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