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Abstract

Various genetic aetiologies – including mitochondrial diseases, chromosomal disorders, and other
monogenic diseases – are involved in status epilepticus (SE), a common neurologic emergency
occurring in children and adults that exhibits high rates of morbidity and mortality. The exact
frequency of mitochondrial SE is currently undefined. Furthermore, patients with pathogenic
variants of POLG1 encoding mitochondrial DNA polymerase gamma have an increased risk of
acute liver failure (ALF) induced by the common antiepileptic drug, valproic acid (VPA), which
is problematic due to these patients also often experiencing drug-resistant seizures. Overall, the
role of liver transplantation (LT) in VPA-ALF due to mitochondrial disease has been
controversial.

In the present work, large retrospective cohort studies were conducted for two main purposes:
(1) to determine the genetic aetiologies of SE among Finnish paediatric and adult patients by
specifically focusing on the common mitochondrial genetic defects associated with an increased
risk of SE and (2) to examine whether common POLG1 p.Q1236H and p.E1143G variants are
connected to liver or pancreatic toxicity upon exposure to VPA monotherapy. This thesis also
describes the characteristics of VPA-ALF associated with the pathogenic POLG1 variant
p.W748S and the prognosis of LT in a retrospective case series.

Mitochondrial diseases explained 4.5% of SE cases in the study cohort. Patients with
mitochondrial SE suffered from refractory SE significantly more often than patients with other
forms of genetic or non-genetic SE. Additionally, mortality rates were higher in patients with
mitochondrial or chromosomal disorders compared with the other groups, reflecting the severity
of the underlying condition and the higher frequency of refractory SE. POLG1 variants p.Q1236H
and p.E1143G could not be identified as risk factors for VHT or pancreatic toxicity, implying that
VPA treatment might be suitable for patients harbouring these variants when other pathogenic
variants are absent. Finally, the homozygous status of the pathogenic POLG1 variant p.W748S
and older age of the patient during the presentation of VPA-ALF seem to be associated with higher
survival rates following LT, which should be considered in the management of VPA-ALF.

Keywords: drug-induced liver injury, mitochondrial DNA, pancreatitis, POLG1, sodium
valproate, status epilepticus
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Tiivistelmä

Useita perinnöllisiä syitä, kuten mitokondriotauteja, kromosomihäiriöitä ja muita geenimuutok-
sia on tunnistettu status epilepticuksen (SE) eli pitkittyneen epileptisen kohtauksen taustalla. SE
on yleinen neurologinen hätätilanne, johon liittyy merkittävää oheissairastavuutta ja kuolleisuut-
ta sekä lapsilla että aikuisilla. Mitokondriotauteihin liittyvän SE:n tarkkaa esiintyvyyttä ei tiede-
tä. Potilailla, joilla on patogeenisia variantteja mitokondrioiden DNA-polymeraasia koodaavas-
sa tuman POLG1-geenissä, on todettu kohonnut riski yleisesti käytetyn epilepsialääkkeen val-
proaatin (VPA) aiheuttaman akuutin maksavaurion kehittymiselle. Tämä tekee lääkehoidon
valinnasta ongelmallista, koska näillä potilailla on usein epilepsialääkkeille resistenttejä kohta-
uksia. Maksansiirron merkitys akuutin maksavaurion hoidossa mitokondriotauteja sairastavilla
potilailla on ollut kiistanalainen.

Tutkimuksen tavoitteena oli selvittää SE:n perinnöllisiä syitä suomalaisilla lapsi- ja aikuispo-
tilailla retrospektiivisesti kerätyssä laajassa potilasaineistossa. Tutkimuksessa keskityttiin ylei-
simpiin mitokondriaalisiin perinnöllisiin muutoksiin, joiden on aiemmin todettu liittyvän SE:n
lisääntyneeseen riskiin. Tutkimuksen toisena päätavoitteena oli selvittää väestössä yleisten
POLG1-geenin muutosten eli varianttien p.Q1236H ja p.E1143G yhteyttä maksatoksisuuteen tai
haimatoksisuuteen VPA-monoterapian aikana. Lisäksi tutkittiin VPA:n aiheuttaman maksavauri-
on kliinisiä erityispiirteitä patogeeniseen POLG1-varianttiin p.W748S liittyen sekä mutaatiosta-
tuksen vaikutusta maksansiirron jälkeiseen ennusteeseen.

Mitokondriotaudit selittivät 4,5 % SE-tapauksista tämän väitöskirjatyön potilasaineistossa ja
näillä potilailla SE pitkittyi hoitoresistentiksi tai erittäin resistentiksi merkitsevästi muita potilas-
ryhmiä useammin. Kuolleisuus oli suurin potilailla, joilla todettiin mitokondriotauti tai kromo-
somihäiriö, liittyen todennäköisimmin vakavaan taustasairauteen ja hoitoresistentin SE:n suu-
rempaan esiintyvyyteen. Tutkittuja POLG1-variantteja p.Q1236H ja p.E1143G ei voitu tunnis-
taa maksa- tai haimatoksisuuden riskitekijöiksi, mikä tarkoittaa, että VPA-hoito voisi sopia näil-
le potilaille, mikäli muita patogeenisiä variantteja ei todeta. Patogeenisen POLG1-variantin
p.W748S homotsygoottisuus ja nuoruusikä tai varhainen aikuisikä maksavaurion ajankohtana
ovat maksansiirron ennustetta parantavia tekijöitä, mikä tulisi ottaa huomioon hoitopäätöksiä
tehtäessä.

Asiasanat: haimatulehdus, lääketoksisuus, maksavaurio, mitokondriaalinen DNA,
POLG1, status epilepticus, valproaatti
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1 Introduction 

Epilepsy and status epilepticus (SE) are common manifestations of mitochondrial 

diseases, which are a heterogeneous group of disorders defined by the impairment 

of cellular energy production. Mitochondrial epilepsy and SE may present as any 

type of seizure from birth to late adulthood and are frequently refractory to anti-

epileptic drugs (AEDs) (Rahman, 2012). Pathogenic variants in POLG1, which 

encodes the catalytic subunit of polymerase gamma (POLG), are characterized by 

depletion or deletions of mtDNA and are one of the most important genetic causes 

of mitochondrial disease, exhibiting over 250 pathogenic variants reported to date 

(El-Hattab, Craigen, & Scaglia, 2017; Frazier, Thorburn, & Compton, 2019; Kohda 

et al., 2016). During the past decade, a wide clinical spectrum of POLG1 variants 

has been reported (Blok et al., 2009), including neurologic manifestations such as 

progressive external ophthalmoplegia (PEO), ataxia, movement disorders, 

myopathy, and peripheral neuropathy in addition to multisystem presentations such 

as liver dysfunction, kidney dysfunction, cardiomyopathy, and gastrointestinal 

pseudo-obstruction, all of which exhibit variable severity and occasionally 

overlapping features (Hudson & Chinnery, 2006; Luoma et al., 2005; Rahman & 

Copeland, 2018). Despite progress in the diagnostics of mitochondrial diseases in 

recent years, curative therapies are not yet available (Parikh et al., 2015); however, 

vitamin and cofactor supplementation can effectively improve patient performance 

and prognosis in some forms of mitochondrial disease, such as pyridoxine-

dependent epilepsy due to ALDH7A1 variants (Murty, Kishore, & Patel, 2013; 

Parikh et al., 2015). 

Liver toxicity is a well-established adverse effect of valproic acid (VPA), a 

wide-spectrum AED used in the treatment of several forms of epilepsy and SE as 

well as in many other medical conditions (Trinka, Höfler, Zerbs, & Brigo, 2014). 

Patients with pathogenic POLG1 variants are at an increased risk of developing 

VPA-induced acute liver failure (VPA-ALF). This is especially true in those with 

Alpers-Huttenlocher syndrome (AHS), which is most commonly caused by the 

p.A467T and p.W748S variants (Rahman, 2018), the latter of which is a founder 

variant with a high carrier frequency in the Finnish population (Hakonen et al., 

2005). Even two common, non-disease causing POLG1 variants, p.Q1236H and 

p.E1143G, have been connected to VPA-ALF (Stewart, J. D. et al., 2010). Because 

of the inevitable progression of the underlying multisystem disorder, AHS and 

other POLG-diseases have been considered to be contraindications for liver 

transplantation (LT) (Saneto, Cohen, Copeland, & Naviaux, 2013). However, some 
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patients with pathogenic POLG1 variants have undergone LT, one of which was 

successful (Tzoulis et al., 2006; Wolf et al., 2009).  

SE is a life-threatening emergency and the extreme manifestation of an 

epileptic seizure that requires rapid identification and urgent medical treatment 

(Trinka & Kälviäinen, 2017). It occurs most commonly in the context of an acute 

brain insult or other systemic disturbances (Marik & Varon, 2004; Trinka, Höfler, 

& Zerbs, 2012), which induce SE via excessive neuronal hyperexcitation (Walker, 

2018). It has been estimated that 5% of adult epilepsy patients and 10 to 25% of 

paediatric epilepsy patients will have at least one epileptic seizure leading to SE in 

their lifetime (Chin, Richard FM et al., 2006; DeLorenzo, R. J. et al., 1996; 

Hesdorffer, D. C., Logroscino, Cascino, Annegers, & Hauser, 1998). Furthermore, 

in approximately 20% of children, SE is the first clinical manifestation of epilepsy 

(Manno, 2003; Mastrangelo & Celato, 2012). SE can have detrimental long-term 

consequences including neuronal death, neuronal injury, and alteration of neuronal 

networks that are associated with considerable cognitive, neurological, and social 

impairment (Trinka & Kälviäinen, 2017). The long-term mortality rate of SE is 

estimated to be 20%, but mortality varies considerably depending on age, aetiology, 

and duration of SE (Mastrangelo & Celato, 2012; Sculier, Gainza-Lein, Sanchez 

Fernandez, & Loddenkemper, 2018; Shorvon & Ferlisi, 2012).  

In this thesis, two large cohort studies were conducted to determine the 

frequency of mitochondrial diseases and other genetic aetiologies of SE in Finnish 

paediatric and adult patients and to examine the previously suggested association 

of the p.E1143G and p.Q1236H variants with VHT and pancreatic toxicity during 

VPA treatment. The objective of the present study was also to examine the clinical 

course of VPA-ALF and the prognosis of LT in patients with pathogenic POLG1 

variants. 
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2 Review of the literature 

2.1 Mitochondrial disease and epilepsy 

2.1.1 Structure and function of the mitochondria 

Mitochondria are intracellular organelles surrounded by a phospholipid double-

membrane structure: the outer mitochondrial membrane (OMM) and the inner 

mitochondrial membrane (IMM). The OMM covers the organelle separating it from 

the surrounding cytoplasm and regulates the flow of metabolites across the OMM 

through voltage-dependent anion channels called porins. The IMM is organized 

into several folds called the cristae and forms an ion impermeable barrier 

mandatory for oxidative phosphorylation (Ball, Neff, & Gohil, 2018; Caterino et 

al., 2017). Enclosed within these membrane structures are two compartments: the 

intermembrane space (IMS) between the OMM and the IMM and the mitochondrial 

matrix inside the IMM. The matrix accommodates the mitochondria’s DNA, 

ribosomes, and enzymes that promote important reactions in the cell’s metabolism 

(i.e. the tricarboxylic acid (TCA) cycle and the β-oxidation of fatty acids). Nutrients 

are broken down in the matrix and the energy freed by these reactions is stored in 

the form of adenosine triphosphate (ATP) molecules via the oxidative 

phosphorylation (OXPHOS) system, a five-enzyme complex nested in the IMM.  

In addition to providing cellular energy, the mitochondrion plays an essential role 

in many central functions of the cell, including cell signalling, calcium homeostasis, 

formation of iron-sulphur clusters, regulation of cell growth and division, and 

programmed cell death (i.e. apoptosis) (Nunnari & Suomalainen, 2012; Stehling & 

Lill, 2013; Tuppen, Blakely, Turnbull, & Taylor, 2010). The mitochondria form an 

extremely dynamic network which is continuously altering its shape, size, and 

organelle number through fusion and fission and by migrating along the cell’s 

cytoskeletal components (Chen, H. & Chan, 2010). Moreover, the number and 

location of mitochondria in a cell is closely related to cellular energy metabolism, 

with the tissues exhibiting high energy demand (e.g. muscle, brain and liver) 

displaying the highest number of mitochondria per cell (Kukat et al., 2011; Picard, 

McEwen, Epel, & Sandi, 2018). The structure of the mitochondrion is illustrated in 

Fig. 1 (Nomura, 2012; Taylor & Turnbull, 2005). 
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Fig. 1. Structure of the mitochondrion. Adapted and modified from Taylor & Turnbull 

2005 and Nomura 2012. 

2.1.2 Respiratory chain and oxidative phosphorylation 

Electrons derived from the oxidation of fat and carbohydrates in the TCA cycle are 

delivered to the mitochondrial respiratory chain (RC) via two electron carriers: 

nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide 

(FADH2). The electrons flow through the electron transport chain (ETC), which 

consists of four RC protein complexes: NADH:ubiquinone oxidoreductase, 

succinate dehydrogenase, ubiquinol–cytochrome c oxidoreductase, and 

cytochrome c oxidase. These are also called Complex I, II, III, and IV, respectively.  

In the ETC, electrons are transferred from NADH or FADH2 to O2 through 

reduction and oxidation events, which release the energy of the electrons into 

chemical energy. This enables the pumping of protons (H+) from the mitochondrial 

matrix into the IMS, thereby forming an electrical gradient on the IMM. The ATP 

synthase, or Complex V of the RC, allows the protons to return to the matrix and 
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the energy released is utilized to phosphorylate adenosine diphosphate (ADP) to 

ATP (Fernández-Vizarra, Enríquez, Pérez-Martos, Montoya, & Fernández-Silva, 

2011). The TCA cycle and the mitochondrial OXPHOS system are presented in Fig. 

2 (Alston, Rocha, Lax, Turnbull, & Taylor, 2017; Rodenburg, 2011). 

 

Fig. 2. Mitochondrial OXPHOS system and the TCA cycle. Adapted and modified from 

Rodenburg 2011 and Alston et al 2017. Cyt c, cytochrome c; PDHc, pyruvate 

dehydrogenase complex; Q, coenzyme Q. 

The oxygen consumed in OXPHOS is reduced to water (H2O) when electrons 

donated by Complex IV interact with molecular oxygen (O2) in the final step of the 

RC. Electron leakage from complexes I and III leads to the partial reduction of O2, 

producing superoxide anion (O2
•−), which is converted into hydrogen peroxide 

(H2O2) by the mitochondrial superoxide dismutases (SODs) (Liu, Fiskum, & 

Schubert, 2002). H2O2 can subsequently produce highly reactive hydroxyl radical 

(•OH) that can cause oxidative damage to mitochondrial structures and functions as 

well as several components of the cell. Reactive oxygen species (ROS) produced 

by the mitochondrion and other intracellular sources are eliminated by the cellular 
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antioxidant defence systems (Lenaz, 1998; Venditti, Di Stefano, & Di Meo, 2013). 

The rate of mitochondrial ROS (mROS) production from O2 during the normal state 

of OXPHOS is estimated to be 1-2% (Murphy, 2009). Respiratory chain defects 

and environmental stress such as hypoxia can lead to an increased level of mROS, 

which, if not balanced by the rate of removal, creates oxidative stress. Furthermore, 

mitochondrial damage due to the excessive production of mROS is known to be 

associated with aging and neurodegenerative diseases, such as Alzheimer’s disease 

and Parkinson’s disease (Lenaz, 1998; Lin, M. T. & Beal, 2006). 

2.1.3 The mitochondrial genome and interplay with nuclear genes 

Structure of mitochondrial DNA 

Mitochondrial DNA (mtDNA) is a circular double stranded DNA molecule of 16.6 

kb in size. It contains 37 genes that encode 20 amino acids required for 

mitochondrial internal protein synthesis (2 rRNAs and 22 tRNAs and mRNAs) and 

13 polypeptides of the RC and the OXPHOS system. The two strands of the mtDNA 

molecule are called the heavy (H) strand and the light (L) strand, which refers to 

the difference in their base composition and thereby their different molecular 

masses. Most of the mitochondrial genes are located on the H strand; it codes for 

12 out of 13 RC polypeptides as well as two rRNAs and 14 tRNA essential in 

mitochondrial translation. Eight tRNAs and only one RC polypeptide are encoded 

by the L strand (Chinnery, Patrick Francis & Hudson, 2013; Park & Larsson, 2011). 

The genetic information of mtDNA is stored in a very compact manner, and the 

only major segment of non-coding mtDNA is found in the mitochondrial control 

region that is 0.9 to 1.0 kb in size (Chinnery, Patrick Francis & Hudson, 2013). The 

control region is an important site for DNA and RNA synthesis as it contains the 

origin for replication of the H strand and the origins of transcription, called 

promoters, for both strands (Falkenberg 2018). Also included in the control region 

is the Displacement loop (D-loop), a triple-stranded 650 bp DNA structure wherein 

the short middle strand (or 7S DNA) replaces the H strand, allowing the genome to 

stay in its circular form during replication. The exact function of the D-loop is not 

yet understood and, along with involvement in the replication process, roles 

including the packaging of mtDNA and the regulation of nucleotide homeostasis 

have been suggested (Nicholls & Minczuk, 2014). In addition, a minor non-coding 
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sequence of just 30 base pairs is located outside the major non-coding region within 

a tRNA cluster that contains the origin of L strand replication (Falkenberg, 2018). 

The mitochondrial genome is organized into small units called nucleoids that 

are associated with the IMM (Bogenhagen, Rousseau, & Burke, 2008; Kaufman, 

B. A. et al., 2007). These units contain 1-3 mtDNA molecules coated in proteins 

that play important functional roles in the transcription and maintenance of mtDNA 

(Brown et al., 2011; Kaufman, B. A. et al., 2007; Kopek, Shtengel, Xu, Clayton, & 

Hess, 2012; Kukat et al., 2011; Legros, Malka, Frachon, Lombès, & Rojo, 2004). 

The nucleoid has a layered structure; the replication and transcription of mtDNA 

take place in the core of the nucleoid, and the peripheral layers house translation 

and protein synthesis activities (Bogenhagen et al., 2008). These protein-DNA 

complexes allow mtDNA to segregate independently, ensuring the uniform 

distribution of mtDNA in the mitochondrial network and from parent cell to 

daughter cells during cell division (Holt et al., 2007). Each cell contains anywhere 

from hundreds to several thousand copies of mtDNA, with the number of mtDNA 

molecules correlating to the energy requirements of the cell (Fernández-Vizarra et 

al., 2011). The structure of the nucleoid and the mitochondrial genome are 

presented in Fig. 1 (Nomura, 2012; Taylor & Turnbull, 2005) and Fig. 3 (Gorman 

et al., 2016). 
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Fig. 3. The circular structure of human mtDNA. The 22 mitochondrial tRNA genes are 

marked with the three letter abbreviations of their associated amino acids. Adapted and 

modified from Gorman et al 2016. 

Replication 

The replication of mtDNA continuously occurs in the mitochondrial matrix during 

the cell cycle, and in post-mitotic tissues such as skeletal muscle and the brain. 

(Tuppen et al., 2010). mtDNA replication is relaxed, meaning that there is no 

regulation over which copies of the mtDNA are replicated; therefore  some copies 

may undergo amplification more times than others (Chinnery, Patrick F. & Samuels, 

1999). The enzymatic machinery responsible for the replication and repair of 

mtDNA is called the mitochondrial replisome, and it consists of the mitochondrial 

DNA polymerase (POLG) with a catalytic subunit and two accessory subunits, the 

DNA helicase Twinkle, the mitochondrial single-stranded DNA-binding protein 

(mtSSB), and the mitochondrial RNA polymerase (Gray & Wong, 1992; Korhonen, 

Pham, Pellegrini, & Falkenberg, 2004). The Twinkle helicase unwinds the double-

stranded DNA structure into a single-stranded DNA (ssDNA), allowing POLG to 
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synthetize the new DNA strand using the ssDNA as a template, while the accessory 

subunits of POLG enhance the catalytic activity of the polymerase by increasing 

DNA binding (Falkenberg, Larsson, & Gustafsson, 2007; Lee, Young-Sam, 

Kennedy, & Yin, 2009). The mitochondrial RNA polymerase produces RNA 

primers required for the initiation of DNA synthesis, and mtSSB binds to ssDNA 

to stabilize its structure and enhance the helicase activity of Twinkle (Chinnery, 

Patrick Francis & Hudson, 2013; Fusté et al., 2010).  

Three different models of mtDNA replication have been proposed: the strand-

displacement model (SDM), the strand-coupled model, and the RNA incorporation 

during mtDNA replication (RITOLS) model (Holt & Reyes, 2012). In SDM, the 

replication of the L strand does not begin until synthesis of the H strand is complete 

in two-thirds of the circular mtDNA genome and the origin of the replication of the 

L strand is reached. The H strand is then displaced by the replisome to begin the 

replication of the L strand in the opposite direction, while the initial H strand 

remains single-stranded and coated with mtSSB (Brown, Cecconi, Tkachuk, 

Bustamante, & Clayton, 2005; Fusté et al., 2014; Shadel & Clayton, 1997). In the 

strand-coupled model, the replication process begins at a different origin site within 

the D-loop, and both H and L strands are synthetized simultaneously and 

bidirectionally (Bowmaker et al., 2003; Holt, Lorimer, & Jacobs, 2000; Yasukawa, 

Yang, Jacobs, & Holt, 2005). In the RITOLS model, the replication process is 

similar to that of the SDM, with the exception that RNA transcripts are incorporated 

throughout the lagging strand during the formation of the leading strand. When the 

origin site for replication of the L strand is reached, the RNA transcripts are either 

replaced by DNA or converted to it (Holt & Reyes, 2012; Yasukawa et al., 2006). 

It has been also suggested that the different mechanisms of replication may vary 

between tissues, governed by the rate of mitochondrial energy metabolism and the 

tissue’s susceptibility to mitochondrial damage (Herbers, Kekäläinen, Hangas, 

Pohjoismäki, & Goffart, 2019). 

Transcription 

The transcription of mtDNA begins in the control region, which contains the L 

strand promoter (LSP) and the two H strand promoters (HSP1 and HSP2). The LSP 

regulates the transcription of eight tRNAs and the MT-ND6 gene. The HSP1 

produces a transcript containing two tRNAs (tRNA[Phe] and tRNA[Val]) and the 

two mitochondrial rRNAs (12S and 16S), while the transcript produced by HSP2 

covers almost the entire H strand (Falkenberg et al., 2007; Fernández-Silva, 
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Enriquez, & Montoya, 2003). The proteins essential for the mtDNA transcription 

machinery are POLRMT, which has both promoter-binding specificity and 

catalytic polymerase activity, and mitochondrial transcription factors A and B 

(TFAM and TFBM). The mitochondrial transcription factors activate transcription 

by binding DNA and POLRMT synthesizes the RNA strand. In addition, nuclear-

encoded elongation and termination factors (such as transcription elongation factor 

[TEFM] and mitochondrial termination factor [MTERF]) are required in the 

transcription process (Pearce et al., 2017). The primary RNA molecules are long 

polycistronic transcripts, that need to be further processed to produce mature 

tRNAs, rRNAs, and mRNAs required for mitochondrial protein synthesis. These 

processes include excision of tRNAs from the primary transcript via 

endonucleolytic cleavage followed by chemical modifications of the released 

rRNA and tRNA transcripts, the polymerization and aminoacylation of tRNA, and 

the polyadenylation of mRNA via mitochondrial poly (A) polymerase (mtPAP) 

(D’Souza & Minczuk, 2018). 

Translation 

Mitochondria produce the 13 protein subunits of the RC; ND1-ND6 and ND4L in 

complex I, cytochrome b in complex III, COX I, II and III in complex IV and 

ATP6ase and ATP8ase in complex V (Christian & Spremulli, 2012; DiMauro & 

Schon, 2003; Taanman, 1999). Similar to protein synthesis in the cytosol, the 

translation of mtDNA progresses through three main phases: initiation, elongation, 

and termination (Christian & Spremulli, 2012). The translation process requires 

several mitochondrial and nuclear-encoded factors, of which only RNAs are 

produced by the mitochondrion. The protein components involved, such as 

mitochondrial initiation, elongation, and releasing factors (mtIFs, mtEFs and 

mtRFs, respectively), are encoded by the nucleus and imported from the cytosol to 

the mitochondrial matrix (Pearce et al., 2017).  

After post-transcriptional modification, rRNAs are combined with ribosomal 

proteins to make mitochondrial ribosomes or mitoribosomes, which, together with 

mRNA and tRNA, form the translation machinery responsible for protein synthesis 

inside the mitochondrion (Greber & Ban, 2016). Translation begins with the small 

(28S) subunit of the mitoribosome binding to the 5’ end of a target mRNA strand. 

The mRNA strand is then decoded by selecting complementary aminoacyl-tRNA 

molecules via codon-anticodon pairing while the mitoribosome moves toward the 

3’ end of the strand (Greber & Ban, 2016). Due to differences between the 
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mitochondrial genetic code and the universal genetic code, only 22 tRNAs are 

needed for the translation of the mitochondrial DNA/RNA sequence. For example, 

only two stop codons are used in mtDNA (AGA and AGG) compared to three stop 

codons used in nDNA (UAA, UGA and UAG). In addition, AUA, which translates 

to isoleucine in nDNA, encodes for methionine in mtDNA (Chinnery, Patrick 

Francis & Hudson, 2013; Fernández-Silva et al., 2003). The large (39S) subunit of 

the mitoribosome produces a polypeptide chain in the peptidyl transferase centre 

(PTC), a catalytic site wherein peptide bonds between the amino acids delivered by 

the tRNAs are formed. The stop codon marks the termination of translation; 

hydrolysis of the peptidyl-tRNA bond releases the finished polypeptide chain, 

which then leaves the ribosome through a tunnel in the large ribosomal subunit 

(Greber & Ban, 2016).  Finally, the translation machinery is dismantled by the 

ribosome recycling factor (mtRRF) and re-used in new translation reactions 

(Christian & Spremulli, 2012). 

Inheritance 

Depending on the cell type, there are several hundred to 100,000 copies of mtDNA 

in each cell (polyploidy) (Taanman, 1999). Normally, all copies of the mtDNA 

sequence within the cell are identical (homoplasmic), while a mixture of normal 

(wild type) and mutated mtDNA molecules is called heteroplasmy (Schapira, 2006; 

Taylor & Turnbull, 2005). The cell can tolerate defective mtDNA up to a certain 

level. A high proportion (typically 80 to 90%) of mutated mtDNA is necessary 

before biochemical defects and tissue dysfunction manifest (the threshold effect). 

However, this is highly mutation-specific and depends on the OXPHOS activity of 

the tissue (Chinnery, Patrick Francis & Hudson, 2013; Lightowlers, Chinnery, 

Turnbull, & Howell, 1997; Park & Larsson, 2011; Sharpley et al., 2012).  

In humans and in most eukaryotes, the offspring receive all their mitochondria 

from the maternal parent (maternal inheritance). During fertilization, paternal 

mitochondria in the sperm are selectively eliminated by active digestion of sperm 

mtDNA followed by rapid degradation of the mitochondrial structures via 

autophagy (Nishimura et al., 2006; Zhou et al., 2016). It has been suggested that 

high rates of energy consumption during fertilization lead to ROS-induced damage 

and mutations in sperm mtDNA, which would be harmful to the fertilized oocyte 

due to incompatibility of the mitochondrial and nuclear genome (Lane, 2011; 

Wallace, 2010). As a result of the elimination mechanisms, a mitochondrial 

disorder caused by pathogenic variants in the mtDNA of the paternal parent cannot 
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be inherited by the offspring. However, some leakage of paternal mtDNA may 

occur, as transmission of sperm-derived mtDNA has been reported in animal 

studies (Luo et al., 2013). Only one possible case of paternal transmission of a 

pathogenic mtDNA variant has been described in humans (Schwartz & Vissing, 

2002). 

The maternal mtDNA population transmitted to the offspring is subject to 

developmental processes that increase the variability in genetic content of cells 

through random distribution. Usually, only a small subpopulation of maternal 

mtDNA molecules is transferred to the offspring, thus creating a genetic bottleneck. 

At mitosis and cell division, the distribution of mtDNA occurs randomly, and, 

therefore, if the maternal parent harbours heteroplasmic mtDNA variants, the 

daughter cells will end up with differing proportions of normal and mutated 

mtDNA (Cree et al., 2008; Wai, Teoli, & Shoubridge, 2008).  This so-called genetic 

drift allows for rapid changes to occur in the heteroplasmy level and, together with 

the threshold effect, explains the high tissue- and age-related variability of the 

clinical phenotypes and their severity commonly observed in mtDNA-related 

disorders (Chinnery, Patrick F., Elliott, Hudson, Samuels, & Relton, 2012; 

DiMauro & Schon, 2003). 

Maintenance 

mtDNA has a 10 to 20-fold higher mutation rate compared to nDNA (Lightowlers 

et al., 1997). Explanatory factors include lack of protective and mutation-

withholding elements (histones and introns), the continuous mutagenic effect of 

ROS produced by the RC, and, possibly, less effective repair mechanisms (Bohr, 

Stevnsner, & de Souza-Pinto, 2002; Lagouge & Larsson, 2013). In addition to 

oxidative damage, the integrity of mtDNA is threatened by harmful chemical agents 

from internal and external sources (e.g. alkylation damage and hydrolytic damage), 

mtDNA strand breakages caused by structural stress during transcription, and 

replication errors (base-base-mismatches or adding damaged/oxidized nucleotides 

during replication) (Alexeyev, Shokolenko, Wilson, & LeDoux, 2013).  

The maintenance of mtDNA relies entirely upon nuclear-encoded proteins, and 

the nucleus and mitochondria have several similar DNA repair pathways (Boesch 

et al., 2011; Kazak, Reyes, & Holt, 2012; Larsen, Rasmussen, & Rasmussen, 2005). 

Over 200 nuclear-encoded proteins necessary for mtDNA maintenance have been 

discovered in the yeast Saccharomyces cerevisiae (Contamine & Picard, 2000). The 

three main pathways include replication and maintenance of mtDNA, supply and 
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balance of the deoxynucleoside triphosphate (dNTP) pool, and processes involved 

in mitochondrial dynamics (Viscomi & Zeviani, 2017). In mammalian cells, the 

synthesis and repair of mtDNA are performed exclusively by POLG (Chan & 

Copeland, 2009; Kaguni, 2004). The exonuclease domain of POLG corrects 

replication errors by reversing the direction of the polymerase and removing 

inadequately paired or damaged nucleotides with 5’dRP lyase activity (Chinnery, 

Patrick Francis & Hudson, 2013; Falkenberg et al., 2007; Stumpf, Saneto, & 

Copeland, 2013). Twinkle also plays an essential role in mtDNA maintenance, as 

impaired enzyme function results in the disruption of mtDNA replication, whereas 

overexpression of the wild type protein has been shown to increase the mtDNA 

copy number (Goffart et al., 2008; Hakonen et al., 2007; Spelbrink et al., 2001; 

Tyynismaa et al., 2004). In addition to Twinkle, several nuclear-encoded DNA 

helicases that contribute to the replication and repair of mtDNA have been recently 

identified. These helicases, including RecQ-like helicase 4 (RECQ4), petite 

integration frequency 1 helicase (PIF1), DNA replication helicase 2 (DNA2), and 

suppressor of var1 3-like protein 1 (SUV3), are transported to the mitochondria and 

function through currently unknown mechanisms (Ding & Liu, 2015).  

dNTPs, the building blocks of nDNA and mtDNA, are generated in the cell 

either de novo or through so-called salvage pathways. Since mitochondria are not 

able to produce dNTPs de novo, and the IMM is impermeable to charged molecules, 

the mitochondrial dNTP pool must be maintained by importing nucleotides from 

the cytosol via specific transporters and by recycling recovered DNA and RNA 

degradation intermediates (nucleosides and bases) inside the mitochondria (Wang 

2016). The regulation of mitochondrial dNTP pool involves four key enzymes: 

Deoxyguanosine kinase (dGK), thymidine kinase-2 (TK2), p53 dependent 

ribonucleotide reductase subunit 2 (RRM2B), and thymidine phosphorylase (TP). 

dGK and TK2 function in the mitochondrial nucleotide salvage pathway by 

converting nucleosides back to nucleotides through phosphorylation reactions 

(Fasullo & Endres, 2015; Saada et al., 2001), and RRM2B is responsible for de 

novo synthesis of dNTPs in the cytosol (Bourdon et al., 2007; Tyynismaa et al., 

2009). Lastly, TP is essential in the catabolism of thymidine, with loss of enzyme 

activity leading to the accumulation of pyrimidine nucleosides (deoxyuridine and 

deoxythymidine), which intervene with mitochondrial dNTP pools, causing 

mtDNA instability (Fasullo & Endres, 2015; Nishino, Spinazzola, & Hirano, 1999; 

Spinazzola, Antonella et al., 2002).  

In the mitochondrial network, the continuous fusion and fission of the 

organelles produces healthy mitochondria, while dysfunctional or damaged 
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organelles are either repaired or eliminated from the population (Chen, H. et al., 

2003; Ishihara et al., 2009). Several nuclear-encoded proteins are required to 

orchestrate these events and thereby contribute to the maintenance of the 

mitochondrial network. Fusion depends mainly on the function of two mitofusins 

(MFN1 and MFN2), which are GTPases localized in the OMM, and OPA1 

regulates the fusion of IMM. DRP1 in turn controls mitochondrial fission (Hudson 

et al., 2007). The overexpression of DRP1 and the inhibition of OPA1 lead to the 

breakdown of the mitochondrial network by increasing mitochondrial 

fragmentation, while inhibition of mitochondrial fission leads to elongation of the 

mitochondria (Chinnery, Patrick Francis & Hudson, 2013). 

2.1.4 Mitochondrial syndromes 

Epidemiology 

Mitochondrial diseases are the most common group of inherited metabolic 

disorders (Chinnery, Patrick F. et al., 2012). The current view states that at least one 

in 5000 people (20/100,000) have an inherited mitochondrial disorder (Gorman et 

al., 2015; Schaefer et al., 2008; Skladal, Halliday, & Thorburn, 2003). In two large 

epidemiological studies carried out in Australia and UK, the minimum birth 

prevalence for respiratory chain disorders was 5/100, 000 in children (Skladal et 

al., 2003) and the minimum disease prevalence was 12.5/100,000 in adults 

(Gorman et al., 2015). In another study in northwest Spain, the overall prevalence 

of mitochondrial respiratory chain disorders in children and adolescents was 

7.5/100,000 in the population under 19 years of age and 8.7/100,000 in the 

population under 16 years of age (Castro-Gago et al., 2006). The estimated 

population prevalence of pathogenic mtDNA variants is between 1 in 200 (Elliott, 

Samuels, Eden, Relton, & Chinnery, 2008) and 1 in 500 (Rahman, 2012), with most 

being asymptomatic carriers (Chinnery, Patrick F. et al., 2012). The m.3243A>G 

variant causing MELAS is the most frequently found pathogenic mtDNA point 

mutation with a prevalence of 7.8/100,000 in adults in north-eastern England 

(Gorman et al., 2015) and 16.3/100,000 in adults (Majamaa et al., 1998) and 

18.4/100,000 in children (Uusimaa et al., 2007) in Northern Ostrobothnia in 

Finland.  

In a recent population-based study, the minimum point prevalence of 

mitochondrial diseases due to pathogenic nuclear variants was reported to be 
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2.9/100,000 in adults, and a minimum of 5.9 in 100,000 people were estimated to 

be at risk of developing a nDNA-related mitochondrial disorder (Gorman et al., 

2015). Furthermore, the combined prevalence of clinically determined 

mitochondrial disease caused by pathogenic variants in mtDNA and nuclear genes 

was 1 in 4300 (23/100,000) in adults (Gorman et al., 2015). Pathogenic variants in 

SPG7 (4/100,000), TWNK/PEO1 (3/100,000), OPA1 (1/100,000), and RRM2B 

(0.9/100,000) were found to be the most prevalent causes of nDNA-related 

mitochondrial disease followed by recessive variants in POLG1 (0.6/100,000). 

Pathogenic POLG1 variants are common in the general Caucasian population, and 

the carrier frequencies of the most common pathogenic variants, p. A467T and 

p.W748S, range from 1:500 to 1:100 in Belgian, British, Norwegian, and Finnish 

populations (Horvath et al., 2006; Luoma et al., 2005; Van Goethem et al., 2003; 

Winterthun et al., 2005). 

Genetic causes of primary mitochondrial disorders 

Primary mitochondrial diseases arise mainly from the >250 pathogenic variants that 

have been identified or from quantitative mtDNA defects. To date, 120 different 

pathogenic mtDNA deletions have been reported (Alston et al., 2017; Chinnery, 

Patrick Francis & Hudson, 2013). Duplications of mtDNA have been described in 

association with mtDNA deletions, but it is unclear whether these cause 

biochemical defects or not (Chinnery, Patrick F. et al., 2012). The majority of 

essential mitochondrial proteins are nuclear-encoded, and, thus, in most patients 

with mitochondrial disorders, the genetic defect is located in the nuclear genome 

(Ylikallio & Suomalainen, 2012). In children, mitochondrial disorders arise mainly 

from variants in nuclear genes, whereas primary mtDNA diseases occur more 

frequently in adults, as mtDNA variants explain approximately 75% of adult-onset 

disease and only 25% of childhood-onset disease (Frazier et al., 2019; Goldstein, 

Bhatia, & Vento, 2013).  

Currently, variants in over 200 nDNA genes have been associated with human 

mitochondrial disease, with most being inherited in an autosomal recessive manner; 

however, autosomal dominant, sporadic, and X-linked inheritance have also been 

described (Alston et al., 2017; Koopman et al., 2016). Out of the 20 nuclear genes 

essential in mtDNA maintenance, POLG1, which encodes the catalytic subunit of 

polymerase gamma (POLG), is by far the most frequently affected by pathogenic 

defects, and also the most common cause of nDNA-related mitochondrial 

maintenance disease. Over 250 pathogenic variants in POLG1 have been reported 
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to date (El-Hattab et al., 2017; Frazier et al., 2019; Kohda et al., 2016).  Other genes 

linked to human mtDNA maintenance disorders encode components of the mtDNA 

replisome (POLG2, TWNK, TFAM, RNASEH1, MGME1, and DNA2), proteins that 

maintain the balance of the dNTP pool (TK2, DGUOK, SUCLG1, SUCLA2, ABAT, 

RRM2B, TYMP, SLC25A4, AGK, and MPV17), and proteins that regulate 

mitochondrial fusion (OPA1, MFN2, and FBXL4) (El-Hattab et al., 2017).  An 

increasing number of mitochondrial disorders caused by defects in mtDNA 

transcription, translation, or posttranslational modifications have also been 

identified in recent years. These include, among others, pathogenic variants in 

MRPS16 and MRPS22 that encode protein components of the mitoribosome and 

PUS1, which is associated with tRNA synthesis (Kemp et al., 2010).  

The genotype–phenotype correlations are generally poor in mitochondrial 

disorders (Alston et al., 2017). Defects in one gene can express multiple different 

phenotypes (pleiotropy), as is often the case with gene products that are dual-

function enzymes or proteins that affect several tissues or organ systems. 

Furthermore, a particular syndrome can have a non-uniform genetic background 

where different molecular mechanisms lead to common tissue manifestations 

(heterogeneity) (Frazier et al., 2019).  Pathogenic variants in POLG1 cause a 

spectrum of disorders ranging from fatal neurodegenerative childhood-onset 

disease, such as Alpers-Huttenlocher syndrome (AHS), to relatively mild 

phenotypes like late-onset progressive external ophthalmoplegia (PEO), and, in 

between, lie several overlapping phenotypes with different combinations of clinical 

features (Rahman & Copeland, 2018). For example, Leigh syndrome (LS), the most 

frequently detected mitochondrial disease in children, can result from over 75 

pathogenic variants located in both the mitochondrial, and nuclear genome, and the 

molecular basis of LS is therefore very heterogeneous. In addition, some mtDNA 

and nDNA defects can produce a LS-like phenotype, where the characteristic 

features of LS overlap with other mitochondrial encephalopathies that may be 

caused by the same genes, such as MELAS in MT-TL1 defects and AHS in POLG1 

defects (Lake, Compton, Rahman, & Thorburn, 2016). Given the high mutation 

rate of mtDNA and the high variability in the genotype-phenotype relationship, 

determining the genetic defect behind a mitochondrial disorder is challenging (Di 

Donato, 2009; Zeviani & Di Donato, 2004). The utilization of modern genetic 

technologies, such as whole exome sequencing (WES), yields a molecular 

diagnosis in 30 to 60% of patients, and only 60% of patients with suspected 

mitochondrial disease are estimated to harbour pathogenic variants in known 

disease genes (Frazier et al., 2019). 
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Mechanisms of mitochondrial disease 

Mitochondrial disorders are diseases commonly defined by defects in the OXPHOS 

system, which is controlled by both the mitochondrial and nuclear genome (Alston 

et al., 2017). In total, over 1500 proteins are required for correct function of the 

mitochondrion (Calvo, Clauser, & Mootha, 2015; Pagliarini et al., 2008). 

Mitochondrial dysfunction can originate from a mutation in one of the genes 

encoding these proteins, causing a primary mitochondrial disorder, or can develop 

secondary to an outside influence on mitochondria, such as a mitochondria-toxic 

drug effect (Koopman et al., 2016). The clonal expansion of somatic pathogenic 

variants in mtDNA can lead to an age-related decline in mitochondrial function and 

disease manifestation when the tissue’s threshold is reached (Greaves et al., 2014). 

Typically, defective mtDNA leads to organ dysfunction due to insufficient synthesis 

of mtDNA-encoded proteins, resulting in failure of energy production in relation 

to the energy demand of the affected organs. However, despite decades of study, it 

is still not clear how exactly mitochondrial dysfunction leads to dysfunction at the 

cellular and organ level, which cannot be explained by ATP insufficiency alone 

(Ylikallio & Suomalainen, 2012). A mitochondrial disorder can also arise from 

defects in other metabolic pathways (such as the TCA cycle), from impairment of 

the mitochondrial and cellular transport systems, or secondary to other metabolic 

diseases that disturb β-oxidation of fatty acids or amino acid synthesis. These can 

have broad-spectrum effects on cellular metabolism and functions in addition to 

altered OXPHOS activity (Frazier et al., 2019).  

mtDNA point mutations in protein coding genes affect individual complexes 

of the RC, whereas variants in tRNA genes result in impairment of the 

mitochondrial protein synthesis due to loss of functional tRNAs, which affects four 

of five RC complexes in the OXPHOS system (Tables 1 and 2). Marked mtDNA 

deletions usually remove one or more fundamental genes and are associated with 

the three main phenotypes of mtDNA deletion syndromes (i.e., Kearns-Sayre 

syndrome [KSS], Pearson syndrome, and progressive external ophthalmoplegia 

[PEO]) (Chinnery, Patrick Francis & Hudson, 2013). nDNA-related mitochondrial 

diseases can be classified into four groups: disorders resulting from defects in 

nuclear-encoded components or assembly factors of the OXPHOS system, 

disorders of mitochondrial replication and maintenance, disorders resulting from 

defects in mitochondrial protein synthesis, and disorders due to defects in genes 

controlling mitochondrial network dynamics (Ylikallio & Suomalainen, 2012). 

Variants in nuclear genes involved in mtDNA replication and maintenance can lead 
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to mtDNA depletion, multiple mtDNA deletions, or both, causing insufficient 

synthesis of the RC subunits and an isolated or combined RC complex deficiency 

(Chinnery, Patrick Francis & Hudson, 2013; Cohen & Naviaux, 2010; Spinazzola, 

A. & Zeviani, 2009). The group of diseases that share this pathomechanism are 

called mitochondrial DNA maintenance defects (MDMDs) (El-Hattab et al., 2017; 

Viscomi & Zeviani, 2017). Additionally, mitochondrial DNA depletion syndromes 

(MTDPS) account for approximately 50% of combined respiratory chain 

deficiencies in childhood (Sarzi et al., 2007) and are a common cause of severe 

encephalopathies in children (El-Hattab & Scaglia, 2013). Clinical presentations of 

MTDPS include early-onset hepatocerebral and encephalomyopathic forms, 

isolated myopathy, and the mitochondrial neurogastrointestinal 

encephalomyopathy syndrome (MNGIE) (Suomalainen & Isohanni, 2010).  

Furthermore, defects in nuclear genes responsible for mitochondrial protein 

synthesis are the main cause of combined respiratory chain deficiencies in patients 

that do not harbour pathogenic mtDNA variants or mtDNA depletion (Jacobs & 

Turnbull, 2005; Smits, Smeitink, & van den Heuvel, 2010) (Table 2). MTDPS with 

the associated genetic defects are presented in Table 3. 
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Table 1. Mitochondrial and nuclear genes associated with isolated mitochondrial 

respiratory chain complex deficiencies. Adapted and modified from Alston et al 2017 

and Davison & Rahman 2017. 

Category Complex I 

deficiency 

Complex II 

deficiency 

Complex III 

deficiency 

Complex IV 

deficiency 

Complex V 

deficiency 

mtDNA genes 

encoding 

OXPHOS 

subunits 

MT-ND1, MT-ND2, 

MT-ND3, MT-ND4, 

MT-ND5, MT-ND6, 

MT-ND4L 

- MT-CYB MT-CO1, MT-

CO2, MT-CO3 

MT-ATP6, MT-

ATP8 

Nuclear genes 

encoding 

OXPHOS 

subunits 

NDUFS1, 

NDUFS2, 

NDUFS3, 

NDUFS4, 

NDUFS6, 

NDUFS7, 

NDUFS8, 

NDUFA1, 

NDUFA2, 

NDUFA9, 

NDUFA10, 

NDUFA11, 

NDUFA12, 

NDUFA13, 

NDUFV1, 

NDUFV2, 

NDUFB3, 

NDUFB9, 

NDUFB11 

SDHA, SDHB, 

SDHD 

UQCRB, CYC1, 

UQCRC2, 

UQCRQ 

COX4, COX6A, 

COX6B, 

COX7B, COX8 

ATP5A1, 

ATP5E 

Nuclear genes 

encoding 

OXPHOS 

assembly 

factors 

NDUFAF1, 

NDUFAF2, 

NDUFAF3, 

NDUFAF4, 

NDUFAF5, 

NDUFAF6, 

FOXRED1, 

ACAD9, NUBPL, 

TMEM126B 

SDHAF1 BCS1L, LYRM7, 

UQCC2, 

UQCC3, TTC19 

COA3, COA5, 

COA6, COA7, 

COX10, 

COX14, 

COX15, 

COX20, SCO1, 

SCO2, SURF1, 

PET100, 

CEP89, 

APOPT1, 

NDUFA4, 

FASTKD2 

ATPAF2, 

TMEM70 

mtDNA, mitochondrial DNA; OXPHOS, oxidative phosphorylation. 
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Table 2. Genes involved in disorders of mitochondrial translation. Adapted and 

modified from Smits, Smeitink and van den Heuvel 2010 and Davison & Rahman 2017. 

Category gene Biochemical defect 

mitochondrial tRNA genes MT-TA, MT-TC, MT-TD, MT-TE, 

MT-TF, MT-TG, MT-TH, MT-TI, 

MT-TK, MT-TL1, MT-TL2, MT-

TM, MT-TN, MT-TP, MT-TR, 

MT-TS1, MT-TS2, MT-TT, MT-

TV, MT-TW, MT-TY 

combined complex I, III, IV and V 

deficiencies 

nuclear genes ELAC2, PUS1, MTO1, TRMU, 

GTPBP3, TRIT1, TRMT5, 

TRMT10C, HSD17B10, NSUN3, 

TRNT1, PNPT1, MRPS7, 

MRPS16, MRPS22, MRPS23, 

MRPL3, MRPL12, MRPL44, 

GFM1, GFM2, TSFM, TUFM, 

AARS2, CARS2, DARS2, 

EARS2, FARS2, HARS2, 

IARS2, LARS2, MARS2, 

NARS2, PARS2, RARS2, 

SARS2, TARS2, VARS2, 

YARS2, QRSL1, GARS, KARS, 

MTFMT, MTPAP, LRPPRC, 

TACO1, C12orf65, RMND1 

combined complex I, II, III, IV and 

V deficiencies 

Table 3. Nuclear genes associated with disorders of mitochondrial DNA maintenance, 

membrane function, lipid metabolism and mitochondrial dynamics. 

Gene Function Phenotype Reference 

POLG1 mtDNA replication 

and repair 

Hepatocerebral MTDPS (Alpers-

type/MTDPS4A) 

El-Hattab & 

Scaglia, 2013 

POLG2 mtDNA replication adPEO due to multiple mtDNA deletions Longley et al., 

2006 

TWNK/PEO1 mtDNA replication Hepatocerebral MTDPS 

(IOSCA/MTDPS7) 

El-Hattab & 

Scaglia, 2013 

TP dNTP pool 

maintenance 

Neurogastrointestinal MTDPS 

(MNGIE/MTDPS1) 

El-Hattab & 

Scaglia, 2013; 

Taanman et al 

2009 

DGUOK dNTP pool 

maintenance 

Hepatocerebral MTDPS (MTDPS3) El-Hattab & 

Scaglia, 2013 

TK2 dNTP pool 

maintenance 

Myopathic MTDPS (MTDPS2) El-Hattab & 

Scaglia, 2013 
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Gene Function Phenotype Reference 

RRM2B dNTP pool 

maintenance 

Encephalomyopathic MTDPS with renal 

tubulopathy (MTDPS8A) 

El-Hattab & 

Scaglia, 2013 

SUCLA2 dNTP pool 

maintenance 

Encephalomyopathic MTDPS with or 

without methylmalonic aciduria 

(MTDPS5) 

El-Hattab & 

Scaglia, 2013 

SUCLG1 dNTP pool 

maintenance 

Encephalomyopathic MTDPS with 

methylmalonic aciduria (MTDPS9) 

El-Hattab & 

Scaglia, 2013 

MPV17 IMM protein with 

unknown function in 

mtDNA 

maintenance 

Hepatocerebral MTDPS (MTDPS6) El-Hattab & 

Scaglia, 2013 

FBXL4 Mitochondrial 

network dynamics 

Encephalomyopathic MTDPS 

(MTDPS13) 

Bonnen et al., 

2013 

OPA1 Mitochondrial 

network dynamics 

DOA due to multiple mtDNA deletions, 

Encephalocardiomyopathic MTDPS 

(MTDPS14) 

Spiegel et al., 

2016 

MFN2 Mitochondrial 

network dynamics 

DOA-plus and Charcot-Marie-Tooth 

disease due to multiple mtDNA deletions 

Cardiomyopathic MTDPS 

Renaldo et al., 

2012; Rouzier 

et al., 2011 

AGK Mitochondrial lipid 

metabolism and 

protein import 

Cardiomyopathic MTDPS (MTDPS10) Calvo et al., 

2012; Mayr et 

al., 2012 

DNA2 mtDNA replication 

and repair 

Myopathy due to multiple mtDNA 

deletions 

Ronchi et al., 

2013 

MGME1 mtDNA replication  Myopathic MTDPS (MTDPS11) Kornblum et al., 

2013 

RNASEH1 mtDNA replication arPEO due to multiple mtDNA deletions Reyes et al., 

2015 

SLC25A4/ANT1 ADP/ATP exchange 

across IMM 

Cardiomyopathic MTDPS (MTDPS12) Echaniz-Laguna 

et al., 2012; 

Thompson et 

al., 2016 

TFAM mtDNA replication 

and transcription 

Hepatocerebral MTDPS (MTDPS15) Stiles et al., 

2016 

ADP, adenosine diphosphate; adPEO, autosomal dominant progressive external ophthalmoplegia; 

arPEO, autosomal recessive progressive external ophthalmoplegia; ATP, adenosine triphosphate; dNTP, 

deoxyribonucleotide triphosphate; DOA, dominant optic atrophy; IMM, inner mitochondrial membrane; 

mtDNA; mitochondrial DNA; MTDPS, mitochondrial DNA depletion syndrome. 
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Signs and symptoms 

Mitochondrial disorders are phenotypically highly heterogeneous. The clinical 

manifestations may be tissue-specific deriving from the dysfunction of a single 

organ or display a pattern of clinical features involving multiple organ systems with 

variable severity (Debray et al., 2007; Schapira, 2006). The symptoms result from 

the disturbance of cellular energy production and occur most commonly in tissues 

that are highly dependent on effective OXPHOS and the constant supply of ATP, 

such as skeletal and myocardial muscle, liver and brain (DiMauro & Schon, 2003). 

Childhood-onset mitochondrial diseases are generally severe multisystem disorders 

with an acute onset of symptoms, whereas adult-onset diseases tend to progress 

gradually, and the symptoms may be limited to one organ system (Ardissone et al., 

2014; Goldstein et al., 2013). However, mitochondrial diseases can manifest in any 

organ at any age from birth to late adulthood, and the majority of patients with 

mitochondrial disease do not have clinical features characteristic of a specific 

syndrome (Darin, Oldfors, Moslemi, Holme, & Tulinius, 2001; Lee, Young Mock 

et al., 2008; McFarland, Robert, Taylor, & Turnbull, 2002). The classic 

mitochondrial syndromes with their common genotypes are described in Table 4. 

Mitochondria are found in a high density, especially in synaptic sites of neurons 

wherein the development of the central nervous system (CNS) and preserving 

normal nerve conduction require large amounts of ATP (Rahman & Copeland, 

2018). Neurologic manifestations are prominent in several mitochondrial disease 

phenotypes, and epilepsy can be the presenting feature in both children and adults. 

CNS manifestations characteristic of childhood-onset mitochondrial disease are 

developmental delay or psychomotor regression and movement disorders 

(Mattman et al., 2011), and approximately 20% of children with mitochondrial 

disorders develop intellectual impairment or psychiatric symptoms (Koenig, M. K., 

2008). Additionally, strokes, or stroke-like episodes, are a distinctive feature of 

mitochondrial disease and occur frequently in adult-onset disorders (Mattman et al., 

2011). Other common neurologic manifestations include impairment of the 

auditory and visual sensory systems and myopathy, either as an isolated disease or 

as a part of a syndromic phenotype affecting the skeletal, myocardial, ocular, or 

smooth muscle (Schapira, 2006). Sensorineural hearing loss is encountered in 7 to 

26% of children with mitochondrial disease (Koenig, M. K., 2008) and is a 

prominent feature of primary mtDNA disorders, especially MELAS (Chinnery, 

Patrick F. et al., 2000). Moreover, painless bilateral loss of vision in the central 

visual fields is the hallmark feature of Leber’s hereditary optic neuropathy (LHON) 



45 

(Finsterer, Josef, Mancuso, Pareyson, Burgunder, & Klopstock, 2018). 

Mitochondrial encephalomyopathies due to variants in mtDNA or nuclear genes 

are also frequently associated with ophthalmoplegia and retinal pigmentation 

(Finsterer, Josef et al., 2018; Schapira, 2006).  

Table 4. Clinical phenotypes of classic mitochondrial syndromes due to defects in 

mtDNA or POLG1. 

Syndrome Common genotype Age at onset Hallmark clinical features Reference 

CPEO Large-scale single 

mtDNA deletion 

Point mutation mtDNA 

(m.3243A>G) 

Adolescence/adulthood Progressive weakness of 

external eye muscles, 

bilateral ptosis 

McClelland, 

Manousakis, 

& Lee, 2016 

KSS Large-scale single 

mtDNA deletion 

Childhood PEO, pigmentary 

retinopathy, raised CSF 

protein, cerebellar ataxia, 

cardiac conduction defects 

Mancuso et 

al., 2015 

     

Pearson 

syndrome 

Large-scale single 

mtDNA deletion 

Early childhood Refractory sideroblastic 

anaemia, exocrine 

pancreatic insufficiency 

Mancuso et 

al., 2015 

MILS Point mutation mtDNA 

(m.8993T>C in MT-

ATP6) 

Infancy or childhood Subacute necrotizing 

encephalomyelopathy, 

psychomotor regression, 

brainstem dysfunction, lactic 

acidosis 

Thorburn, 

Rahman, & 

Rahman, 

2017 

MELAS Point mutation mtDNA 

(>80% m.3243A>G in 

MT-TL1) 

Childhood or adulthood Stroke-like episodes, 

encephalopathy, myopathy 

El-Hattab, 

Adesina, 

Jones, & 

Scaglia, 2015 

MERRF Point mutation mtDNA 

(mt.8344A>G in MT-

TK) 

Childhood or adulthood Myoclonus, epilepsy, 

progressive ataxia, ragged-

red fibres  

Lamperti & 

Zeviani, 2016 

NARP Point mutation mtDNA 

(MT-ATP6/MT-ATP8) 

childhood or adulthood Peripheral neuropathy, 

ataxia, pigmentary 

retinopathy 

Thorburn et 

al., 2017 

LHON Point mutation mtDNA 

(MT-ND1/MT-ND4/MT-

ND6) 

Adulthood  Optic neuropathy, subacute 

bilateral loss of vision 

Finsterer, 

Josef et al., 

2018 



46 

Syndrome Common genotype Age at onset Hallmark clinical features Reference 

AHS POLG1 Infancy and early 

childhood 

Progressive 

encephalopathy, drug-

resistant epilepsy, liver 

failure 

Rahman & 

Copeland, 

2018 

MCHS POLG1 Neonatal/infancy Developmental delay, lactic 

acidosis, myopathy, hepatic 

impairment 

Rahman & 

Copeland, 

2018 

MEMSA 

(incl. 

SCAE) 

POLG1 Adolescence/adulthood Epilepsy, myopathy and 

ataxia (without 

ophthalmoplegia) 

Rahman & 

Copeland, 

2018 

ANS 

(MIRAS, 

SANDO) 

POLG1 Adolescence/adulthood Ataxia, dysarthria, 

encephalopathy, epilepsy, 

PEO, peripheral neuropathy. 

May also present liver 

involvement. 

Rahman & 

Copeland, 

2018 

arPEO, 

adPEO 

POLG1 

 

Adulthood arPEO: Same as CPEO. 

adPEO: PEO+ generalized 

myopathy, SNHI, axonal 

neuropathy, ataxia, 

parkinsonism, cataracts, 

depression 

Rahman & 

Copeland, 

2018 

adPEO, autosomal dominant progressive external ophthalmoplegia; AHS, Alpers-Huttenlocher syndrome, 

ANS, ataxia neuropathy spectrum; arPEO autosomal recessive progressive external ophthalmoplegia; 

CPEO, chronic progressive external ophthalmoplegia; CSF, cerebrospinal fluid; KSS, Kearns-Sayre 

syndrome; LHON, Leber hereditary optic neuropathy; MCHS, myocerebrohepatopathy spectrum; 

MELAS, mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes; MEMSA, myoclonic 

epilepsy myopathy sensory ataxia; MERRF, myoclonic epilepsy with ragged-red fibers; MILS, maternally 

inherited Leigh syndrome; MIRAS, mitochondrial recessive ataxia syndrome; mtDNA, mitochondrial DNA; 

NARP, neuropathy, ataxia and retinitis pigmentosa; SANDO, sensory ataxic neuropathy with dysarthria 

and ophthalmoparesis; SCAE, spinocerebellar ataxia with epilepsy; SNHI, sensorineural hearing 

impairment. 

Growth failure in children and endocrine dysfunction presenting especially as 

diabetes mellitus are common multisystem features of mitochondrial disorders 

(Koenig, M. K., 2008; Schapira, 2006). Symptoms of the gastrointestinal tract are 

also frequently observed. Chronic intestinal pseudo-obstruction and pancreatic 

exocrine insufficiency are characteristic features of two disorders, the former 

referring to MNGIE and the latter to Pearson syndrome, but otherwise 

gastrointestinal symptoms are generally non-specific (Gillis & Sokol, 2003). Liver 

involvement in the severe hepatic forms of MTDPS presents commonly as neonatal 
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acute liver failure (Lee, Way S. & Sokol, 2007a), but chronic liver disease has also 

been reported in mitochondrial hepatopathy (Gillis & Sokol, 2003). Mitochondrial 

renal diseases are uncommon. The most prevalent renal abnormality is proximal 

tubulopathy (Rötig, 2003), and renal involvement has been reported in patients with 

pathogenic variants in DGUOK and MPV17 and in severe neonatal or infantile-

onset hepatocerebral forms of MTDPS (El-Hattab & Scaglia, 2013; Suomalainen 

& Isohanni, 2010; Uusimaa et al., 2014; Wong et al., 2007). 

Biochemical defects 

High lactate levels in blood (>2.1-3 mmol/L in plasma), CSF, and urine with an 

elevated ratio between lactate (L) and pyruvate (P) is a characteristic biochemical 

defect detected in mitochondrial disease; however, other conditions such as CNS 

infections and SE can also transiently increase the concentration of lactate in CSF 

(Haas et al., 2008; Parikh et al., 2015; Saneto, Friedman, & Shaw, 2008). Defective 

OXPHOS leads to decreased usage of pyruvate in the mitochondria when the focus 

of metabolism moves from TCA to glycolysis, where lactate and pyruvate are the 

end products (Robinson, 2006; Saneto et al., 2008). In pyruvate dehydrogenase 

complex deficiency (PDCD), the L/P ratio is ≤20 on average and might even be 

normal, as pyruvate levels are elevated in these patients due to a defective pyruvate 

metabolism (Patel, O'Brien, Subramony, Shuster, & Stacpoole, 2012). Analysis of 

amino acids in blood and CSF in patients with RC defects can show elevated levels 

of alanine, which is derived from the transamination of pyruvate in the cytosol 

(Patel et al., 2012; Rodenburg, 2011) as well as elevated glycine, proline, and 

tyrosine levels (Haas et al., 2008). Generalized aminoaciduria is associated with 

renal proximal tubulopathy in mitochondrial diseases with mtDNA deletions (Haas 

et al., 2008; Rodenburg, 2011). Urine organic acids, such as TCA cycle 

intermediates malate and fumarate or 3-methylglutaconic acid (3MGA), are 

commonly elevated in patients with mitochondrial disorders (generally during an 

acute symptomatic period) (Haas et al., 2008; Parikh et al., 2015; Rodenburg, 2011), 

and one study detected abnormalities in urine organic acids in 82% of patients with 

a RC defect (Alban, Fatale, Joulani, Ilin, & Saada, 2017). Cerebral folate deficiency 

is a feature of several inborn errors of metabolism (IEMs), including mitochondrial 

disease, and is detected as low 5-methyltetrahydrofolate (5-MTHF) in CSF (Parikh 

et al., 2015). Creatine kinase (CK) is usually normal or slightly elevated in 

mitochondrial myopathy (Milone & Wong, 2013). Carnitine, which is required for 

the transfer of fatty acids across the IMM, may be decreased in patients with a 
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mitochondrial disorder or a primary or secondary defect in β-oxidation (Haas et al., 

2008; Parikh et al., 2015).  

Serum fibroblast growth factor 21 (FGF21) (Morovat et al., 2017; Suomalainen 

et al., 2011) and serum growth and differentiation factor 15 (GDF15) (Yatsuga et 

al., 2015) have been suggested as biomarkers of mitochondrial disease. A high 

serum concentration of FGF21 shows high specificity (>90%) for mitochondrial 

disorders (Morovat et al., 2017) and FGF21 is both a specific and sensitive 

biomarker of mitochondrial myopathy, particularly in association with a 

mitochondrial translation defect or mtDNA deletions (Lehtonen et al., 2016). A 

high level of GDF15 in mitochondrial diseases correlates with disease severity 

(Yatsuga et al., 2015), and GDF15 is a sensitive serum marker of mitochondrial 

myopathy; however, it can also be elevated in other pathologic conditions involving 

muscle tissue (Lehtonen et al., 2016). FGF21 and GDF15 have been suggested to 

be included in the first-line investigations of a suspected mitochondrial disease 

(Koopman et al., 2016; Lehtonen et al., 2016; Yatsuga et al., 2015), especially when 

skeletal muscle is affected (Lehtonen et al., 2016). 

Abnormalities in neuroimaging studies 

Non-specific abnormalities, such as myelination delay, oedema and atrophy, are 

common findings in brain magnetic resonance imaging (MRI) studies for patients 

with mitochondrial disorders and CNS involvement, but the MRI can also be 

entirely normal (Haas et al., 2008; Koenig, S. A. et al., 2006; Saneto et al., 2008). 

Furthermore, MRI findings suggestive of mitochondrial diseases include 

symmetrical T2 signal abnormality of deep grey matter nuclei and diffuse white 

matter abnormalities along with cerebral and cerebellar atrophy (Dinopoulos et al., 

2005; Finsterer, J., 2006; Saneto et al., 2008). Leukoencephalopathy is a 

characteristic feature of LS and MNGIE (Parikh et al., 2015). In addition to 

MELAS, stroke-like lesions with a high T2 cortical signal (predominantly in the 

occipital lobes) sans vascular distribution are a common finding in brain MRI for 

patients with POLG-related epilepsy (Anagnostou et al., 2016; Rahman & 

Copeland, 2018). Lesions in the thalamus, basal ganglia, and cerebellum; 

generalized cerebral atrophy; and cerebral white matter changes are also detected 

in these patients (Anagnostou et al., 2016; Rahman & Copeland, 2018). In 

mitochondrial patients, lactate peaks and decreased N-acetyl aspartate 

concentration (NAA) or a decreased NAA/creatine ratio can be seen in magnetic 

resonance spectroscopy (MRS), in which they act as markers of anaerobic 
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metabolism, neuronal loss, and possible mitochondrial dysfunction (Haas et al., 

2008; Saneto et al., 2008). In mitochondrial disease, lactate peaks may be detected 

in acute cortical abnormalities, such as stroke-like lesions (Hikmat et al., 2017) or 

normal-appearing brain parenchyma, and without elevated lactate level in plasma 

(Dinopoulos et al., 2005). 

Abnormalities in histopathological studies 

Skeletal muscle is affected in most patients with a mitochondrial disorder, although 

some patients may exhibit normal findings with light microscopy (LM), 

histochemical studies, and electron microscopy (EM) (Bourgeois & Tarnopolsky, 

2004; Haas et al., 2008; Rodenburg, 2011). Mitochondrial disorder in the muscle 

presents characteristically as ragged, red fibres and cytochrome-c-oxidase (COX) 

negative fibres, which are most frequently seen in patients with pathogenic mtDNA 

variants. The accumulation of normal or abnormal mitochondria and increased lipid 

or glycogen droplets may be seen in the cell cytoplasm in EM (Filosto et al., 2007; 

Koenig, M. K., 2008). Biochemical studies may show decreased OXPHOS enzyme 

activity or ETC activity in the muscle tissue, and the amounts of individual 

complexes in the tissue sample can be decreased when measured with Blue Native 

Gel electrophoresis (Rodenburg, 2011).  

Brain tissue is the tissue second most commonly affected by mitochondrial 

disease (Finsterer, J. & Mahjoub, 2013). Histopathology of brain samples from 

patients with mitochondrial encephalopathies typically show cortical 

neurodegeneration or multifocal necrotic lesions when grey matter is affected, 

whereas demyelination and spongiosis develop in diseases involving white matter 

(Filosto et al., 2007). Lesions in grey matter are common in MELAS, MERRF, 

AHS, and LS (Filosto et al., 2007) and white matter is frequently affected in KSS, 

MELAS, LS, and LHON, among others (Lerman-Sagie, Leshinsky-Silver, 

Watemberg, Luckman, & Lev, 2005).  

Histopathologic studies of liver tissues in patients with mitochondrial 

hepatopathy may show micro- and macrovesicular steatosis, cholestasis, 

proliferation of bile ducts, degeneration and swelling of the hepatocytes, 

inflammatory changes, fibrosis, and cirrhosis with or without ultrastructural 

mitochondrial abnormalities in EM. In a retrospective study of 118 children with a 

RC disorder, 61% produced nonspecific findings from a liver biopsy, and only 9% 

displayed mitochondrial abnormalities in EM (Bernier et al., 2002). In addition, 
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hemosiderosis of the liver is common in Pearson’s syndrome and mitochondrial 

depletion syndrome (Lee, Way S. & Sokol, 2007a).  

Diagnosis 

The identification and diagnosis of a mitochondrial disorder presents a great 

challenge in clinical practice, especially in regard to children who frequently show 

variable multisystem manifestations and non-syndromic disease characteristics 

(Haas et al., 2008; Koenig, M. K., 2008; Morava et al., 2006; Spinazzola, A., 2011). 

Diagnostic criteria based on findings of clinical, laboratory, histopathologic, and 

genetic investigations have been created to aid the clinician in assessing the 

probability of a mitochondrial disorder (Koopman et al., 2016). Such criteria were 

first proposed by Walker et al in 1996. Since then, “the Walker criteria” have been 

modified to better suit the evaluation of paediatric patients with suspected 

mitochondrial disease (Wolf & Smeitink, 2002). The Mitochondrial Disease 

Criteria (MDC), a scoring system that combines clinical, biochemical, and 

structural criteria, has been established as a highly specific clinical tool for 

identifying primary mitochondrial disorders from other overlapping genetic 

multisystem disorders (Morava et al., 2006). Information gained from clinical 

examination of affected tissues and organs and from assessment of the patient’s 

medical history forms the basis for all further evaluations (Koopman et al., 2016). 

Moreover, the measurement of mitochondrial analytes in blood, CSF and urine is 

advised, typically including the L/P-ratio, amino acids, CK, transaminases, plasma 

total and free carnitine levels, and urine organic acids (Koenig, M. K., 2008; 

Spinazzola, A., 2011), none of which are specific or sensitive to mitochondrial 

diseases alone (Parikh et al., 2015). The measurement of serum biomarker FGF21 

and GDF15 levels may increase the reliability of initial laboratory investigations 

(Morovat et al., 2017; Suomalainen et al., 2011; Yatsuga et al., 2015).  Brain MRI 

should be performed when evaluating a patient with CNS involvement and a 

suspected mitochondrial disease (Parikh et al., 2015). If results from the non-

invasive studies indicate a need for invasive procedures (i.e. performing a tissue 

biopsy) and the diagnosis cannot be confirmed by other methods, sample collection 

is generally targeted toward skeletal muscle, as it is most likely to display 

mitochondrial dysfunction in LM, EM, and biochemical analyses (Haas et al., 2008; 

Parikh et al., 2015). A skin biopsy should also be performed, as cultured fibroblasts 

can be stored and used in further functional studies as well as protein and genetic 

studies, if needed (Haas et al., 2008).  
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A mitochondrial disorder may be inherited following maternal inheritance, 

which is the case in the majority of primary mtDNA defects, or via mendelian traits, 

as in recessive or dominant variants in nuclear genes. Evaluation of the family 

history of the affected individual may, together with the results from clinical and 

biochemical studies, guide genetic investigations toward possible candidate genes 

(Haas et al., 2008; McFarland, Robert, Taylor, & Turnbull, 2010). Using DNA 

extracted from blood or tissue samples, a specific genetic defect (e.g. a point 

mutation in mtDNA or nDNA) can be analysed with polymerase chain reaction 

(PCR) based methods, such as restriction fragment length polymorphism (RFLP) 

and direct DNA sequencing. Real time quantitative PCR (RT-qPCR) is utilized in 

quantitating the mtDNA copy number in reference to a nuclear gene, while long-

range PCR can be used to detect mtDNA deletions (Haas et al., 2008; McFarland, 

Robert et al., 2010); however, these techniques are being replaced by newer ones 

that cover the entire mitochondrial genome, namely next-generation sequencing 

(NGS) (Parikh et al., 2015). The use of massive parallel and NGS techniques, such 

as whole exome sequencing (WES), improves the detection of novel pathogenic 

nuclear variants and, when implemented together with MDC scoring, significantly 

increases the identification rate of specific molecular diagnoses in patients with 

suspected mitochondrial disorders (Pronicka et al., 2016; Taylor et al., 2014; 

Wortmann, Koolen, Smeitink, van den Heuvel, & Rodenburg, 2015). 

Treatment options and other management approaches 

As yet, there is no effective treatment for mitochondrial disorders. The therapies 

available are largely symptomatic, and there are no evidence-based treatment 

protocols for the management of mitochondrial disease (Parikh et al., 2015). 

Symptomatic therapies include physical therapy, hearing aids or cochlear implants 

for SNHI, pace makers for cardiac arrhythmias, surgical procedures for correction 

of ptosis, and symptomatic treatment of endocrine disorders, among others (El-

Hattab et al., 2017). Avoidance of metabolic and neurologic deterioration during an 

acute illness is particularly important in patients with mitochondrial disease, as 

mitochondrial failure due to metabolic stress may lead to multi-system organ 

dysfunction (Avula, Parikh, Demarest, Kurz, & Gropman, 2014).  

Different supplements, including coenzyme Q10, L-Carnitine, folinic acid, 

creatine, α-lipoic acid (ALA), vitamin C, vitamin E, and B-vitamins like riboflavin 

and thiamine are widely used in mitochondrial disease therapy (El-Hattab et al., 

2017; Parikh et al., 2015). These are proposed to enhance ETC function (coenzyme 
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Q10, riboflavin, L-Carnitine, and thiamine), to act as antioxidants against harmful 

effects of excessive mROS (ALA, vitamins C, and E), or to increase ATP depository 

by working as buffers inside the cell (creatine) (El-Hattab et al., 2017), but there is 

no clear evidence to support their use (Pfeffer, Majamaa, Turnbull, Thorburn, & 

Chinnery, 2012). The Mitochondrial Disease Society consensus statement 

recommends offering CoQ10, ALA, and riboflavin to most mitochondrial disease 

patients, while folinic acid should be given to patients with either low 5-MTHF in 

CSF or a disease condition known to be associated with folate deficiency. The 

administration of L-Carnitine is recommended only to patients with a documented 

carnitine deficiency (Parikh et al., 2015). 

Individuals with pyruvate dehydrogenase complex deficiency (PDCD) have 

been reported to benefit from dietary intervention implementing high-fat and low-

carbohydrate intake (Barnerias et al., 2010; DeBrosse et al., 2012). Specifically, the 

ketogenic diet has been used to treat patients with mitochondrial disease and 

epilepsy, leading to a marked reduction in seizures in most patients; altogether, 50% 

of patients became seizure-free in the two retrospective studies published (Kang, 

Lee, Kim, Lee, & Slama, 2007; Lee, Young Mock et al., 2008). Two case reports 

described similar effects in individual patients with POLG-related epilepsy and 

AHS when the patients were treated with ketogenic or low-glycaemic diets together 

with several antiepileptic drugs (AEDs) (Joshi, Greenberg, Mhanni, & Salman, 

2009; Martikainen, Päivärinta, Jääskeläinen, & Majamaa, 2012). However, there 

are no reports on the long-term effects of a ketogenic diet on mitochondrial disease, 

and the mechanism of the diet is still not fully understood (Avula et al., 2014). 

The clinical condition of patients suffering from mitochondrial diseases may 

improve in response to some treatments and deteriorate in response to others. L-

arginine supplementation for metabolic stroke in MELAS has been shown to 

mitigate stroke-like symptoms and to improve the levels of mitochondrial analytes, 

such as lactate, pyruvate, and plasma amino acids, during an acute symptomatic 

episode (Koga et al., 2005). The Mitochondrial Disease Society recommends the 

use of intravenous arginine as an acute treatment at the onset of a stroke-like 

episode and as a discretionary oral supplement for preventing strokes in patients 

with MELAS (Parikh et al., 2015). Some AEDs, such as valproic acid (VPA), 

phenytoin, phenobarbital, and carbamazepine, display mitochondria-toxic effects 

(Finsterer, Josef & Scorza, 2017). Patients with mitochondrial disorders are 

sensitive to hepatotoxicity induced by VPA, especially when pathogenic POLG1 

variants are present (Silva et al., 2008; Stewart, J. D. et al., 2010; Uusimaa et al., 

2008). Overall, further research is needed to determine the effect of AEDs on 
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mitochondrial metabolism and other aspects of mitochondrial function (Finsterer, 

Josef & Scorza, 2017). 

Ideally, treatments for mitochondrial diseases should be tailored according to 

the pathomechanism of the underlying disease. Nucleoside supplementation and 

nucleotide bypass therapy have been suggested as a potential treatments for patients 

with mtDNA depletion syndrome due to defects in genes responsible for dNTP pool  

balance (e.g. TK2 and DGUOK) (El-Hattab et al., 2017; Hirano, Emmanuele, & 

Quinzii, 2018).  Recently, a potassium channel blocker and anti-arrhythmic drug, 

clofilium tosylate, was reported to improve mtDNA stability in POLG-deficient 

Caenorhabditis elegans, with a similar effect observed in human fibroblasts from 

a patient with severe mitochondrial cerebrohepatopathy (Pitayu et al., 2015). In 

mouse models, vector-mediated gene therapy has been effective in treating nDNA-

encoded mitochondrial disorders, such as MNGIE and the primary mtDNA 

disorder LHON (Hirano et al., 2018). These techniques together with mt-tRNA-

targeted treatments and strategies aiming to reduce mtDNA mutation load may 

offer effective, individualized therapies in the future (Hirano et al., 2018). An early 

molecular genetic diagnosis is also essential for assessing prognosis and for the 

management of subsequent impairment during disease progression. Lastly, finding 

the underlying genetic defect allows for the genetic counselling of families 

concerning the risk of reoccurrence and reproductive options in family planning 

and enables prenatal screening (Kisler, Whittaker, & McFarland, 2010). 

2.1.5 Epilepsy 

Overview of epilepsy in mitochondrial disease 

Epilepsy is a common manifestation in several mitochondrial diseases and may 

present as any type of seizure (Bindoff & Engelsen, 2012; Blanco-Barca et al., 2004; 

Desguerre et al., 2003; Minassian, Sainz, & Delgado-Escueta, 1995; Shah, Mitchell, 

& Boles, 2002; Van Goethem et al., 2003). Seizures have been reported to occur in 

35–60% of patients with a biochemically confirmed mitochondrial disease 

(Canafoglia et al., 2001; Debray et al., 2007; Khurana et al., 2008; Rahman, 2012), 

with epilepsy being more common in children than in adults (Finsterer, J. & 

Mahjoub, 2013). Seizures can be the first clinical presentation or occur later on as 

the disease progresses. Furthermore, the underlying pathology has a strong effect 

on the severity of epilepsy (Bindoff & Engelsen, 2012; Finsterer, J. & Mahjoub, 
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2013). Epilepsy is a defining or prominent feature of MELAS, MERRF, AHS, the 

myoclonus, epilepsy, myopathy, sensory ataxia (MEMSA) syndrome, and the 

ataxia-neuropathy spectrum (ANS) syndromes in addition to being a concomitant 

manifestation in KSS, LHON, NARP, and IOSCA, among others (Finsterer, Josef 

& Mahjoub, 2012). The risk of status epilepticus (SE) is high in mitochondrial 

epilepsy, especially in regard to the MELAS syndrome and in patients with POLG-

related epilepsy (Bindoff & Engelsen, 2012; Engelsen et al., 2008; Khurana et al., 

2008; Lee, Hsiu-Fen, Chi, Tsai, & Chen, 2011).  

The majority of patients with mitochondrial epilepsy exhibit more than one 

type of seizure (Bindoff & Engelsen, 2012; El Sabbagh et al., 2010). Overall, 

myoclonic seizures, focal to bilateral tonic-clonic seizures,  generalized tonic-

clonic or tonic seizures and recurrent focal motor seizures (i.e. epilepsia partialis 

continua [EPC)]) are the most commonly observed seizure types (Bindoff & 

Engelsen, 2012; Finsterer, Josef & Mahjoub, 2012; Rahman, 2018). The childhood-

onset forms of mitochondrial epilepsy can be divided into six categories according 

to age at onset of epilepsy and the primary seizure type: (I) neonatal forms with 

refractory SE and multiorgan organ failure, (II) neonatal myoclonic epilepsy, (III) 

infantile spasms, (IV) refractory or recurrent SE, (V) EPC, and (VI) myoclonic 

epilepsy (El Sabbagh et al., 2010; Rahman, 2012). Late-onset mitochondrial 

epilepsy in adult patients presents most commonly with generalized tonic-clonic 

seizures, focal seizures and CSE or NCSE (Finsterer, Josef & Mahjoub, 2013). 

Mitochondrial RC defects can also lie behind specific epileptic encephalopathies, 

such as Ohtahara syndrome, West syndrome, Lennox-Gastaut syndrome and 

Landau-Kleffner syndrome (Lee, Young Mock et al., 2008). 

Pathogenic mtDNA variants most frequently associated with epilepsy are 

m.3243A>G (MELAS syndrome), m.8344A>G (MERRF syndrome), and 

m.8993T>G/C (NARP, MILS), which affect the tRNA(Leu[UUR]), tRNA(Lys), 

and the complex V subunit ATP6 encoded by the MT-TL1, MT-TK, and MT-ATP6 

genes, respectively (Finsterer, J. & Mahjoub, 2013). Isolated RC complex 

deficiencies due to variants in mtDNA or nuclear DNA genes encoding the 

structural subunits or assembly factors of the RC enzymes (e.g., MT-ND5, NDUFS8, 

NDUFA1, and FOXRED1 in complex I deficiency and SURF1 in complex IV 

deficiency) present most commonly as LS (Rahman, 2012). Pathogenic variants in 

POLG1 are a dominant genetic cause of mitochondrial epilepsy along with variants 

in other genes affecting mtDNA expression, such as TWNK, TK2, SUCLA2, MPV17, 

RRM2B, and RARS2 (Rahman, 2012). The most common pathogenic POLG1 

variants, p.A467T, p.W748S, and p.G848S, are found in 80% of patients with 
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confirmed POLG-related epilepsy (Anagnostou et al., 2016) and homozygous 

p.A467T and p.W748S variants in the linker region of POLG1 are associated with 

later disease onset and longer survival rates compared to patients with the same 

variants in compound heterozygosity or variants affecting the polymerase and 

linker domains of the enzyme (Anagnostou et al., 2016; Tzoulis et al., 2006). Other 

genetic causes of mitochondrial epilepsy include Coenzyme Q10 (CoQ10) 

deficiencies and defects in proteins involved in mitochondrial dynamics or solute 

transport across the IMM, such as the mitochondrial glutamate carrier 1 encoded 

by the SLC25A22 gene (Rahman, 2012). In children with mitochondrial epilepsy, 

the causative variant is most commonly located in a nuclear gene, and 

approximately 50% exhibit syndromic multisystem manifestations (Lee, Hsiu-Fen 

et al., 2011), whereas adults with epilepsy are more likely to harbour mtDNA 

variants associated with non-syndromic mitochondrial diseases (Finsterer, Josef & 

Mahjoub, 2013). The mtDNA and nDNA genes known to be associated with 

mitochondrial epilepsy are presented in Fig. 4 and 5 (Davison & Rahman, 2017; 

Rahman, 2012). 

Pathomechanisms of mitochondrial epilepsy and seizure generation 

Epilepsy in mitochondrial disease is most frequently caused by RC defects 

affecting complex I or complex IV, although defects affecting other complexes are 

also associated with seizures (El Sabbagh et al., 2010; Rahman, 2012). RC 

dysfunction leads to decreased intracellular ATP levels, which increases neuronal 

excitability by impairing Na-K ATPase activity and decreasing mitochondrial 

calcium uptake from the cytoplasm, resulting in decreased neuronal plasma 

membrane potential. Impairment of ATP synthesis also increases glutamate release 

into the synapse, which, together with impaired cellular calcium homeostasis, can 

lead to glutaminergic excitotoxic cell damage, neuronal injury, and seizures 

(Bindoff & Engelsen, 2012). On the other hand, an increase in energy demand and 

acquired neuronal injury due to seizure activity can provoke mitochondrial 

dysfunction and increase neuronal excitability via mROS-induced oxidative 

damage on neuronal glutamate transporters and potassium channels. Deficiency in 

ATP production also decreases the release of inhibitory neurotransmitters such as 

gamma-aminobutyric acid (GABA), resulting in reduced neuronal network 

inhibition (Zsurka & Kunz, 2015). A proposed model of seizure generation in 

mitochondrial epilepsy is presented in Fig.6 (James, Sheard, Wei, & Murphy, 1999; 
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Lorenzoni, Scola, Kay, Silvado, & Werneck, 2014; Rahman, 2012; Zsurka & Kunz, 

2015). 

Fig. 4. mtDNA genes associated with mitochondrial epilepsy. Adapted and modified 

from Davison & Rahman 2017. 
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Fig. 5. Molecular mechanisms leading to mitochondrial epilepsy due to variants in 

nuclear genes. Adapted and modified from Rahman 2012 and Davison & Rahman 2017. 
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Fig. 6. A proposed model of seizure generation in mitochondrial epilepsy. Adapted and 

modified from James et al. 1999, Rahman 2012, Lorenzoni et al. 2014, and Zsurka & 

Wolfram 2015. 

Epilepsy in classic mitochondrial syndromes 

Epilepsy is a characteristic feature in several primary mtDNA disorders (Bindoff & 

Engelsen, 2012; Finsterer, J. & Mahjoub, 2013). Generalized tonic-clonic seizures 

and progressive myoclonus epilepsy (PME) are typical manifestations of the 

MERRF syndrome (Canafoglia et al., 2001; Shahwan, Farrell, & Delanty, 2005), 

whereas focal seizures are more frequently seen in MELAS syndrome (Bindoff & 

Engelsen, 2012; Canafoglia et al., 2001). In MELAS, migraine-like headaches 

accompanied by vomiting and visual phenomena can precede stroke-like symptoms 

and seizures (Bindoff & Engelsen, 2012). Myoclonias and generalized seizures also 

occur in MELAS, and the epilepsy phenotype may overlap with that of MERRF 

(Bindoff & Engelsen, 2012; Finsterer, J. & Mahjoub, 2013). Moreover, generalized 

tonic-clonic seizures and myoclonic seizures occur frequently in maternally 

inherited LS (MILS) and in the early onset severe form of neuropathy, ataxia and 
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retinitis pigmentosa (NARP) syndrome (Finsterer, J. & Mahjoub, 2013; Rahman, 

2012). LS commonly leads to early childhood death due to respiratory failure or 

sudden unexpected death caused by epilepsy (SUDEP) (Eom et al., 2017), whereas 

in NARP, seizures can present in adolescence or adulthood and are less severe in 

nature (Finsterer, J. & Mahjoub, 2013; Rahman, 2012), although one case report 

has described an adult NARP patient who developed convulsive SE (Keränen & 

Kuusisto, 2006). Epilepsy is an infrequent manifestation of LHON and KSS. In 

LHON, epilepsy may present as myoclonic seizures in early childhood or adulthood, 

and, in KSS, some patients have reported having focal or generalized seizures 

during adolescence (Finsterer, J. & Mahjoub, 2013). 

Epilepsy in POLG-related syndromes 

POLG-related epilepsy is associated with high morbidity and mortality rates, and 

drug-resistant seizures can be the first manifestation of the disorder (Engelsen et 

al., 2008; Hikmat et al., 2017; Tzoulis et al., 2006; Uusimaa et al., 2008). The 

seizures of POLG-related epilepsies are most commonly focal to bilateral tonic-

clonic seizures or multifocal seizures with occipital lobe predilection (Engelsen et 

al., 2008). The majority of patients also have myoclonic or focal motor seizures 

that frequently evolve into focal motor SE or generalized convulsive SE 

(Anagnostou et al., 2016; Bindoff & Engelsen, 2012). Adolescent- and adult-onset 

forms of POLG-related epilepsy, such as MEMSA and the juvenile-onset forms of 

Alpers disease and the mitochondrial recessive ataxia syndrome (MIRAS), are 

characterized by migraine-like headaches and visual symptoms that may precede 

stroke-like episodes (Engelsen et al., 2008; Hikmat et al., 2017; Tzoulis et al., 2006). 

Seizures are also a prominent feature of mitochondrial ataxia-neuropathy spectrum 

(ANS) disorders such as SANDO (Finsterer, Josef & Mahjoub, 2012), in which 

patients typically present with PEO, sensory ataxic neuropathy, and dysarthria, 

which are sequentially accompanied by epilepsy and myoclonias (Milone & Massie, 

2010; Winterthun et al., 2005). 

Epilepsy due to other genetic defects in mtDNA maintenance 

Generalized tonic-clonic seizures, focal to bilateral tonic-clonic seizures, EPC, and 

myoclonic seizures have been reported in infantile-onset spinocerebellar ataxia 

(IOSCA), a progressive neurodegenerative disorder with severe epileptic 

encephalopathy caused by recessive variants in TWNK (Finsterer, J. & Mahjoub, 
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2013). Variants in other genes involved in mtDNA maintenance such as RRM2B, 

TK2, SUCLA2, SUCLG1, DGUOK, MPV17, and ABAT have also been linked to 

mitochondrial epilepsy (Dimmock et al., 2008; Galbiati et al., 2006; Uusimaa et al., 

2014; Viscomi & Zeviani, 2017). The early-onset hepatocerebral forms of TWNK-, 

DGUOK- and MPV17- related disease have overlapping clinical features with AHS 

(Dimmock et al., 2008; Hakonen et al., 2007; Uusimaa et al., 2014). 

Findings in neuroimaging and electrophysiological studies 

Refractory focal onset seizures with asymmetric epileptic discharges occurring 

predominantly in the occipital region, complimentary focal slowing of brain 

electrical activity, and recurrent EPC or SE are all characteristic features of AHS 

(Saneto & Naviaux, 2010; Wolf et al., 2009). Other mitochondrial disorders 

regarding epilepsy do not have distinctive EEG patterns. Furthermore, variable 

non-specific epileptiform features, such as photosensitivity, focal spike or sharp 

wave and diffuse background slowing can be observed in these disorders (Finsterer, 

Josef & Mahjoub, 2012; Rahman, 2012). Multifocal or focal epileptiform 

discharges with occipital lobe predilection and generalized discharges are the most 

common EEG finding in patients with POLG-related epilepsy (Anagnostou et al., 

2016; Chevallier, Von Allmen, & Koenig, 2014; Engelsen et al., 2008; Finsterer, 

Josef & Mahjoub, 2012). 

The brain MRI can be normal or show either a nonspecific or specific brain 

pathology. In a retrospective study of adult patients with a definitive or suspected 

mitochondrial disorder and epilepsy, structural or metabolic cerebral lesions in 

brain MRI were detected in 65% of patients (Finsterer, Josef & Mahjoub, 2013). 

Acute or subacute stroke-like lesions are the most common neuroradiological 

abnormality existing in both MELAS and POLG-related diseases (Anagnostou et 

al., 2016; Bindoff & Engelsen, 2012). In POLG-related epilepsy, the focal cortical 

lesions appear most frequently in the occipital regions of the brain during prolonged 

seizure activity or SE episode and correlate with the localization of epileptic foci 

seen in EEG (Tzoulis et al., 2010). Lactate peaks and decreased NAA concentration 

can be seen in the lesions in MRS, indicating mitochondrial dysfunction and 

neuronal loss or gliosis (Tzoulis et al., 2010). T2-hyperintense lesions in the 

thalamus region, basal ganglia, or cerebellum are also a common finding in brain 

MRI of patients with POLG-disease and drug-resistant seizures (Anagnostou et al., 

2016). 
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Treatment of epilepsy in mitochondrial disease 

The management of mitochondrial epilepsy mainly follows the general treatment 

guidelines for epilepsy (Finsterer, Josef & Mahjoub, 2012), which are divided by 

age group and seizure type or by specific epilepsy syndrome (Glauser et al., 2006). 

Some anti-epileptic drugs (AEDs), such as valproic acid (VPA), phenytoin, 

phenobarbital, and carbamazepine, have mitochondria-toxic effects and should be 

avoided in the treatment of epilepsy in patients with mitochondrial disease 

(Finsterer, Josef & Scorza, 2017). As mentioned previously, VPA may induce fatal 

liver injury in patients with pathogenic POLG1 variants, and, therefore, the use of 

VPA is contraindicated in this patient group (Engelsen et al., 2008; Gordon, 2006; 

Silva et al., 2008; Tzoulis et al., 2006; Uusimaa et al., 2008). The administration of 

VPA can also lead to an activation or worsening of seizures in MELAS (Lam, Lau, 

Williams, Chan, & Wong, 1997; Lin, C. & Thajeb, 2007). AEDs may trigger 

mitochondrial dysfunction by interfering with OXPHOS, mitochondrial transport 

systems, antioxidative defence mechanisms, or dynamics of the mitochondrial 

network, among others (Berger, Segal, Shmueli, & Saada, 2010; Finsterer, Josef & 

Scorza, 2017). 

AEDs recommended for the treatment of epilepsy in mitochondrial patients 

include levetiracetam, lamotrigine, gabapentin, and lacosamide (Finsterer, Josef & 

Mahjoub, 2012). Lamotrigine has been suggested to have neuroprotective effects 

against glutamate excitotoxicity (Arpin, Lagrue, Bodard, Chalon, & Castelnau, 

2009; Leng, Fessler, & Chuang, 2013). Furthermore, the ATP production levels of 

lymphocytes in children undergoing lamotrigine treatment were significantly 

higher compared to both the healthy controls and the children undergoing 

carbamazepine or phenobarbital treatment (Berger et al., 2010). Levetiracetam is 

the preferred, first-line AED for the treatment of epilepsy in MERRF (Mancuso et 

al., 2006). The treatment of mitochondrial epilepsy is challenging, especially in 

POLG-related diseases, as the majority of adult patients and nearly all paediatric 

patients develop drug-resistant epilepsy (Hikmat et al., 2017). Lamotrigine, 

lacosamide, levetiracetam, and topiramate combined with a benzodiazepine, such 

as clobazam or clonazepam, may be indicated in POLG-related epilepsy, although 

lamotrigine can aggravate myoclonic seizures (Hikmat et al., 2017; Rahman & 

Copeland, 2018). The use of gamma-aminobutyric acid-ergic (GABAergic) 

anaesthetic agents such as thiopental and propofol, magnesium infusion together 

with AED polytherapy, and ketamine infusion combined to midazolam have been 
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observed to control the seizures in individual patients with POLG-related epilepsy 

and SE (Uusimaa et al., 2008; Visser et al., 2011).  

The ketogenic diet has been used to treat patients with mitochondrial disease 

and epilepsy with variable results (Rahman, 2012). A marked reduction in seizures 

was observed in two retrospective studies, but the diet did not affect the progression 

of the underlying mitochondrial disorder (Kang et al., 2007; Lee, Young Mock et 

al., 2008). In addition, two case reports described similar beneficial effects during 

the administration of a ketogenic or low-glycaemic diet in individual patients with 

POLG-related epilepsy or AHS (Joshi et al., 2009; Martikainen et al., 2012). Lastly, 

it has been suggested that MELAS patients benefit from L-Arginine-infusion 

treatment for SE (Toribe, Tominaga, Ogawa, & Suzuki, 2007). 

2.2 Valproate-induced hepatotoxicity and mitochondria 

2.2.1 Valproic acid and its metabolism 

Valproic acid (VPA) is a frequently used, wide-spectrum anti-epileptic drug (AED). 

It is used as a first-line treatment for generalized tonic-clonic, absence, or 

myoclonic seizures and as a second-line treatment for focal seizures in both 

children and adults (Glauser et al., 2013). In addition, intravenous VPA is used to 

treat patients with status epilepticus (SE) (Olsen, Taubøll, & Gjerstad, 2007; Trinka 

et al., 2014). An increase in GABA levels in the brain and a blockade of voltage-

gated sodium and calcium ion channels likely mediate the anticonvulsant activity 

of VPA. Other indications of use regarding VPA treatment include migraine 

management and the treatment of neuropathic pain and psychiatric disorders such 

as bipolar disorder (Ghodke-Puranik et al., 2013). Although VPA is generally well-

tolerated (Lheureux & Hantson, 2009; Trinka et al., 2014), the regular monitoring 

of liver function tests is advised due to potential hepatotoxic effects that may occur 

within therapeutic dosage and VPA serum level range (Koenig, S. A. et al., 2006; 

Schmid et al., 2013). 

The chemical structure of VPA, or 2-propylpentanoic acid, closely resembles 

that of endogenous short-chain fatty acids. VPA is metabolized by the liver through 

glucuronidation, mitochondrial β-oxidation, cytochrome P450-mediated oxidation, 

and cytosolic ω-oxidation, for which β-oxidation and glucuronidation are normally 

the primary pathways of VPA metabolism. Cytochrome P 450 catalyses the 

transformation of VPA into 4-ene-VPA, which enters the mitochondrial matrix with 
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the help of the Carnitine shuttle and continues on to β-oxidation as Valproyl-CoA 

to form the 2,4-diene-VPA-CoA metabolite. A minor pathway, ω-oxidation, 

produces 2-propyl-4-pentanoic acid (4-en-VPA) and propionic acid metabolites 

(Ghodke-Puranik et al., 2013; Lheureux & Hantson, 2009). VPA is excreted in urine 

in the form of glucuronide conjugates, and 3% of VPA is excreted unchanged, 

mostly as valproylcarnitine (Lheureux, Penaloza, Zahir, & Gris, 2005). 

2.2.2 Mechanisms of valproate-induced hepatotoxicity and 

mitochondrial toxicity 

VPA-induced hepatotoxicity (VHT) is a rare but often fatal cause of drug-induced 

liver injury (Bohan et al., 2001). In children, over 260 VPA-related fatalities have 

been reported since 1977, 156 of which were due to VHT (Star, Edwards, & 

Choonara, 2014). The 4-en-VPA metabolite together with 2,4-en-VPA are thought 

to be the intermediates of VHT (Ghodke-Puranik et al., 2013; Lheureux & Hantson, 

2009), primarily through interference with mitochondrial β-oxidation (Begriche, 

Massart, Robin, Borgne-Sanchez, & Fromenty, 2011; Finsterer, Josef & Scorza, 

2017; Silva et al., 2008). Long-term or high-dose treatment shifts the metabolism 

of VPA toward ω-oxidation, thereby increasing the probability of hepatotoxicity 

(Lheureux & Hantson, 2009). Microvesicular steatosis due to the accumulation of 

lipids is a typical finding in the histopathological examination of the affected liver 

in VPA-induced hepatopathy and indicates the disruption of mitochondrial FAO 

(Begriche et al., 2011; Fontana et al., 2010; Fromenty & Pessayre, 1997). Severe 

VHT can also lead to hepatocellular necrosis, inflammation, and fibrosis (Begriche 

et al., 2011; Koenig, S. A. et al., 2006). 

Carnitine facilitates the transport of long-chain fatty acids into the 

mitochondria and therefore plays a regulatory role in mitochondrial FAO. Carnitine 

depletion prevents the transport of the fatty acids into the mitochondrial matrix, 

which results in the impairment of β-oxidation and ATP production. Impaired 

mitochondrial β-oxidation promotes ω-oxidation of VPA, which results in the 

accumulation of hepatotoxic metabolites. VPA inhibits carnitine synthesis and the 

function of the carnitine transporter, decreasing the availability of mitochondrial 

CoA and leading to secondary carnitine deficiency that may promote VHT through 

the mechanisms described above (Lheureux et al., 2005). 

VPA has detrimental effects on several metabolic pathways involved in 

mitochondrial energy metabolism (Koenig, S. A. et al., 2006), but the exact 

mechanism of mitochondrial VPA toxicity is not currently known (Sitarz et al., 
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2014). A review study examining mitochondrial dysfunction in the context of drug-

induced liver injury reported that VPA not only decreases mitochondrial OXPHOS 

activity, which is observed as reduced oxygen consumption and ATP production in 

the human hepatoma cell line (HepG2), but also reduces the expression of POLG1, 

resulting in a reduction in the cell’s mtDNA content (Ramachandran, Duan, 

Akakpo, & Jaeschke, 2018). Furthermore, VPA inhibits pyruvate dehydrogenase 

and α-ketoglutarate dehydrogenase activity in vitro, thus inducing mitochondrial 

dysfunction via the inhibition of the citric acid cycle and OXPHOS and via the 

secondary inhibition of FAO (Aires et al., 2008; Luís et al., 2007; Pessayre et al., 

2012; Silva et al., 1997). In hepatocyte-like cells derived from patients with 

pathogenic POLG1 variants, VPA was shown to induce mitochondrial permeability 

transition pore opening through increased mitochondrial ROS production, leading 

to excessive mitochondrial dependent apoptosis (Li et al., 2015). Similarly, a 

decrease in mitochondrial membrane potential has been observed upon VPA 

exposure in experimental studies, along with other structural abnormalities such as 

mitochondrial swelling (Ramachandran et al., 2018).  

2.2.3 Risk factors for valproate-induced hepatotoxicity 

Combination therapy with VPA and other AEDs and developmental delay or 

cognitive impairment are well-known risk-factors for acute VPA-induced liver 

failure (VPA-ALF), especially in patients under two years of age (Koenig, S. A. et 

al., 2006). In a retrospective study in the USA, 1 in 600 children under the age of 

two developed severe liver failure after the administration of VPA polytherapy 

(Bryant & Dreifuss, 1996). Although VHT can occur in patients of any age, the 

majority of fatal VPA-ALF is reported in children under six years old (Star et al., 

2014). This is partially explained by the age-related differences in VPA metabolism; 

due to a more active hepatic metabolism, young children require higher doses of 

VPA, resulting in enhanced VPA biotransformation and increased exposure to the 

reactive VPA-metabolites (Anderson, 2002; Gopaul, Farrell, & Abbott, 2003). 

Moreover, VPA-ALF has been reported to occur mostly under VPA polytherapy 

(Schmid et al., 2013). Concomitant medication combined with drugs that induce 

P450 enzyme activity, such as carbamazepine and phenytoin, results in lower 

steady-state levels of VPA, and higher doses of VPA are therefore required to reach 

therapeutic serum concentrations, which again increases the formation of the 

hepatotoxic VPA metabolites (Gopaul et al., 2003). Patients exhibiting intellectual 

disabilities may not express clear symptoms relating to hepatotoxicity and, as these 
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patients have a tendency to develop drug-resistant epilepsy, polytherapy with 

several AEDs is often required to control the seizures (Koenig, S. A. et al., 2006).  

Patients with pre-existing genetic metabolic disorders are particularly 

susceptible to the hepatotoxic effects of VPA (Bohan et al., 2001; Koenig, S. A. et 

al., 2006). In addition, the risk of fatal VPA-ALF is high in patients with 

mitochondrial disease (Silva et al., 2008) and especially in Alpers-Huttenlocher 

syndrome (AHS), which is most commonly associated with the pathogenic 

p.A467T and p.W748S variants in  POLG1 (Nguyen et al., 2006; Saneto et al., 2010; 

Simonati et al., 2003; Uusimaa et al., 2008). These pathogenic variants cause 

decreased POLG activity and a reduction in the cell’s mtDNA content (El-Hattab 

& Scaglia, 2013; Naviaux et al., 1999; Nguyen, Sharief, Chan, Copeland, & 

Naviaux, 2006). The severity of AHS is determined by the POLG1 variant status 

(Saneto et al., 2013); poorer survival rates and more severe liver involvement are 

generally associated with compound heterozygous POLG1 variants rather than 

homozygous linker region variants (Tzoulis et al., 2006). POLG1 gene testing is 

recommended for all patients with suspected mitochondrial disease prior to the 

introduction of VPA therapy (Saneto et al., 2010; Stewart, J. D. et al., 2010; Tzoulis 

et al., 2006; Uusimaa et al., 2008) and especially for children with encephalitis-like 

symptoms in addition to progressive encephalopathy and liver impairment 

(Isohanni et al., 2011). Furthermore, two common heterozygous non-disease-

causing POLG1 variants, p.E1143G and p.Q1236H, have been suggested to 

increase the risk of VPA-ALF without changing the intracellular mtDNA content  

(Stewart, J. D. et al., 2010), but their role for POLG function is unclear; both 

salvatory and detrimental effects have been described in in vitro studies (Baruffini, 

Ferrari, Dallabona, Donnini, & Lodi, 2015; Chan, Longley, & Copeland, 2006). 

2.2.4 Clinical course of valproate-induced hepatotoxicity 

Two types of VHT have been recognized in clinical studies: (I) a dose-dependent 

elevation of liver enzymes combined with low fibrinogen, which is usually 

reversible and associated with a favourable clinical outcome, and (II) a severe 

hepatopathy that is irreversible and leads to patient death (Koenig, S. A. et al., 2006). 

The patients who develop severe VHT may present clinically with fatigue, nausea 

or vomiting, malnutrition or anorexia, infection, or the worsening of epileptic 

seizures (Bohan et al., 2001; Koenig, S. A. et al., 2006). Fatal liver failure develops 

usually during the first 90 days of treatment, and the first symptoms appear 

commonly between 4 weeks and 3 months after VPA commences (Koenig, S. A. et 
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al., 2006; Schmid et al., 2013). In some patients, the early discontinuation of VPA 

treatment and the administration of intravenous L-carnitine has been reported to 

reverse the course of liver dysfunction (McFarland, R. et al., 2009; Mindikoglu et 

al., 2011), but, once manifested, liver failure is usually progressive and ultimately 

fatal (Bohan et al., 2001; Simonati et al., 2003; Spinazzola, A. et al., 2009). 

2.2.5 Treatment of valproate-induced hepatotoxicity 

The early intravenous administration of L-carnitine is suggested to improve the 

survival of patients with severe VHT compared with patients treated with 

supportive care only (Bohan et al., 2001) and to prevent the development of liver 

dysfunction in the context of acute VPA intoxication (Ishikura et al., 1996; 

Lheureux & Hantson, 2009). Liver transplantation for the treatment of 

mitochondrial hepatopathy is problematic because of the severe CNS involvement 

associated with the multisystem nature of the disease (Kelly, 2000; Lee, Way S. & 

Sokol, 2007b; Sokal et al., 1999; Thomson, McKiernan, Buckels, Mayer, & Kelly, 

1998). A decline in neurological status due to disease progression is frequently seen 

following LT and results in decreased survival rates (Delarue et al., 2000; Dubern 

et al., 2001; Kayihan, Nennesmo, Ericzon, & Németh, 2000). However, some 

patients with respiratory chain defects and isolated liver involvement have 

undergone LT with favourable results (Dubern et al., 2001; Sokal et al., 1999). In 

patients with POLG-related disease, homozygosity for linker region variants p. 

A467T and p.W748S has been suggested to be associated with better outcome 

following transplantation (Tzoulis et al., 2006; Wolf et al., 2009). 

2.3 Status epilepticus 

2.3.1 Definition 

Status epilepticus (SE) has been traditionally defined as either continuous seizure 

activity for at least 30 minutes or the occurrence of two or more epileptic seizures 

between which the patient’s consciousness does not return to baseline (Chapman, 

Smith, & Hirsch, 2001; Lowenstein & Alldredge, 1998; Marik & Varon, 2004). It 

has also been suggested that SE can be defined as either a continuous, generalized 

convulsive seizure lasting more than 5 minutes or two or more seizures during 

which the patient’s consciousness is not fully recovered (Chen, J. W. & Wasterlain, 
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2006; Lowenstein, Bleck, & Macdonald, 1999). The International League Against 

Epilepsy (ILAE) Working Group published an updated version of the definition and 

classification system of SE in 2015. Based on results from animal and clinical 

studies regarding convulsive SE (CSE), the definition of SE was revised, and two 

operative dimensions were included: the five-minute time point (t1) and the 30-

minute time point (t2). The current definition states that “SE is a condition resulting 

either from the failure of the mechanisms responsible for seizure termination or 

from the initiation of mechanisms which lead to abnormally prolonged seizures 

(after time point t1). It is a condition that can have long-term consequences (after 

time point t2), including neuronal death, neuronal injury, and alteration of neuronal 

networks, depending on the type and duration of seizures” (Trinka et al., 2015). 

Regarding other forms of SE, the time points have not yet been identified, and the 

operational definition is expected to be updated as sufficient evidence from ongoing 

studies becomes available. For focal SE with impairment of consciousness, time 

point t1 is suggested at 10 minutes and time point t2 at 60 minutes of continuous 

seizure activity. For absence SE, t1 is estimated to be at 10 to 15 minutes of 

continuous seizure activity (Trinka et al., 2015).  

2.3.2 Classification 

For the classification of SE, four diagnostic axes have been established: (I) 

semiology, (II) aetiology, (III) eletroencephalography (EEG) correlates, and (IV) 

age (Trinka et al., 2015). The major clinical features for determining seizure 

semiology include the presence or absence of prominent motor (tonic, clonic or 

tonic-clonic) activity (according to which SE can be divided into convulsive [CSE] 

and non-convulsive [NCSE] types) and the degree of decline in consciousness. The 

EEG correlate of SE can be described using the following descriptors: name of 

pattern, morphology, location, time-related features, modulation, and effect of 

intervention. Furthermore, age at SE presentation is divided into five groups: 

neonatal, infancy, childhood, adolescence and adulthood (12 to 59 years), and 

elderly (60 years or older) (Trinka et al., 2015).  

The most commonly occurring type is generalized CSE, which represents up 

to 70% of all SE cases (DeLorenzo, R. J. et al., 1996).  Additionally, almost all 

cases of SE diagnosed in children are convulsive (Sillanpää & Shinnar, 2002). 

Conversely, NCSE is relatively rare in children, occurring mostly in patients with 

prior convulsive seizures or acute cerebral cortical abnormalities (Greiner et al., 

2012). In the elderly, focal SE with or without secondary generalization is most 
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common (de Assis, Costa, Bacellar, Orsini, & Nascimento, 2012), with NCSE 

reported to account for 16% of all elderly patients admitted to emergency care due 

to acute confusion or altered mental state (Leppik, 2018). Myoclonic SE without 

deterioration of consciousness and absence SE are most frequently associated with 

idiopathic, generalized epileptic syndromes, such as the childhood and juvenile 

forms of absence epilepsy (CAE and JAE), juvenile myoclonic epilepsy (JME), and 

progressive myoclonus epilepsy (PME) (Adams, Wong, Haji, Sohail, & Almubarak, 

2016). Focal motor SE, or epilepsia partialis continua (EPC), is frequently observed 

in patients with mitochondrial disorders (Rahman, 2018). Seizure semiology is 

presented in Table 5 (Trinka et al., 2015). 

Table 5. Seizure semiology for classification of SE. Adapted from Trinka et al 2015. 

SE with prominent motor symptoms SE without prominent motor symptoms 

CSE NCSE with coma 

Generalized CSE NCSE without coma 

Focal onset evolving into bilateral CSE Generalized 

Unknown whether focal or generalized Typical absence status 

Myoclonic SE Atypical absence status 

With coma Myoclonic absence status 

Without coma Focal 

Focal motor Without impairment of consciousness 

Repeated focal motor seizures Aphasic status 

EPC With impaired consciousness 

Adversive status Unknown whether focal or generalized 

Oculoclonic status Autonomic SE 

Ictal paresis  

Tonic status  

Hyperkinetic SE  

CSE, convulsive status epilepticus; EPC, epilepsia partialis continua; NCSE, non-convulsive status 

epilepticus 

2.3.3 Epidemiology 

The prevalence of SE varies geographically, as well as by gender and ethnicity. 

Among adults, SE appears to be more common in males, Blacks, and the elderly 

(DeLorenzo, R. J. et al., 1996; Marik & Varon, 2004; Wu, Shek, Garcia, Zhao, & 

Johnston, 2002). The highest published incidence rate of SE is 41 per 100,000 
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individuals per year, ranging from 27/100,000/year in young adults to 

86/100,000/year in the elderly within the population of Richmond, USA 

(DeLorenzo, R. J. et al., 1996; Hesdorffer, D. C. et al., 1998). Based on the results 

of large population-based studies conducted in Europe, the age-adjusted incidence 

rate of SE in the Caucasian population is estimated to be 20/100,000/year (Chin, 

RFM, Neville, & Scott, 2004). Using the new ILAE definition and classification 

system of SE, the incidence rate of SE with prominent motor phenomena was 

24/100,000/year, and the incidence rate of NCSE was 12/100,000/year in the adult 

population of Salzburg, Austria. Furthermore, the combined age- and sex-adjusted 

incidence rate was 36/100,000/year for the first episode of SE (Leitinger et al., 

2019).  

The epidemiological studies on SE are primarily derived from adult 

populations. In children, the incidence rate of SE ranges from 10/100,000/year to 

58/100,000/year in ages 1 to 19 years, whereas considerably higher incidence rates 

(135-156/100,000/year) have been observed in children under one year of age 

(DeLorenzo, R. J. et al., 1996; Hesdorffer, D. C. et al., 1998; Metsäranta, Koivikko, 

Peltola, & Eriksson, 2004; Riviello, J. Jr et al., 2006). In a Finnish retrospective 

study conducted at Tampere University Hospital, the average annual incidence of 

CSE in children between one month to 16 years of age was 6.0/100,000/year during 

the 13-year study period (Eriksson, K. J. & Koivikko, 1997). In the North London 

Status Epilepticus in childhood surveillance study (NLSTEPSS), which was the 

first prospective population-based study of SE in children, the overall incidence 

rate of CSE was 14.5/100,000/year and there was no statistically significant 

difference between males and females for the age-adjusted incidence rate of CSE 

(14/100,000/year vs. 12.5/100,000/year, respectively) (Chin, Richard FM et al., 

2006). The incidence rate of CSE in non-Caucasian children was 1.8-fold higher 

than in Caucasian children (18.5/100,000/year vs. 10.5/100,000/year, respectively) 

with the highest incidence rate (22/100,000/year) observed in Asian children (Chin, 

Richard FM et al., 2009). 

2.3.4 Causes 

The aetiologies of SE are numerous, with acute symptomatic conditions being the 

trigger of the majority of cases reported in all age groups (Trinka et al., 2012). 

Acute or remote cerebrovascular incidents (i.e. ischemic or haemorrhagic stroke) 

are the primary cause of SE in adults (Trinka et al., 2012). Furthermore, SE occurs 

secondary to a stroke in 36 to 61% of elderly patients (DeLorenzo, Robert J., 
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Pellock, Towne, & Boggs, 1995; Knake et al., 2001). Less than 50% of all patients 

with SE have pre-existing epilepsy (Chin, RFM et al., 2004; DeLorenzo, R. J. et 

al., 1996; Knake et al., 2001; Sillanpää & Shinnar, 2002). Among patients with 

epilepsy, low levels of antiepileptic drugs (AEDs) due to drug reduction or non-

compliance with AEDs are the most likely cause of SE (Besli, Saltik, Erguven, 

Bulut, & Abul, 2010; Sasidaran, Singhi, & Singhi, 2012; Trinka et al., 2012). Other 

typical causes of SE in adults include alcohol withdrawal or alcohol intoxication, 

drug poisoning, central nervous system (CNS) infection or tumour, electrolyte 

imbalance disorders, hypoglycaemia or hyperglycaemia, sepsis, head trauma, 

cerebral anoxia or hypoxia, and metabolic disorders (Marik & Varon, 2004). 

Infectious diseases, such as malaria and acute CNS infections, are a major cause of 

SE in developing countries (Amare, Zenebe, Hammack, & Davey, 2008; 

Sadarangani et al., 2008). In a retrospective cohort study among adult patients, 

inflammatory aetiologies represented 6% of 570 SE episodes examined; 

autoimmune SE accounted for 2.5% and infectious aetiologies accounted for 3.3% 

of episodes (Spatola, Novy, Du Pasquier, Dalmau, & Rossetti, 2015). Genetic and 

metabolic disorders are considered rare causes of SE (Tan, Neligan, & Shorvon, 

2010), and the role of hereditary metabolic diseases in adolescent- and adult-onset 

epilepsy and SE is still poorly understood (Rahman, 2018).  

The aetiology of SE in children is significantly age-related. Among children 

younger than two years of age, more than 80% of SE is associated with fever or 

other symptomatic factors, whereas idiopathic or cryptogenic aetiologies and pre-

existing neurological disorders are more common in older children (Besli et al., 

2010; Sasidaran et al., 2012). Of the children recruited to the NLSTEPSS, 56% 

were neurologically healthy prior to their first SE episode, and, within this group, 

SE was fever-induced in 57% of patients (Chin, Richard FM et al., 2006). Structural 

neuroimaging abnormalities are detected in 8% of all children with CSE (Riviello, 

J. Jr et al., 2006), and combined CT and MRI studies have yielded a diagnosis in 

30% of children with new-onset SE (Singh et al., 2010). Additionally, inborn errors 

of metabolism (IEMs) are estimated to account for 5 to 7% of all epilepsy patients, 

and typically present in infants or young children with other neurologic symptoms 

and developmental delay or epileptic encephalopathy (Sharma & Prasad, 2017). In 

paediatric patients with SE, the frequency of IEMs has been considered to be 4.2%, 

of which mitochondrial disorders account for 0.3% and Alpers-Huttenlocher 

syndrome (AHS) accounts for 0.2% (Riviello, J. Jr et al., 2006). An aetiological 

classification of SE in children is presented in Table 6. 
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Table 6. Aetiological classification of SE in children. Adapted and modified from 

Mastrangelo & Celato 2012. 

Acute causes of paediatric SE Non-acute causes of paediatric SE 

Meningo-encephalitis or sepsis Cortical malformations 

Febrile infections (i.e. FIRES) Neurocutaneous syndromes 

Tuberous sclerosis 

Sturge-Weber syndrome 

Vaccinations Brain tumours 

Electrolyte disturbances Autoimmune disorders 

Hypoglycaemia Monogenic epileptic encephalopathies 

Perinatal hypoxic-ischaemia Chromosomal abnormalities 

Stroke Inborn errors of metabolism 

Demyelinating diseases Mitochondrial diseases (e.g. AHS, MELAS, 

MERRF, PDCD) 

Trauma Lipid storage disorders 

Intoxication Aminoacidopathies 

 Organic acidopathies 

 Other diseases (e.g. vitamin dependent 

epilepsies, Menkes disease) 

Cryptogenic causes of paediatric SE  

Cryptogenic CSE  

Cryptogenic NCSE  

AHS, Alpers-Huttenlocher syndrome; CSE, convulsive status epilepticus; EPC, epilepsia partialis 

continua; FIRES, febrile infection-related epilepsy syndrome; MELAS, Mitochondrial encephalomyopathy, 

lactic acidosis, and stroke-like episodes; MERRF, myoclonic epilepsy with ragged red fibers; NCSE, non-

convulsive status epilepticus; PDCD, pyruvate dehydrogenase complex deficiency; SE, status 

epilepticus. 

2.3.5 Status epilepticus in genetic disorders 

The genetic mechanisms underlying SE are heterogeneous. In a recent review study, 

122 genes were identified to be strongly associated with SE, many of which are 

involved in either the development of cerebral structures or in cerebral energy 

production via mitochondrial function (Bhatnagar & Shorvon, 2015). Pathogenic 

variants in these genes are linked to severe forms of early-onset epileptic 

encephalopathy or epilepsy syndromes with prominent SE but can also result in 

moderately benign forms of epilepsy, such as GEFS+ (genetic epilepsy with febrile 

seizures plus). For syndromic epilepsies, different genetic mechanisms can underlie 

the same condition, and some variants also cause structural cortical lesions or 

otherwise interfere with brain development (Bhatnagar & Shorvon, 2015). In 
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addition, ion channel defects are the underlying cause of several epileptic 

encephalopathies in which patients frequently present with prolonged seizures; 

early onset SE with substantial neurologic comorbidity are features commonly 

present for the associated disease phenotypes (Bhatnagar & Shorvon, 2015). 

Epilepsy and severe cognitive impairment are also prevalent features of 

chromosomal disorders (Elia, Musumeci, Ferri, & Ayala, 2001). In patients with 

chromosomal aberrations, epilepsy can present as variable seizure types, and SE is 

frequently observed in Wolf-Hirschhorn syndrome, ring chromosome 20 syndrome, 

and Angelman syndrome, among others (Battaglia & Guerrini, 2005; Elia et al., 

2001). The categories of known genetic causes of SE are presented in Fig. 7 

(Bhatnagar & Shorvon, 2015). 

Fig. 7. Genetic aetiologies associated with status epilepticus. Modified from Bhatnagar 

& Shorvon 2015. 
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Status epilepticus in mitochondrial diseases 

The exact frequency of SE in mitochondrial diseases has not been defined (Rahman, 

2018). CSE, NCSE, and EPC have been described in MELAS, often occurring 

during stroke-like episodes (Kaufman, K. R., Zuber, Rueda-Lara, & Tobia, 2010; 

Ribacoba, Salas-Puig, Gonzalez, & Astudillo, 2006). Refractory or recurrent SE is 

a common feature of mitochondrial disorders, especially in patients with 

pathogenic variants in the nuclear polymerase gamma gene (POLG1), which 

encodes the catalytic subunit of mitochondrial DNA  polymerase gamma (POLG), 

the enzyme responsible for the replication and maintenance of mitochondrial DNA 

(Engelsen et al., 2008; Tzoulis et al., 2006; Uusimaa et al., 2008; Wolf et al., 2009). 

A recent review study of 229 patients with POLG-disease and epilepsy reported 

that CSE occurred in approximately half (49%) of the patients, with one in three 

patients (34%) having had focal motor SE (Anagnostou, Ng, Taylor, & McFarland, 

2016). Additionally, a majority of children (68%) with POLG-related epilepsy 

develop SE (Hikmat, Eichele, Tzoulis, & Bindoff, 2017). SE is also associated with 

variants in several other nuclear genes involved in mtDNA maintenance, 

mitochondrial protein synthesis, and mitochondrial dynamics (Bhatnagar & 

Shorvon, 2015; Rahman, 2018). For example, EPC and SE are a frequent 

manifestation of infantile onset spinocerebellar ataxia (IOSCA) syndrome caused 

by recessive variants in the nuclear TWNK gene (Lönnqvist, Paetau, Valanne, & 

Pihko, 2009). Furthermore, pyridoxine-dependent epilepsy is an IEM caused by an 

autosomal recessive variant in the ALDH7A1 encoded antiquitin, a protein located 

in the mitochondrial matrix and the cytosol, and usually presents in the early 

neonatal period with refractory SE (Murty et al., 2013). 

Alpers-Huttenlocher syndrome 

Alpers-Huttenlocher syndrome (AHS), the most common cause of mitochondrial 

SE (Rahman, 2018), is characterized by the sudden onset of drug-resistant epilepsy 

with refractory SE and progressive hepatoencephalopathy, typically resulting in 

early childhood death. Cortical blindness occurs during the course of the disease 

due to the loss of central visual functions or optic atrophy. AHS manifests often in 

the context of a febrile infection at the age of 2 to 4 years in an otherwise healthy 

and normally developed child, but the age of onset can vary from 3 months to 36 

years (El-Hattab & Scaglia, 2013; Gordon, 2006; Lee, Way S. & Sokol, 2007b; 

Simonati et al., 2003; Uusimaa et al., 2008). A second peak in disease onset occurs 
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between 17 and 24 years of age, producing a juvenile form of AHS that is associated 

with migraine-like headaches and visual disturbances (Saneto et al., 2013; Uusimaa 

et al., 2008; Wiltshire et al., 2008). Focal to bilateral tonic-clonic seizures and 

progressive myoclonic seizures are also common, with SE being either focal or 

generalized (Bindoff & Engelsen, 2012; Finsterer, J. & Mahjoub, 2013). The 

typical liver pathology includes microvesicular steatosis, fibrosis, and 

micronodular cirrhosis, which ultimately lead to degeneration, acute focal necrosis 

of liver parenchyma and severe liver failure (El-Hattab & Scaglia, 2013; Saneto et 

al., 2013; Simonati et al., 2003). Furthermore, the onset of the liver disease is 

variable and can either precede or accompany the neurological symptoms in 

addition to appearing later on as the disease progresses or developing secondary to 

VPA treatment at any point in time (Milone & Massie, 2010; Saneto et al., 2013). 

2.3.6 Pathophysiology 

A typical convulsive seizure seldomly lasts more than five minutes due to several 

biological mechanisms that lead to seizure termination (Eriksson, K. et al., 2005; 

Freilich, Zelleke, & Gaillard, 2010; Shinnar et al., 2001). The involved inhibitory 

mechanisms include increased GABAergic drive, neurotransmitter depletion, and 

adenosine triphosphate (ATP) depletion, among others (Walker, 2018). The failure 

of the inhibitory processes and increased activity of seizure enhancing processes 

(e.g. breakdown of the blood-brain barrier, inflammation, and increased expression 

of pro-epileptogenic peptides) may induce SE (Walker, 2018). Also, failure to 

increase spatial and temporal synchronization related to the critical transition from 

an ictal to a post-ictal state contribute to the progression of SE (Kramer et al., 2012; 

Schindler, Elger, & Lehnertz, 2007).  

Considering the genetic heterogeneity of SE and that many identified genes are 

associated with brain development, several concomitant cellular and molecular 

pathways and mechanisms affecting the neuronal networks are likely to be involved 

in the pathogenesis of SE (Bhatnagar & Shorvon, 2015). However, the precise 

mechanism through which defects in mitochondrial function are involved in the 

transition from a self-terminating epileptic seizure to prolonged seizure activity in 

SE is not currently known (Rahman, 2018). Mitochondrial respiratory chain defects 

cause ATP depletion in neurons, which induces seizure activity and may lead to the 

development of epilepsy (Rahman, 2015). On the other hand, seizures cause 

secondary mitochondrial dysfunction, primarily via impairment of respiratory 

chain complex I activity (Folbergrová, Ješina, Haugvicová, Lisý, & Houštěk, 2010; 
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Folbergrová & Kunz, 2012), and the neuronal injury in the form of stroke-like 

cortical lesions seen in MELAS and POLG-related disorders may be the inductor 

of SE in these patients (Bindoff, 2011; Tzoulis et al., 2010). The imbalance of 

mitochondrial fusion and fission events causes defective mitochondrial distribution 

in neurons, which likely plays a significant role in mitochondrial SE;  defects in the 

mitochondrial fission protein DRP1 have been reported in early onset epileptic 

encephalopathy with SE (Rahman, 2018). In addition, an autoimmune mediated 

disease process resembling acute disseminated encephalomyelitis (ADEM) or 

multiple sclerosis is suggested to induce seizure activity in some patients, since 

oligoclonal bands and autoantibodies blocking folate-receptors in CSF have been 

detected in patients with POLG-disease and drug-resistant prolonged seizures 

(Rahman & Copeland, 2018; Rahman, 2018). 

Progressive loss of neurons in the hippocampal region due to seizure-induced 

excitotoxic damage is a characteristic finding in both brain MRI following patient 

SE recovery and in experimental temporal lobe epilepsy (Pitkänen et al., 2002; 

Sankar et al., 1998; Walker, 2018). In addition, global cerebral atrophy may develop 

in severe drug-resistant SE, which is either due to massive epileptogenic insult or 

the specific treatment including, in particular, the extended use of generalized 

anaesthesia (Walker, 2018). Mitochondria play an important role in the processes 

leading to neuronal death following SE (Walker, 2018). In experimental and animal 

models of SE, energy failure and oxidative stress due to SE-induced mitochondrial 

dysfunction and an accumulation of mitochondrial calcium trigger neuronal death 

by activating central apoptosis pathways that are mediated by mitochondrial 

permeability transition pore opening (Cock et al., 2002; Kovac, Domijan, Walker, 

& Abramov, 2012; Rahman, 2015; Walker, 2018). In addition, an increase in 

mitochondrial fission and abnormal mitochondrial elongation is observed after 

recovery from SE, leading to seizure-induced neuronal injury with apoptotic or 

necrotic regional specific patterns (Kim, J. & Kang, 2018; Ko, Hyun, Min, & Kim, 

2016; Qiu et al., 2013). 

2.3.7 Treatment 

Management of SE follows a staged treatment protocol, in which its evaluation and 

medical treatment are simultaneously occurring, continuous processes. On a 

clinical and operational level, SE is divided into four stages according to seizure 

duration and treatment response: early, established, refractory, and super-refractory 

SE (Trinka et al., 2015). The management of SE is based on early and aggressive 
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intervention in order to prevent seizure prolongation and recurrence and to reduce 

subsequent neuronal damage and other adverse outcomes (Chin, Richard FM et al., 

2008; Eriksson, K. et al., 2005; Kälviäinen, 2007). According to the operational 

definition of SE, emergency treatment for SE should begin after five minutes of 

continuous seizure activity, and SE should be controlled by the 30-minute time 

point (Trinka et al., 2015). In addition to the rapid termination of clinical and 

electrographic seizure activity, the emphasis of SE management should be placed 

on the identification and treatment of an acute underlying aetiology and prevention 

of the systemic complications of SE (Abend & Loddenkemper, 2014; Hocker, 2015; 

Marawar et al., 2018; Trinka et al., 2012). Acute symptomatic aetiology, such as a 

cerebral insult or metabolic disorder, can contribute to the continuation of SE, with 

seizures  being refractory to first- and second-line therapies in up to 30 to 40 % of 

these patients (Holtkamp, Othman, Buchheim, & Meierkord, 2005; Marawar et al., 

2018; Mayer et al., 2002). Hypoxemia, hypotension, hypoglycaemia, and fever can 

promote secondary neuronal damage via inadequate substrate delivery and 

metabolic distress (Abend & Loddenkemper, 2014; Hocker, 2015). Furthermore, 

some anticonvulsants may cause iatrogenic respiratory depression, bradycardia, 

and hypotension (Stewart, W. A., Harrison, & Dooley, 2002; Tasker, 1998). Thus, 

closely monitoring the patient’s vital functions and proper neurocritical care are an 

imperative component of SE management (Glauser et al., 2016).  

The current evidence-based guidelines for treatment of SE in children and 

adults follow the stepwise administration of the three main groups of anti-seizure 

medications: benzodiazepines, AEDs, and general anaesthetics (Glauser et al., 2016; 

Marawar et al., 2018). In addition, pyridoxine administration is recommended for 

neonates presenting with acute onset seizures and should be considered for all 

children under three years of age with early onset drug-resistant seizures or SE 

(Murty et al., 2013; Stockler et al., 2011). Benzodiazepines commonly used as first-

phase treatment for SE include intravenous lorazepam, diazepam, and clonazepam 

together with intramuscular midazolam or, alternatively, buccal midazolam and 

rectal diazepam (Trinka & Kälviäinen, 2017). Of these, intravenous lorazepam and 

diazepam have been established effective as initial treatment of early CSE in 

children and adults (Glauser et al., 2016). However, there is no evidence-based 

treatment-of-choice for second or third phase therapy for paediatric or adult SE 

(Fernández et al., 2014; Glauser et al., 2016). Following first phase treatment, 

intravenous AEDs are commonly administrated sequentially in loading doses in 

order to gain rapid control of seizures (Marawar et al., 2018; Riviello, James J. et 

al., 2013; Trinka & Kälviäinen, 2017). The most frequently used AEDs include 
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phosphenytoine, valproate, levetiracetam, and lacosamide (Trinka & Kälviäinen, 

2017). Phenobarbital is the first-line AED for neonatal seizures and is also used as 

a second phase therapy for refractory CSE and NCSE in children and adults 

(Shorvon, 2011; Tulloch, Carr, & Ensom, 2012). Intravenous anaesthetics (i.e 

propofol, midazolam, and thiopental or pentobarbital), ketamine and magnesium 

are used as a third phase treatment for RSE and SRSE (Marawar et al., 2018; Trinka 

& Kälviäinen, 2017). In addition, patients with suspected inflammatory aetiology 

or autoimmune SE may benefit from immunomodulatory treatments, such as 

corticosteroids, plasmapheresis, and intravenous immunoglobulin (Abend & 

Loddenkemper, 2014; Kirmani et al., 2018). 

2.3.8 Prognosis 

Mortality 

Approximately 20% of patients with SE die within 30 days of seizure onset (Chin, 

RFM et al., 2004; DeLorenzo, R. J. et al., 1996; Logroscino et al., 2005; Lowenstein 

& Alldredge, 1998; Ristić et al., 2010; Vignatelli et al., 2003). Aetiology, age, and 

seizure duration are the main determinants for SE-related short-term mortality 

(Garzon, Fernandes, & Sakamoto, 2003; Hui, Joynt, Li, & Wong, 2003; Knake, 

Hamer, & Rosenow, 2009; Neligan & Shorvon, 2011; Rossetti, Hurwitz, 

Logroscino, & Bromfield, 2006; Rudin et al., 2011; Shorvon & Ferlisi, 2012; Wu 

et al., 2002). In adult studies of SE, its mortality rate increases remarkably at the 

seventh and eighth age decades, mainly due to differences in SE aetiological factors 

between the elderly and other adults as well as the accumulation of comorbidities 

with increasing age (de Assis et al., 2012; Leppik, 2018). Female sex, 

cerebrovascular disease, acute hypoxic-ischaemic cerebral injury, and high 

comorbidity index predict in-hospital mortality for CSE (Koubeissi & Alshekhlee, 

2007). Moreover, a delay in treatment correlates with a poor outcome, particularly 

in the most severe forms of SE (Rossetti et al., 2006). The duration of anaesthetic 

therapy and the development of cardiopulmonary complications such as respiratory 

depression may have a significant role in the outcome of RSE and SRSE (Hocker, 

Wijdicks, & Rabinstein, 2013; Leitinger et al., 2019; Shorvon & Ferlisi, 2012). In 

a recent population-based study, the long-term adult mortality rate for SE was 

reported to be as high as 54% (Rodin et al., 2019). The mortality rates of adult 

patients with RSE and SRSE in Finland were 22% and 35%, respectively, with the 
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highest mortality rate, 63%, observed in SRSE patients over 75 years of age 

(Kantanen, Reinikainen, Parviainen, & Kälviäinen, 2017).  

Despite being the most common neurologic emergency in childhood (Chin, 

Richard FM et al., 2006; Mastrangelo & Celato, 2012; Rosenow, Hamer, & Knake, 

2007), short-term mortality rates in paediatric SE are moderately low, ranging from 

0% to 7% (DeLorenzo, R. J. et al., 1996; Hommady et al., 2017; Koubeissi & 

Alshekhlee, 2007; Raspall-Chaure, Chin, Neville, & Scott, 2006; Singh et al., 2010). 

However, long-term mortality rates up to 20% following SE have been reported in 

children (Sculier et al., 2018). Similar to adults, the outcome of paediatric SE 

depends primarily on the underlying aetiology (Lv, Wang, Cui, Zhu, & Shao, 2017; 

Sculier et al., 2018), with mortality rates being lowest for prolonged febrile seizure 

patients and highest in patients with pre-existing neurological impairments (Pujar, 

Neville, Scott, Chin, & North London Epilepsy Research Network, 2011). 

Paediatric RSE and SRSE are fatal in 16 to 44% of patients (Vasquez, Farias-

Moeller, & Tatum, 2018), with a higher risk of fatality in children under three years 

of age and in children with a generalized or multifocal EEG pattern at SE onset 

(Sahin, Menache, Holmes, & Riviello Jr, 2001). 

Morbidity 

The recurrence of SE is more common in children than adults (Berg et al., 2004; 

Besli et al., 2010; Chin, Richard FM et al., 2006). In retrospective studies, 13 to 

30% of patients with afebrile SE experienced another episode of SE during follow-

up (Fountain, 2000; Hesdorffer, D. C., Logroscino, Cascino, & Hauser, 2007; 

Sculier et al., 2018). In NLSTEPSS, SE recurred within a year of the initial episode 

in 16% of the children studied (Chin, Richard FM et al., 2006), whereas a two-fold 

higher risk of recurrence (32%) was observed during an extended follow-up in 

another prospective study (Berg et al., 2004). In the latter study, the risk of recurrent 

SE was highest in patients in whom SE was the first manifestation of epilepsy (Berg 

et al., 2004). Furthermore, the risk for subsequent febrile SE (FSE) significantly 

increased following the first FSE episode in children, especially when brain MRI 

abnormalities were present (Hesdorffer, Dale C. et al., 2016).  

Patients that survive SE commonly develop neurological complications such 

as epilepsy, cognitive impairment, and focal neurological deficits (Fountain, 2000; 

Holtkamp et al., 2005; Legriel et al., 2010). In paediatric studies, the risk of 

epilepsy following SE ranges from 5% to 74%, depending primarily on the 

aetiology of SE and the duration of follow-up (Hussain, Appleton, & Thorburn, 
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2007; Metsäranta et al., 2004; Raspall-Chaure et al., 2006). The risk of epilepsy is 

lowest in children with fever-induced, prolonged seizures and highest in children 

with acute symptomatic aetiology for CSE or pre-existing neurological 

abnormalities (Pujar et al., 2018; Raspall-Chaure et al., 2006). In studies of SE 

combining children and adult populations, the frequency of subsequent epilepsy 

ranges from 22 to 41% (Sculier et al., 2018).  When compared with patients with 

simple, unprovoked seizures, SE itself does not seem to increase the risk of chronic 

epilepsy in children, whereas adult-onset SE is associated with an increased risk of 

epilepsy in patients with a symptomatic aetiology upon a similar comparison 

(Meierkord, 2007).  

The long-term cognitive outcome of paediatric SE is strongly related to the 

underlying aetiology (Hommady et al., 2017; Hussain et al., 2007; Jafarpour, 

Stredny, Piantino, & Chapman, 2018; Martinos et al., 2013; Metsäranta et al., 2004; 

Pujar et al., 2018; Raspall-Chaure et al., 2006; Sculier et al., 2018). Up to 30% of 

all children present with new neurological impairment or developmental 

deterioration following recovery from SE (Barnard & Wirrell, 1999; Jafarpour et 

al., 2018), and 60 to 70% of children who survive severe refractory SE develop 

permanent neurologic deficits (Kim, S. J., Lee, & Kim, 2001; Lambrechtsen & 

Buchhalter, 2008). Motor and intellectual disabilities are particularly seen in 

children with pre-existing epilepsy or neurological abnormalities prior to CSE 

(Pujar et al., 2018). Furthermore, children with FSE tend to exhibit a better 

neurological and developmental outcome than children with afebrile SE (Martinos 

et al., 2013; Pujar et al., 2018; Raspall-Chaure et al., 2006; Shinnar et al., 2001), 

whereas SE in the context of acute neurological insult or progressive 

encephalopathy predicts poor neurological and functional outcomes (Maegaki, 

Kurozawa, Hanaki, & Ohno, 2005; Sculier et al., 2018). Other predictors of poor 

outcome are young age (12 months or less), long seizure duration, and 

neuroimaging abnormalities (Barnard & Wirrell, 1999; Jafarpour et al., 2018; 

Maegaki et al., 2005). Cognitive impairment following recovery from SE, in 

particular, the decline of verbal and visual memory functions, is seen in adults 

(Dodrill, 2002; Helmstaedter, 2007). Additionally, 30% of adult patients with RSE 

and SRSE showed functional deficits at the one year follow-up point in a Finnish 

population-based study (Kantanen et al., 2017). 
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3 Aims of the study 

The identification of patients with epilepsy or SE due to hereditary metabolic 

disorders is essential, since some anti-epileptic drugs have mitochondrial-targeted 

toxic effects and must be avoided. The risk of VPA-induced liver failure is 

increased in patients with pathogenic variants in the POLG1 gene. This creates a 

challenge in clinical practice, since POLG1 variants are common in the general 

population and these patients often suffer from refractory seizures. The 

discontinuation of VPA may prevent development of acute liver failure in some 

patients, but liver dysfunction is usually progressive, meaning these patients would 

require liver transplants. However, due to the systemic nature of POLG-related 

diseases, there has been a lack of consensus on whether these patients should be 

considered for liver transplantation or not. Studies on the prevalence of 

mitochondrial diseases in patients with SE are lacking and, thus far, little is known 

about the genetics of SE in the Finnish population. The general aim of this study 

was to investigate the molecular genetic aspects of SE in the Finnish population, 

with a focus on mitochondrial genetic defects known to be associated with epilepsy 

and SE. 

The specific aims of this study were: 

1. To identify patients with POLG1 variants among cases of valproate-induced 

liver failure and to describe their clinical course and survival after liver 

transplantation (I). 

2. To investigate the prevalence of the common p.E1143G and p.Q1236H POLG1 

variants in patients with epilepsy and to assess the risk of VHT and pancreatic 

toxicity in this patient population (II) 

3. To determine the frequency of mitochondrial diseases and other genetic 

aetiologies in paediatric and adult patients with SE and to assess the related 

clinical features, comorbidities, and outcomes, including mortality (III) 

4. To examine whether SE in mitochondrial disease patients differs from SE in 

other genetic and non-genetic disease phenotypes in terms of clinical features, 

treatment, and prognosis (III) 
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4 Patients and methods 

This thesis is based on three original publications (I-III). The first publication 

describes a case series of five VPA-ALF patients identified from the transplant 

register at Helsinki University Central Hospital (I). In the other two publications, 

retrospective patient cohorts were collected from the Oulu University Hospital (II-

III), Kuopio University Hospital (II-III), Turku University Central Hospital (II-III), 

and Tampere University Hospital (II-III). The subjects of the studies were 

paediatric and adult patients diagnosed with epilepsy or SE (I-III). The Department 

of Transplantation and Liver Surgery at the Helsinki University Central Hospital is 

a tertiary liver surgery centre and the only solid organ transplantation centre in 

Finland (I). The hospitals collaborating in studies II and III are tertiary care centres 

that provide specialty care to four of the five specific catchment areas in Finland. 

Data for the studies were collected with the help of clinicians and medical students 

in each collaborating hospital, and the molecular genetic analyses were performed 

at the Clinical Research Centre (CRC) belonging to the Medical Research Center 

at the Oulu University Hospital and the University of Oulu.  

Due to the retrospective nature of the studies and following the diagnostic 

criteria being used in clinical practice at the time, SE was defined as a continuous 

seizure lasting longer than 30 minutes or as two or more recurrent seizures 

occurring within a 30-minute time period without full recovery of consciousness 

inbetween. For the semiological classification of SE in study III, episodes 

exhibiting impairment of consciousness and prominent motor symptoms were 

defined as CSE, and those without motor symptoms were considered NCSE. RSE 

was defined as SE that continues after the administration of first- and second-line 

therapies, and SRSE was defined as SE that continues or recurs 24 hours or more 

after the onset of general anaesthesia (III). 

4.1 Patients (I-III) 

For study I, data on 880 patients undergoing LT between the years 1982 and 2011 

were reviewed from the liver transplant registry of the Helsinki University Hospital. 

Six patients were retrospectively identified as having VPA-induced acute liver 

failure (ALF). Four of these patients had received a liver transplant and one patient 

had died before the planned LT (I: Table 2, Patient 5). Furthermore, one patient had 

recovered after molecular adsorbent recirculating system treatment (MARS), but 

as clinical and sample data were not available for analysis, this patient was not 



84 

included in the study. Prior to liver involvement, all five patients had presented with 

focal onset epileptic seizures that were recurrent and refractory to AED treatment, 

and none had a history of liver disease. In addition, three out of five patients were 

initially suspected of having Wilson’s disease due to elevated copper levels in urine 

assessments, but Kayser-Fleischer rings were not seen upon ophthalmological 

evaluation (I: Table 1, Patients 1, 4 and 5). The patients attended a routine follow-

up programme at the transplantation unit following LT, consisting of six visits 

during the first two years and annual or biannual visits henceforth. Blood samples 

were obtained for molecular genetic analyses. Blood DNA was used for sequencing 

of POLG1, and mtDNA was quantified in tissue samples from the explanted livers. 

In study II, 367 epilepsy patients were obtained from the outpatient registers at 

the Departments of Paediatric Neurology and Neurology, and their medical record 

files were retrospectively reviewed. Blood samples from the patients were screened 

for seven known pathogenic POLG1 variants (p.T251I, p.A467T, p.G517V, 

p.P587L, p.R722H, p.W748S, and p.Y955C) and for two common POLG1 variants 

(p.E1143G and p.Q1236H). Patients with pathogenic variants in POLG1 (n = 18) 

were excluded from the study (II: Figure 1). Based on the clinical data gathered and 

the results of the molecular genetic analyses, two independent groups were formed 

and compared via statistical methods: patients with a history of VPA monotherapy 

and carried either of the two common variants without other pathogenic variants in 

POLG1 (variant group, n=28) and patients who had received VPA monotherapy but 

did not carry any of the variants screened (non-variant group, n=33) (II: Figure 1). 

The patients in study III were children and adults admitted to the collaborating 

four university hospitals for SE during a 10-year time period from January 1997 

through December 2006. The patients were identified via an electronic patient 

database search using The International Classification of Diseases 10th revision 

(ICD-10) code G41 (discharge diagnosis). In addition, 20 SE patients were 

recruited prospectively by the collaborating clinicians at the Oulu University 

Hospital and the Turku University Central Hospital between 2008 and 2012. 

Patients with a definitive aetiology for SE other than a genetic defect were excluded, 

resulting in a final yield of 269 patients that met the selection criteria (III: Table 1) 

and served as the study subjects. Of these patients, 197 were children (under 18 

years old), and 72 patients were adults (aged 18 years or older) at study entry.  

Collection of the study material terminated in April 2017. Blood samples were 

obtained from 85 patients and screened for the nine POLG1 variants as well as the 

MELAS variant (m.3243A>G) in mtDNA. 
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4.2 Collection of clinical data (I-III) 

Medical record data from patient hospital stay during the administration of LT and 

from clinical evaluations of the follow-up visits at the transplant unit were reviewed 

in study I. Clinical data (patient age at presentation with ALF and associated 

clinical features, duration of VPA treatment, anti-epileptic medication before and 

after LT, immunosuppressive medication after LT, and characteristics of the patient 

status after LT) including the results of laboratory tests and imaging studies prior 

to LT and the results of control liver biopsies 1, 5, and 10 years after LT were 

collected. The histological examination of the explanted livers and the control liver 

biopsies were conducted in the Department of Pathology at the University of 

Helsinki. Liver histopathological findings of the patient that died prior to LT were 

extracted from the autopsy report.  

For studies II and III, patient medical record notes from visits to the outpatient 

clinics and from hospital treatment for SE were reviewed, and clinical data on 

epilepsy and SE (e.g., age at onset, seizure features, response to anti-epileptic 

treatment used) were collected. The treatment administered during an SE episode 

was investigated for the purposes of study III. Episodes of SE were categorized as 

CSE and NCSE according to seizure semiology and as SE, RSE, and SRSE 

according to seizure duration and treatment response (III). Diagnoses or clinical 

features commonly associated with mitochondrial diseases (e.g. short stature, 

cardiomyopathy, sensorineural hearing impairment, exercise intolerance, diabetes 

mellitus, and optic atrophy), neurologic comorbidities (e.g., migraines, intellectual 

disabilities and autism spectrum disorders), and results from neuroimaging studies 

and biochemical and molecular genetic investigations were gathered using a 

preformatted form designed for the study (III). In addition, the patients or their 

caretakers were asked to fill out a family questionnaire about mitochondrial 

disease-related phenotypic features and diagnoses in either the patient’s first line 

relatives or other relatives (III). For patients that had received VPA therapy, the 

characteristics of the treatment (e.g., age at onset, duration, highest dose used and 

highest value of serum VPA measured), previously known risk factors for VHT (i.e., 

young age, intellectual disability and use of concomitant AEDs), the results of 

laboratory investigations (at baseline, during VPA treatment, and after cessation of 

treatment), and adverse drug reactions were collected (II). 



86 

4.3 Controls (II) 

A total of 376 blood samples acquired from healthy blood donors at Red Cross 

offices in the province of Northern Ostrobothnia were used as population controls 

and screened for the nine POLG1 variants (II). Control liver samples of subjects 

with no clinical evidence of liver failure and normal liver histology were obtained 

at autopsies and matched to patient cases by age (I). Blood and liver samples from 

the controls were used for molecular genetic analyses, and their medical records 

were not reviewed (I-II). 

4.4 Ethical considerations (I-III) 

The study protocol has been approved by the Regional Ethics Committee of the 

Northern Ostrobothnia Hospital District (II-III), the Research Ethics Committee of 

the Northern Savo Hospital District (II-III), the Ethics Committee of the Hospital 

District of Southwest Finland (II-III), the Ethics Committee of the Tampere 

University Hospital (II-III), and the Ethics Committee of the Helsinki University 

Hospital (I). The ethical guidelines of the Helsinki Declaration (revised in 1975) 

were followed. All patients or caregivers signed an informed consent form before 

participating in the genetic studies. 

4.5 Molecular methods (I-III) 

4.5.1 DNA extraction (I-III) 

Total genomic DNA was extracted from blood via a commercially available 

QIAamp DNA Blood Mini kit (Qiagen sciences Inc., Hilden, Germany) (I-III) and 

from formalin-fixed and paraffin-embedded liver samples via standard phenol-

chloroform-isoamyl alcohol (PCIAA) extraction and ethanol precipitation (I). 

4.5.2 DNA amplification and Sanger sequencing (I-III) 

The DNA extracts from patient and control samples were used as templates for 

polymerase chain reaction (PCR) amplification and further analysed by the 

restriction fragment length polymorphism (RFLP) method or by sequencing. 
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PCR-RFLP analysis (I-III) 

The pathogenic POLG1 variants p.T251I (c.752 T>C), p.A467T (c.1399 G>A), 

p.G517V (c.1550 G>T), p.P587L (c.1760 C>T), p.R722H (c.2165 G>A) (I-III), 

and the two common POLG1 variants p.E1143G (c.3428 A>G) and p.Q1236H 

(c.3708 G>T) (II) were investigated using standard PCR amplification followed by 

RFLP analysis. Primer pairs for the PCR reactions were designed according to the 

reference sequence (NM_002693) to amplify the targeted exon sequence and the 

corresponding exon-intron boundaries. PCR was performed via Biotools DNA 

(Biotools B&M Labs, Madrid, Spain) or AmpliTaq Gold (Applied BiosystemsTM, 

Thermo Fisher Scientific, Waltham, MA, U.S.A.) polymerase enzymes, using 

amplification conditions recommended by the manufacturer. The annealing 

temperatures were chosen based on the primer sequences and either remained the 

same or were decreased by 0.5°C after each cycle until the calculated annealing 

temperature for the primers was reached. The PCR products were then digested via 

restriction enzymes that recognize specific cleavage sites in the presence of the 

screened variant. The restriction enzymes used in RFLP analysis were as follows: 

FastDigest (FD) BseNI (Applied BiosystemsTM, Thermo Fischer Scientific) for 

p.T251I, FD MscI for p.A467T, BseRI (New England Biolabs, NEB, Ipswich, MA, 

U.S.A) for p.G517V, FD SmaI for p.P587L, FD MscI for p.R722H, BseRI (NEB) 

for p.E1143G and BccI (NEB) for p.Q1236H. Finally, the digestion products were 

separated with standard MetaPhor gel (Cambrex Bio Science Rockland, Inc., 

Rockland, ME, U.S.A.) electrophoresis and visualized with SYBR ® Safe DNA 

Gel Stain (InvitrogenTM, Thermo Fischer Scientific) and blue light or UV-light 

excitation. 

Allele-specific PCR (I-III) 

The p.W748S (c.2243 G>C) and p.Y955C (c.2864 A>G) POLG1 variants were 

detected using allele-specific (AS) amplification. The protocol involved PCR 

amplification of the target sequence using specific primers complementary to wild-

type and mutant DNA templates in two separate reactions. The AS-PCR results in 

primer extension by the polymerase when the modified nucleoside base at the 3’end 

of the AS-primer matches the target DNA sequence, while a primer that forms a 

mismatch with the DNA template is refractory to primer extension (Ugozzoli & 

Wallace, 1991). Depending on the variant status of the individual from whom the 

DNA template had been obtained (i.e. wild-type, heterozygous, or homozygous), 
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one or both of the reactions produced a PCR fragment that was then visualized by 

standard Agarose gel electrophoresis, SYBR ® Safe staining, and UV excitation. 

Detection of the MELAS point mutation (III) 

For analysis of the MELAS m.3243A>G variant, fragments of mtDNA were 

amplified by PCR in the presence of 35S-dATP and digested with FD ApaI, which 

separates the mutated gene type into two fragments (103 basepairs and 307 

basepairs) but does not interfere with the wild type product (410 basepairs). The 

digested samples were then analysed by 6% polyacrylamide gel electrophoresis 

(PAGE). 

Sanger sequencing (I-III) 

If one of the seven pathogenic POLG1 variants was detected, all 23 coding exons 

and the exon-intron boundaries were sequenced (I-III). All positive MELAS-

findings were also verified by direct sequencing (III). The PCR fragments were 

purified using exonuclease I and shrimp alkaline phosphatase (Thermo Fischer 

Scientific), and the sequencing reactions were performed in the Biocenter Oulu 

sequencing core facility using the BigDye Terminator v1.1 Cycle Sequencing Kit 

(Applied BiosystemsTM, Thermo Fischer Scientific) and the ABI PRISM 3500xL 

Genetic Analyzer (Applied BiosystemsTM, Thermo Fischer Scientific). The 

sequence data were analysed with the Sequencer 4.1.4 software (Gene Codes 

Corporation, Ann Arbor, MI, U.S.A.) using the NCBI reference sequence 

(NM_002693) for POLG1 and the revised Cambridge Reference Sequence 

(Andrews et al., 1999) for identification of the m.3243A>G variant. 

Real-time quantitative PCR (I) 

To measure the mtDNA content in patient and control liver samples, Real-time 

quantitative PCR (qRT-PCR) analysis was carried out using the iCycler Thermal 

Cycler and the iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad 

Laboratories Inc., Hercules, CA, U.S.A.). The mtDNA target gene ND1 (He et al., 

2002) and the nuclear-encoded brain natriuretic peptide (BNP) control gene were 

amplified to normalize the DNA content in each sample, and the mtDNA to nDNA 

ratio was calculated using the ΔCT method (Pfaffl, 2001). PCR reactions were 

conducted in duplicates, and the measurements were carried out in triplicates from 
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each sample. For depletion analysis, the mtDNA content of the patient samples was 

compared to the reference values from age-matched controls with normal liver 

histology. MtDNA depletion was defined as an mtDNA ratio of <0.30 relative to 

the median of age-matched control samples (Rahman & Poulton, 2009). All qRT-

PCR analyses were performed by Dr. Tuomas Komulainen, M.D., Ph.D., at the 

Clinical Research Center laboratory, the Medical Research Center Oulu, the Oulu 

University Hospital, and the University of Oulu, Finland.   

4.6 Statistical methods (II-III) 

The differences in the categorical variables were examined using the chi-square test 

(II-III). With continuous skewed variables, the Mann-Whitney U test was used to 

compare the differences between the two independent groups (II). The results are 

expressed as median and interquartile range (IQR) for non-normally distributed 

continuous variables and as number of patients and percentage for categorical 

variables (II-III). Statistical significance was defined as p<0.05, and two-tailed tests 

were used. Statistical analyses were performed using IBM SPSS Statistic 22.0 (II) 

and 24.0 (III) software (IBM Corp, Armonk, NY, USA) for Windows. Confidence 

intervals for the differences between medians were calculated using StatsDirect 

statistical software V.3.0 (StatsDirect Ltd, Altrincham, England) (II). GraphPad 

Prism V. 7.02 (La Jolla, CA, USA) (II) and Origin 2017 (OriginLab Corporation, 

Northampton, MA, US) (III) were used to create the graphical presentation of the 

data. 
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5 Results 

5.1 Pathogenic POLG1 variants and VPA-induced liver failure (I) 

5.1.1 Clinical course of liver failure and outcome after liver 

transplantation 

Five patients were retrospectively identified as having VPA-induced acute and non-

recoverable liver failure from the liver transplant registry of Helsinki University 

Hospital (study I). Four of these patients had received a liver transplant. They were 

all adolescents or young adults at the initial manifestation of neurological 

symptoms with the following ages: 13 years (n=1), 15 years (n=2), 21 years (n=1) 

and 32 years (n=1). VPA-induced acute liver failure (VPA-ALF) was diagnosed at 

ages 14 years (n=1), 20 years (n=2), 21 years (n=1) and 36 years (n=1) (I: Table 1). 

The mean duration of VPA treatment was 8.2 weeks (from a range of 6 to 12 weeks). 

Moreover, liver failure was progressive in all five patients despite the cessation of 

VPA. Four patients developed severe hepatic encephalopathy (I: Table 1, Patients 

1, 2, 3, and 5) and two patients also presented with pancreatitis (I: Table 1, Patients 

1 and 5). Three patients underwent liver transplantation (LT) three to four weeks 

after hospitalization (I: Patients 1, 2, and 4). One patient had an acute, drug-induced 

liver injury from VPA and paracetamol medications and underwent urgent LT the 

second day at the hospital (I: Patient 3). One of the five patients had treatment 

resistant SE and died at age 20 years old without receiving a transplant due to 

hepatic coma induced by ALF three months after the first SE episode (I: Table 2, 

Patient 5). The histopathological examination of the explanted livers showed severe 

hepatocellular necrosis, collapse of the liver parenchyma, and a ductular reaction, 

all without signs of chronic liver disease. An autopsy of the deceased patient 

revealed severe autolysis, marked necrosis, and fat infiltration in the liver. The 

copper histochemistry performed in liver explants or liver samples during autopsy 

examination was normal in all three patients with suspected Wilson’s disease (I: 

Table 2, Patients 1, 4 and 5). 

At the time of study I publication in 2014, three patients were alive and had 

survived from 4 to 19 years following the LT. Two of these patients had occasional 

epileptic seizures (I: Table 2, Patients 1 and 2) and one patient had been seizure-

free for 11 years following LT (I: Table 2, Patient 4). Other neurological 

manifestations observed were ataxia and peripheral neuropathy (I: Table 2, Patient 
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4). One patient with LT developed kidney failure associated with cyclosporine 

intoxication 18 months after a successful LT and died unexpectedly 6 months later 

(I: Table 2, Patient 3). An autopsy was not performed on this patient, and therefore 

the exact cause of death was not determined. Histological findings in the biopsies 

of the transplanted livers varied from being normal to mildly inflammatory. In 

addition, one patient exhibited a mild accumulation of iron (I: Patient 2), and 

another had diffuse steatosis with fibrosis of the portal area in the explanted liver 

(I: Patient 4). 

5.1.2 POLG1 analysis 

Pathogenic POLG1 variants were identified in four of the five patients (I: Table 2). 

Patients 1, 2, 4, and 5 were homozygous for the p.W748S variant in exon 13 and 

for the p.E1143G variant in exon 21, while Patient 4 also carried a heterozygous 

p.Q497H variant (c.1491 G>C) in exon 8. Patient 3 harboured a single 

heterozygous p.Q1236H variant (c.3708 G>T) in exon 23 without other variants in 

POLG1 (I: Table 2). 

5.2 Common POLG1 variants, hepatotoxicity and pancreatic 

toxicity (II) 

5.2.1 Frequency of the p.Q1236H and p.E1143G variants 

Of the 367 patients with epilepsy, 122 patients had either the p.Q1236H variant (n 

= 99) or the p.E1143G variant (n = 24) in a heterozygous or homozygous state (one 

patient had both variants in a heterozygous state), and nine patients were found to 

carry other heterozygous variants in POLG1 (c.1402A>G in exon 7 (p.N468D), n 

= 2; c.1550G>T in exon 8 (p.G517V), n = 1, and c.2447G>A in exon 13 (p.R722H), 

n = 6). 236 of the patients did not carry any of the screened POLG1 variants. The 

allele frequencies of p.Q1236H and p.E1143G variants in POLG1 were determined 

in the study cohort (Study II) and are presented in Table 7. 
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Table 7. Allele frequencies of the p.E1143G and p.Q1236H variants in the study cohort 

(II). 

Patients p.E1143G p.Q1236H 

patients with SE (n=100) 5.0% 16.0% 

patients with childhood-onset 

epilepsies (n=105) 

1.9% 16.2% 

Patients with adult onset 

epilepsies (n=162) 

4.3% 14.5% 

Entire study cohort (n=367) 3.8% 15.0% 

Population controls (n=376) 2.9% 14.4% 

SE, status epilepticus. 

5.2.2 Patient characteristics 

The demographic characteristics and features of epilepsy in the 61 patients that had 

received VPA monotherapy were analysed, and the results are shown in Table 8. 

Table 8. Clinical and epilepsy characteristics of patients examined in study II. 

Variable Variant group patients (n=33) Nonvariant group patients (n=28) 

Gender, male (%) 13 (39) 12 (43) 

Intellectual disability (%) 8 (24) 7 (25) 

Median age at onset of epilepsy1, y 10.1 n.a 

IQR, y 2.8-15.4  

Focal onset seizures (%)2 13 (39)2 12 (43)2 

Generalized seizures (%)2 21 (64)2 17 (61)2 

Myoclonic seizures (%) 9 (27) 6 (21) 

Epileptic spasms (%) 3 (9) 7 (25) 

SE (%) 8 (24) 5 (17) 

Drug-resistant epilepsy (%) 7 (21) 7 (25) 

1Data available on 31 patients. 2One patient in each group had both focal onset and generalized onset 

tonic–clonic seizures. IQR, interquartile range; MRI, magnetic resonance imaging; n.a, not available; 

POLG, polymerase gamma; SE, status epilepticus. 

The most common seizure types in both groups were generalized tonic-clonic 

seizures (64% and 61%) and focal to bilateral tonic-clonic seizures (39% and 43%). 

SE was observed in eight patients (24%) in the variant group and in five patients 

(17%) in the nonvariant group. Epilepsy was categorized as drug-resistant for seven 

patients in each group (21% and 25%, respectively). Brain MRIs did not show 
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signal increase in the thalamus, cerebellum, or occipital region on the T2 weighted 

images in either group. 

5.2.3 Comparison of clinical features and VPA treatment factors 

between variant group and nonvariant group patients 

There was no significant difference between the two groups regarding gender, 

known risk factors for VHT (e.g. onset of therapy under two years old and 

intellectual disability), or factors concerning VPA treatment (e.g. treatment duration, 

maximal dosage used, and peak serum VPA-level measured). The median age at 

onset of VPA monotherapy was 16.5 years (IQR 7.7 to 29.1) in the variant group 

and 8.9 years (IQR 4.8 to 22.1) in the nonvariant group (p = 0.10) (II: Table 1). 

5.2.4 Comparison of laboratory parameters between variant group 

and nonvariant group patients 

During VPA treatment episodes, there was no significant difference in the 

distribution of abnormal liver function test (LFT) values or plasma amylase values 

between the two groups. Furthermore, mild to moderate elevations in liver 

transaminases were observed in both groups, but the medians of the highest values 

of each patient’s alanine aminotransferase (ALT) and aspartate aminotransferase 

(AST) were within normal range, as were the gamma glutamyl transferase (GGT) 

and plasma amylase values (II: Fig. 2). There was no significant difference between 

the two groups regarding change between the peak value and baseline value of ALT, 

AST, GGT, or plasma amylase (II: Fig.3) or in the median time between the 

baseline value and the peak value of these laboratory parameters (II: Fig. 4). The 

median time regarding the highest value of plasma amylase was longer for female 

patients (1.8 years, IQR 0.6 to 4.0) than for male patients (0.7 years, IQR 0.2 to 1.1; 

p < 0.01). However, there was no substantial difference in the medians of other 

laboratory parameters between the sexes. 

5.2.5 Hepatotoxicity and pancreatic toxicity among patients treated 

with VPA 

Severe liver injury during VPA monotherapy was not encountered in either group. 

Liver dysfunction (defined as ALT or AST >5 times the upper limit of the age- and 

sex-adjusted reference range) was identified in three variant group patients and in 
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one nonvariant group patient (9.1% and 3.6%, respectively; p = 0.62). Liver 

enzyme elevation was transient or reversible in all four patients; LFTs normalized 

after the cessation of VPA in one of the three variant group patients, in the one 

nonvariant group patient, and without changes in treatment in two variant group 

patients (II: Table 2, Table S1). One patient who harboured the p.Q1236H variant 

developed VPA-ALF during polytherapy and required LT; this patient has been 

described in study I (I: Tables 1 & 2, patient 3; II: Table 2, patient 5). The activated 

partial thromboplastin time (APTT) was elevated (>33 seconds) during VPA 

monotherapy in one of eight variant group patients tested, and an international 

normalized ratio (INR) above the value of 1.2 was measured in three (n = 13, 23.1%) 

patients in the variant group and in one (n = 6, 16.7%; p = 1.00) patient in the 

nonvariant group, but marked coagulation abnormalities were not encountered (II: 

Table 2, Table S1).  

Pancreatic toxicity was not observed in patients undergoing VPA monotherapy, 

but acute pancreatitis was identified and radiologically confirmed in two patients 

during VPA polytherapy; one patient harboured the p.Q1236H variant and the other 

patient belonged to the nonvariant group. Both patients recovered via conservative 

treatment after the discontinuation of VPA, and the patient in the nonvariant group 

underwent cholecystectomy due to gall stones (II: Table 2, Table S1). 

5.2.6 Patients with abnormal VPA metabolites in urine without any 

signs of hepatic or pancreatic dysfunction 

Two paediatric patients, both of whom were carriers of heterozygous p.Q1236H 

variants, exhibited markedly high levels of VPA metabolites in urine during 

polytherapy with other AEDs (II: Table 2, patients 6 and 7). Both patients also 

showed abnormalities in urine organic acids or plasma amino acids, but LFTs and 

plasma amylase levels were not elevated, and serum VPA levels were normal. The 

first patient, a 6-year-old boy, presented a profound intellectual disability with 

drug-resistant epilepsy, microcephaly, hypotonia, strabismus, and autistic features. 

His laboratory findings included mildly elevated plasma glycine (310 µmol/l, 

reference range 102–306 μmol/l) and considerably high levels of VPA metabolites 

in urine organic acid analysis. The second patient was a 16-year-old girl with an 

intellectual disability and drug-resistant absence epilepsy with eyelid myoclonia. 

Her plasma glycine concentration was high (832 µmol/l, reference range 140–241 

µmol/l), and her urine glycine excretion was greatly elevated (8,570 µmol; 

reference range 112–1,322 µmol). An analysis of the urine organic acids showed 
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that, in addition to high VPA metabolites, several acylglycines (hexanoylglycine, 

3-methylcrotonoylglycine, and isovalerylglycine) and 2-keto-3-methylvaleric acid 

were detectable in small amounts. Furthermore, an increased excretion of pipecolic 

acid was detected in blood, urine, and cerebrospinal fluid. The metabolite levels of 

both patients normalized after the cessation of VPA. This was excluding the glycine 

levels of the female patient, which remained slightly elevated (392 µmol/l, 

reference range 140–241 µmol/l). In aetiological studies, the male patient was 

identified as having a novel hemizygotic de novo variant in IQSEC2 (MIM300522; 

c.2312G>A, p.G771D) (II: Table 2, patient 6) and the female patient as having a 

heterozygous variant in GLDC (MIM238300; c.1691G>T, p.S564I) (II: Table 2, 

patient 7) via exome sequencing. 

5.3 Status epilepticus-clinical characteristics and genetic 

aetiologies (III) 

5.3.1 Patient characteristics 

The demographic and clinical characteristics and epilepsy features of the 269 

patients with an undefined aetiology for SE were collected and analysed. The 

results are presented in Table 9. 

Characteristics of treatment for status epilepticus 

Medical record notes regarding the treatment used during SE episodes were 

available for 252 patients concerning the use of first phase treatments, for 254 

patients concerning the use of second phase treatments and anaesthetic agents and 

for 255 patients concerning the use of other third phase treatments. The medications 

used are listed in Table 10. 

Table 9. Demographic and clinical characteristics and epilepsy features of the patients 

with SE considered in study III. 

Variable All SE patients  

(n=269) 

Gender, Male (%) 136 (51) 

Median age at SE onset1, y 7.6 

IQR, y 3.1-19.9 

SE features  
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Variable All SE patients  

(n=269) 

CSE2* 242 (91)* 

NCSE2* 34 (13)* 

RSE3 116 (44) 

SRSE4 44 (17) 

Positive history for prior SE5 30 (11) 

Recurrence of SE during study period2 95 (36) 

Febrile SE2 63 (24) 

Mortality, overall 50 (19) 

Mortality, SE-related1 11 (4.2) 

Epilepsy diagnosis (at some time point)2 220 (82) 

Median age at onset of epilepsy6, y 4.4 

IQR, y 1.7-11.8 

Epilepsy prior to SE3 131 (49) 

Epilepsy features7  

Focal seizures 23 (13) 

Focal evolving into bilateral convulsive seizures 143 (78) 

Generalized seizures 47 (26) 

Myoclonic seizures 28 (15) 

Infantile spasms 17 (9.2) 

Atonic seizures 10 (5.4) 

Occipital epileptiform features 4 (2.2) 

EPC2 2 (1.1) 

Drug resistant epilepsy8 103 (52) 

Febrile seizures3 53 (20) 

Positive family history for  

Epilepsy, first-degree relative9 23 (8.7) 

Epilepsy, other relative9 30 (11) 

Febrile seizures, any relative10 26 (9.8) 

Comorbid conditions  

Intellectual disability10 112 (42) 

Muscular hypotonia3 49 (19) 

Ataxia3 42 (16) 

Failure to thrive3 27 (10) 

Spasticity3 23 (8.8) 

Muscle weakness3 21 (8.0) 

Neuropsychiatric disorder10 21 (8.0) 

Hearing deficiency3 17 (6.5) 

Migraine10 17 (6.4) 

Short stature3 16 (6.1) 

Neuropathy3 9 (3.4) 

Liver dysfunction3 9 (3.4) 
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Variable All SE patients  

(n=269) 

Optic atrophy3 8 (3.1) 

Exercise intolerance3 7 (2.7) 

Cardiac arrhythmia3 4 (1.5) 

Kidney dysfunction3 4 (1.5) 

Type I Diabetes3 3 (1.1) 

Cataract3 2 (0.8) 

Retinal degeneration3 2 (0.8) 

Cardiomyopathy3 0 (0.0) 

Data available on patients as follows: 1262 patients, 192 paediatric patients and 70 adults; 2267 patients, 

197 paediatric patients and 70 adults; 3261 patients, 193 paediatric patients and 68 adults; 4259 patients, 

192 paediatric patients and 67 adults; 5266 patients, 196 paediatric patients and 70 adults; 6201 patients, 

146 paediatric patients and 55 adults; 7184 patients, 132 paediatric patients and 52 adults; 8197 patients, 

139 paediatric patients and 58 adults; 9265 patients, 195 paediatric patients and 70 adults; 10264 patients, 

195 paediatric patients and 69 adults. EPC, epilepsia partialis continua; IQR, interquartile range; SE, 

status epilepticus. *Some patients had both CSE and NCSE episodes. 

Brain imaging features 

Information regarding brain MRI studies was available for 268 patients. In the 

study cohort, 49/268 patients (18%) underwent brain MRI studies during the SE 

episode: 4/49 patients (8.2%) had diffuse cerebral oedema, 2/49 patients (4.1%) 

demonstrated oedema in the occipital lobe, and one patient presented hippocampal 

oedema (2.0%) in the initial MRI. Signal abnormalities were detected in 17/49 

patients as follows: 5/49 in the cortex (10%), 2/49 in the hippocampus (4.1%), 5/49 

in the thalamus (10%), 1/49 in the brainstem (2.0%), 1/49 in the cerebellum (2.0%), 

and 3/49 in white matter (6.1%). Follow-up MRIs following recovery from SE 

showed the development of atrophy in 12/65 patients tested (18%), with a median 

of 3.7 weeks (IQR 2.4 to 19.3, n=11) between the MRI scans. Diffuse atrophy was 

seen in 7/65 patients in the follow-up scan (11%), and the other regions affected by 

atrophy were as follows: 1/65 in the occipital cortex (1.5%), 1/65 in the frontal 

cortex (1.5%), 2/65 in the cerebellum (3.1%), and 1/65 in the brain stem (1.5%). 

MRI signal abnormalities were detected in 14/65 patients (22%) in the follow-up 

scans. The subcortical white matter was affected in 7/65 patients (11%), and focal 

signal intensities were observed as follows: 2/65 in the hippocampus (3.1%), 2/65 

in the basal ganglia (3.1%), 1/65 in the thalamus (1.6%), and 1/65 in the corpus 

callosum (1.6%). 
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Table 10. Medication used in treatment of SE patients in study III. 

Treatment Number of patients  

n (%) 

First phase treatment 220 (87) 

Diazepam 190 (75%) 

Lorazepam 88 (35%) 

Clonazepam 38 (15%) 

Buccal midazolam* 14 (5.6%) 

Second phase treatment 157 (62%) 

Phosphenytoin 134 (53%) 

Valproate 37 (15%) 

Phenobarbital 21 (8.3%) 

Levetiracetam 20 (7.9%) 

Topiramate 10 (3.9%) 

Lacosamide 2 (0.8%) 

Oxcarbazepine 1 (0.4%) 

Third phase treatment 116 (46%) 

Propofol 60 (24%) 

Thiopental 57 (23%) 

Midazolam 59 (23%) 

Glucocorticoids 15 (5.9%) 

Furosemide 36 (14%) 

Mannitol 21 (8.2%) 

* In Finland, licensed buccal midazolam solutions were not accepted for special rate reimbursement until 

July 2016, which explains the low usage percentage during the study period. 

5.3.2 Screening of the pathogenic POLG1 variants and the MELAS 

point mutation 

Eight out of the 85 patients examined (9.4%) were identified with pathogenic 

POLG1 variants or the MELAS point mutation. Four patients were homozygous 

for the p.W748S (c.2243G>C) and p.E1143G (c.3428A>G) POLG1 variants; one 

of the patients also had the heterozygous p.Q497H variant (c.1491 G>C) (III: Table 

2). Compound heterozygosity of the p.A467T (c.1399 G>A) and p.W748S variants 

was detected in one patient (III: Table 2). The m.3243 A>G variant of the MT-TL1 

gene in mtDNA was identified in three patients (III: Table 2). Furthermore, two 

patients in the study cohort harboured the heterozygous p.G517V (c.1550 G>T) 

(n=1) and p.R722H (c.2165 G>A) (n=1) variants without other variants in POLG1. 
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Screening of p.T251I (c.752 T>C), p.P587L (c.1760 C>T) and p.Y955C (c.2864 

A>G) did not reveal any variants in the 85 patients examined. 

5.3.3 Patients with mitochondrial aetiology for status epilepticus 

Overall, 12 patients were identified as having mitochondria-related disorders (III: 

Table 2), accounting for 4.5% (12/269) of patients in the whole cohort and 29% 

(12/41) of all genetic aetiologies detected (Fig. 8). Five patients had AHS: The 

A467T/W748S patient had childhood AHS with encephalitis-like onset at six years 

of age, and the four p.W748S-p.E1143G patients presented with juvenile- or adult-

onset AHS at the age of 13 (n=1), 15 (n=2), and 21 years (n=1).  All five patients 

with AHS developed liver failure during VPA treatment: one patient with p.W748S-

E1143G and the patient with A467T/W748S died due to VPA-ALF, and the 

remaining three patients underwent successful liver transplantations. The four 

p.W748S-E1143G patients have been previously described (I: Tables 1 and 2, 

patients 1, 2, 4, and 5). Other SE patients with mitochondria-related disorders were 

not treated with VPA. Two patients reporting several episodes of drug-resistant SE 

were diagnosed with IOSCA at ages of two years and 36 years; the adult patient 

was a p.Y508C (c.1523 A>G) homozygote, and the paediatric patient had 

compound heterozygous p.A318T (c.952 G>A) and p.Y508C variants in TWNK (as 

previously described) (Hakonen et al., 2007). Three MELAS patients presented 

with severe refractory SE in the context of stroke-like episodes at the age of 10, 24, 

and 40 years. Furthermore, two siblings with neonatal seizures and recurrent SE 

were diagnosed with pyridoxine dependent epilepsy and had homozygous c.517+5 

G>A variants in ALDH7A1. 
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Fig. 8. Patients with definite genetic aetiologies for SE (n = 41). 

Brain imaging features of patients with mitochondrial status epilepticus 

Three patients with AHS (p.W748S-E1143G) and one patient with IOSCA 

(p.Y508C) had increased T2 signal intensity in the right thalamus (n=2) or in both 

the thalamus and lentiform nucleus (n=1) observed in brain MRI during the SE 

episodes. This was in addition to mild posterior reversible encephalopathy 

syndrome–related findings in the occipital-parietal area (n=1; AHS), diffuse 

cortical oedema and cerebellar atrophy (n=1; IOSCA), and laminar necrosis (n=1; 

AHS). Three patients with MELAS showed stroke-like findings in MRI. Two of 

these patients showed specified findings in the following regions: bilateral frontal 

ischaemia with oedema in the right temporal area (n=1) and diffuse ischaemia in 

the right posterior occipital-parietal and temporal area (n=1). 

5.3.4 Patients with other monogenic aetiologies for status 

epilepticus 

Other monogenic diseases were detected in 22/41 patients with a definite genetic 

aetiology for epilepsy and SE (Fig. 8), six of whom showed pathogenic variants in 

the SCN1A (c.301C>T, p. R101W, n=1; c.4024G>A, p. G1342R, n=1; c.4411T>C, 

p. S1471P, n=1; c.4573C>T, p. R1525X, n=1), KCNQ3 (c.1720 C>T, p. P574S, n=1) 
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or GABRB2 (c.851C>T, p. T284I, n=1) genes (III: Table 2). Patients with SCN1A 

variants were diagnosed with drug-resistant multifocal epilepsy at the ages of 5, 7, 

10, and 27 months, and all developed intellectual disabilities during the disease 

course. The patient with the KCNQ3 variant presented with neonatal seizures that 

progressed to severe epileptic encephalopathy with drug-resistant epilepsy and 

recurrent episodes of refractory SE (RSE), whereas the patient with the GABRB2 

variant had severe infantile onset myoclonic epilepsy with an intellectual disability 

and concomitant autistic features. Three patients were identified with neuronal 

ceroid lipofuscinoses (NCLs): two patients had infantile neuronal ceroid 

lipofuscinosis (INCL) caused by a homozygous PPT1 variant (c.364A>T, 

p.R122W), and one patient had the Finnish founder variant that causes CLN8 

disease or Northern epilepsy (EPMR). All three patients with NCLs had secondarily 

generalized seizures with episodes of SE and progressive intellectual impairment. 

One patient had a Na, K-ATPase defect due to an ATP1A3 variant (c.2401G>A, p. 

D801N), causing alternating hemiplegia of childhood (AHC) along with drug-

resistant epilepsy and a severe intellectual disability. Additionally, 3/22 patients had 

progressive myoclonic epilepsy. Neurocutaneous syndromes were the aetiology of 

SE in 5/22 patients with a monogenic disease: 4/22 patients had Tuberous sclerosis 

(TS) and one patient had Sturge Weber syndrome (SWS). Patients with TS and 

SWS had drug-resistant epilepsy and presented with infantile spasms (n=3) and 

generalized or focal onset seizures (n=4), with occasional episodes of RSE in early 

childhood (n=3). The remaining 4/22 patients had Fragile X syndrome (n=2), Rett 

syndrome (n=1), and Angelman syndrome (n=1) (III: Table 2). Patients with Fragile 

X syndrome reported infantile spasms (n=1) or myoclonic-astatic seizures in 

combination with generalized tonic-clonic and tonic seizures (n=1). Rett syndrome 

was associated with severe drug-resistant epilepsy combined with secondarily 

generalized seizures and frequent episodes of RSE and SRSE, whereas the patient 

with Angelman syndrome manifested multiple seizure types that sometimes led to 

NCSE. 

5.3.5 Patients with other genetic aetiologies for status epilepticus 

Chromosomal abnormalities were the cause of the disease phenotype in 7/41 SE 

patients with definite genetic aetiologies (Fig. 8). Detailed clinical records 

regarding the results of genetic studies were available for 5/7 patients, and their 

specific karyotypes are listed in Table 2 of study III. Patients with chromosome 9p 

duplication (n=1) and trisomy 12 p (n=1) had focal to bilateral tonic-clonic seizures 
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and episodes of prolonged NCSE. The other 5/7 patients had drug-resistant epilepsy 

with variable seizure types. All seven patients displayed moderate to severe 

intellectual disabilities, and patients with partial chromosome 15 trisomy (n=1) and 

partial chromosome 15 tetrasomy (n=1) had concomitant autistic features. 

5.3.6 Comparison of paediatric and adult patients with status 

epilepticus 

Response to treatment 

RSE was encountered in 116 patients (44%, n=261) and SRSE in 44 patients (17%, 

n=259) out of the whole study cohort. The frequency of RSE was 35% in paediatric 

patients (n=193) and 71% in adults (n=68, p<0.001). The frequency of SRSE was 

15% in paediatric patients (n=192) and 24% in adults (n=67, p=0.09). 

Recurrence 

SE recurred during the study period in 95 patients (36%, n=267). The frequency of 

recurrent SE was highest in patients under one year old at the time of the initial SE 

(44%, 10/23). There was no significant difference regarding the recurrence of SE 

between paediatric patients (35%, 68/197) and adult patients (39%, 27/70; p=0.56). 

Mortality 

At the time data collection was terminated in April 2017, 219 patients (81%) were 

alive, and 50 patients (19%, n=269) had died, of which 11 deaths (4.2%, n=262) 

were directly related to SE. The overall mortality rate was 13% in paediatric 

patients (n=197) and 35% in adults (n=72, p<0.001). The mortality rates during an 

episode of SE were 2.6% (5/193) in paediatric patients and 8.7% (6/69) in adults 

(p<0.05). 
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5.3.7 Comparison of patients with a definite genetic aetiology for 

status epilepticus and patients with an undefined aetiology for 

status epilepticus 

Response to treatment 

SE was prolonged in the majority of the 41 patients with a definitive genetic 

aetiology for SE. RSE was observed in 11/12 patients (92%) with identified 

mitochondrial diseases, in 9/20 patients (45%) with other monogenic aetiologies 

for SE, and in 3/7 patients (43%) with chromosomal abnormalities. This was in 

comparison to 93/222 patients (42%) with an undefined aetiology for SE (p<0.01). 

SRSE occurred in 8/12 patients (67%) with mitochondrial disease, in 4/20 patients 

(20%) with other monogenic aetiologies, in 1/7 patients (14%) with chromosomal 

abnormalities, and in 31/220 patients (14%) with an undefined aetiology for SE 

(p<0.001). 

Recurrence 

SE recurred during the study period in 8/12 patients with mitochondrial disease 

(67%), in 11/21 patients (52%) with other monogenic aetiologies, in 5/7 patients 

(71%) with chromosomal abnormalities, and in 71/227 patients (31%) with an 

undefined aetiology for SE (p<0.01). 

Mortality 

Mortality during an episode of SE occurred in 2/12 patients (17%) with 

mitochondrial disease, in 0/20 patients with other monogenic aetiologies, in 0/7 

patients with chromosomal aberrations, and in 9/223 patients (4.0%) with an 

undefined aetiology for SE (p=0.13). The overall mortality at the time study III 

terminated in April 2017 was 42% (5/12) in patients with mitochondrial disease, 

27% (6/22) in patients with other monogenic aetiologies, 57% (4/7) in patients with 

chromosomal abnormalities,  and 15% (35/228) in patients with an undefined 

aetiology for SE (p<0.01). 
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6 Discussion 

6.1 POLG1 variants and their role in liver injury during VPA 

treatment 

6.1.1 VPA-induced acute liver failure in patients with pathogenic 

POLG1 variants and their prognosis following liver 

transplantation 

In study I, four patients with VPA-induced liver failure were retrospectively 

identified with homozygous p.W748S and p. E1143G variants and reduced liver 

mtDNA content; in addition, one patient carried a heterozygous p.Q497H variant. 

The patients had displayed drug-resistant focal onset seizures with episodes of 

status epilepticus (SE) but did not present other features of AHS, such as 

progressive mental retardation. The phenotype of all four patients was compatible 

with that of juvenile Alpers or MIRAS, which are conditions that have been 

previously reported to be associated with similar molecular genetic status and 

mtDNA depletion (El-Hattab & Scaglia, 2013; Isohanni et al., 2011; Nguyen et al., 

2006; Tzoulis et al., 2006; Uusimaa et al., 2008; Winterthun et al., 2005). In 

addition, one VPA-ALF patient with a history of focal epilepsy harboured the 

p.Q1236H variant without mtDNA depletion. Three patients were initially 

suspected as having Wilson’s disease, an autosomal recessive disorder caused by 

variants in the ATP7B gene resulting in progressive neurological manifestations 

and liver dysfunction due to the accumulation of copper in hepatocytes (Kaler, 

2013). However, characteristic Kayser-Fleischer rings were absent upon clinical 

examination of all three patients, and biopsies from the explanted livers did not 

show an elevation in hepatic copper content. 

VPA is a broad-spectrum classical AED with good tolerability and a high 

response rate in patients with generalized epilepsies. In addition, intravenous VPA 

is used as a second-line therapy for patients with various forms of SE (Trinka et al., 

2014). However, patients with mitochondrial dysfunction are highly susceptible to 

the hepatotoxic effects of VPA, which are thought to occur through excessive 

mitochondrial dependent apoptosis and the inhibition of mitochondrial β-oxidation, 

but the exact mechanism of VPA-induced mitochondrial toxicity is not currently 

known (Ramachandran et al., 2018). Acute liver failure (ALF) caused by VPA is 

most common in young children (age < 2 years) and usually occurs during 
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polytherapy within the first three months of treatment (Koenig, S. A. et al., 2006; 

Schmid et al., 2013), with AHS being the underlying genetic condition in most of 

the cases reported (Bicknese, May, Hickey, & Dodson, 1992; Delarue et al., 2000; 

Kayihan et al., 2000). Even single heterozygous POLG1 variants have been 

suggested to increase the risk of VPA-induced liver injury in otherwise healthy 

individuals (Stewart, J. D. et al., 2010). Due to the relentless progression of the 

underlying multisystem disorder, VPA-ALF has been considered as an absolute 

contraindication to liver transplantation (LT) in POLG-related disease (Lee, Way S. 

& Sokol, 2007a; McKiernan, 2014). Small case series and individual case reports 

of patients undergoing LT for VPA-ALF have been described, generally with poor 

long-term outcomes and fatalities from neurological deterioration within one year 

following the operation (Delarue et al., 2000; Kayihan et al., 2000; Wolf et al., 

2009). Young age is a poor prognostic factor for LT even without an underlying 

mitochondrial disease, as demonstrated in one case series where 14 out of 17 

children died following LT (Mindikoglu et al., 2011).  

In the present study, four patients (aged 14, 20, and 21 years) with VPA-ALF 

who underwent successful LT and who were retrospectively identified with POLG1 

variants were examined. Three of these patients survived 4 to 19 years of follow-

up, and, during the study follow-up, all maintained normal cognition and had 

controlled or only occasional seizures (I: Table 2, patients 1, 2 and 4). Other clinical 

features included chronic pancreatic insufficiency in one patient (I: Table 2, patient 

1) and ataxia, polyneuropathy, and migraines in another patient (I: Table 2, patient 

4). One patient with a single heterozygous p.Q1236H variant died suddenly two 

years after LT due to an unknown cause (I: Table 2, patient 3). All three surviving 

patients were homozygous for the p.W748S and p.E1143G variants in POLG1. 

Prior to this study,  one patient with the homozygous p.W748S variant was 

observed to have survived following LT, while two patients with compound 

heterozygous p.A467T/p.W748S (n=1) and p.W748S/p.G848S variants (n=1) died 

1 to 10 months following LT (Tzoulis et al., 2006; Wolf et al., 2009). The LT of the 

surviving patient was performed at age 19 years, while the other two patients 

underwent LT at ages 20 years and 7 years. In addition, one patient with the 

homozygous p.A467T variant had survived VPA-ALF with carnitine treatment 

(Wolf et al 2009).  

The results of the current study (I) support the previous findings regarding 

higher chances of survival correlating with older age (≥10 years) at disease onset 

and a homozygous POLG1 variant status. The results of this thesis highlight that 

LT could be an appropriate treatment option for VPA-ALF in some patients and 
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that patient selection should be based on careful consideration of the individual’s 

age, clinical presentation, and genotype (McKiernan, 2014). These retrospectively 

identified Finnish patients did not receive L-carnitine therapy, but, especially in 

patients who are not considered candidates for liver transplantation, carnitine 

therapy should not be reserved, since spontaneous recovery from VPA-ALF has 

occasionally been reported in patients with pathogenic POLG1 variants 

(McFarland, R. et al., 2009; Mindikoglu et al., 2011). The results of the current 

study support the recommendation of the POLG1 analysis for all patients with 

clinical features of a mitochondrial disorder before the administration of VPA. 

Screening of pathogenic POLG1 variants should also be considered in the 

differential diagnosis of Wilson’s disease. 

6.1.2 POLG1 variants p.E1143G and p.Q1236H in VPA-induced 

hepatotoxicity and pancreatic toxicity 

Published literature prior to the data collection of this study (II) places the carrier 

frequency of the common POLG1 p.E1143G variant between 3 and 5% in the 

Caucasian population, with a 2.8% frequency previously reported in Finland. In 

contrast, carriers are rare or almost non-existent among African, Asian, and Latino 

populations (Lek et al., 2016). The frequency of p.Q1236H reported in the Finnish 

population, 15 to 16% (Lek et al., 2016; Luoma et al., 2005), is higher than that 

reported in the general European population (8.3%) and significantly higher than 

in non-Caucasian populations (1%) (Lek et al., 2016). In study II, both variants 

were screened for in 367 patients with epilepsy or SE and in 376 healthy controls, 

all of whom were of Finnish origin. Overall, no significant difference in the 

frequency of p.Q1236H and p.E1143G between patients with epilepsy or SE and 

the population controls was found (15.0% in patients vs. 14.4% in controls for 

p.Q1236H and 3.8% in patients vs. 2.9% in controls for p.E1143G), and the 

frequencies of both variants were similar to those reported earlier among the 

Finnish population. 

Studies based on patient data and in vitro studies have presented contradictory 

results regarding the effect of p.E1143G on POLG function. Moreover, the 

p.E1143G variant is frequently found together with the p.W748S variant in POLG1 

and is thought to act as a modulator for the pathogenic variant (Baruffini, Ferrari, 

Dallabona, Donnini, & Lodi, 2015; Chan, Longley, & Copeland, 2006). 

Furthermore, the p.E1143G variant was reported in two patients with VPA-ALF in 

a study consisting of 17 patients with probable VPA-induced liver injury, eight of 
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whom were found to harbour heterozygous p.E1143G and p.Q1236H variants 

(Stewart, J. D. et al., 2010). These results implied that the two variants might be 

detrimental to POLG function under specific conditions, such as exposure to VPA. 

In the present study, however, no association was identified between these variants 

and VHT (II: Fig. 2). Four patients were diagnosed with liver dysfunction with over 

a five-fold rise in liver transaminases (3/33 in the variant group (9.1%) and 1/28 in 

the nonvariant group (3.6%, p = 0.62), but liver dysfunction was reversible and 

severe liver injury was not observed among patients undergoing VPA monotherapy 

in either group (II: Table 2). In contrast to the previous findings, these results 

indicate that the non-pathogenic variants are not associated with an increased risk 

of VPA-induced liver toxicity in the absence of pathogenic variants in POLG1. 

Considering the wide use of VPA, the results of this thesis aim to help alleviate 

concerns regarding the compatibility of VPA treatment with these two variants 

(personal communication with W. Copeland). However, knowing that AEDs are the 

third most common cause of drug-induced ALF requiring LT (Ramachandran et al., 

2018), further research with large patient cohorts is needed to identify other 

possible genetic risk factors associated with VPA-ALF (Zhu et al., 2017). 

Acute pancreatitis is another well-known adverse effect of VPA, and, like VHT, 

VPA-induced pancreatitis usually occurs during polytherapy (Asconapé, Penry, 

Dreifuss, Riela, & Mirza, 1993). To date, there are no published reports on VPA-

induced pancreatitis in individuals harbouring the POLG1 p.E1143G or p.Q1236H 

variants. In the present study, two patients developed acute pancreatitis during VPA 

polytherapy; one was detected to have a heterozygous p.Q1236H variant, and the 

other did not harbour any of the screened POLG1 variants. However, pancreatic 

toxicity was not encountered among patients undergoing VPA monotherapy in 

either group, and the comparison of the two patient groups did not display a 

statistically significant difference in plasma amylase levels, indicating that 

p.E1143G and p.Q1236H variants alone are not genetic risk factors for VPA-

induced pancreatic toxicity. 

6.1.3 Patients with abnormal VPA metabolites in urine 

VPA-related hepatotoxicity has been shown to correlate with the concentration of 

the toxic metabolite 4-en-VPA in the liver. Thus, the development of irreversible 

liver injury might be avoided by predicting VHT from early changes in VPA 

metabolism, including the excretion of total 4-en-VPA in urine (Lee, Min Sun et al., 

2009). In study II, two paediatric patients with heterozygous p.Q1236H variants 
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and variants in IQSEC2 and GLDC exhibited remarkably elevated levels of VPA 

metabolites in urine during VPA polytherapy, also including elevated plasma 

glycine, and increased acylglycine excretion, without any abnormalities in the liver 

transaminases or plasma amylase. These findings indicated an early hepatotoxic 

process involving VPA or the disruption of β-oxidation either directly via VPA or 

via exacerbation of an underlying metabolic disorder, such as a mitochondrial 

disease. Late-onset nonketotic hyperglycinaemia was also initially suspected in the 

patient with the GLDC variant. The clinical presentation of the patient with the 

novel IQSEC2 variant is in accordance with that described in literature (Zerem et 

al., 2016), implying that the variant detected is pathogenic. Additionally, the variant 

in GLDC observed in the other patient likely explains the persistence of the 

excessive urinary excretion of glycine even after VPA was discontinued, whereas 

the disturbance in β-oxidation and branched-chain amino acid metabolism was 

resolved after changing AED treatment. 

6.2 Status epilepticus due to genetic aetiology - Mitochondrial 

diseases and other genetic causes 

6.2.1 Genetic causes in the study cohort and severity of status 

epilepticus 

Previous studies have reported idiopathic or cryptogenic (i.e. unknown) causes in 

5 to 15% of patients with SE (Neligan & Shorvon, 2011). Globally, 26% of patients 

with refractory SE are affected by these aetiologies, making cryptogenic SE the 

most frequent cause of RSE (Ferlisi et al., 2018). This suggests that important 

aetiological differences exist between common SE, and the more severe prolonged 

forms, RSE, and SRSE. Mitochondrial diseases have been recognized as one of the 

major causes of cryptogenic SE and are found to be relatively common in RSE and 

SRSE, in which they represent 1.4% of patients, while other genetic or 

chromosomal causes can be detected in 2.3% of patients (Ferlisi et al., 2018). In 

study III, a multicentre cohort study was conducted to determine the genetic 

aetiologies of SE, focusing on common pathogenic variants in the mitochondrial or 

nuclear DNA known to be associated with an increased risk of mitochondrial 

disease-related SE. Patients with definite symptomatic aetiologies for SE were 

excluded from the cohort, leaving 269 patients in whom the aetiology of SE could 

be classified as “unknown”. Retrospectively considering a specific period between 
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1997 and 2006, 41/269 patients with a genetic aetiology for SE (15%) were 

identified, of which 34/269 (13%) had an underlying monogenic condition and 

7/269 (2.6%) had chromosomal alterations. A substantial proportion of patients 

experienced an episode or multiple episodes of RSE and SRSE, and prolonged SE 

was common particularly in patients with a definite genetic aetiology for SE. 

In paediatric patients with SE, the frequency of inborn errors of metabolism 

has been suggested to be 4.2%, of which mitochondrial disorders represent 0.3% 

and AHS 0.2% (Riviello, J. Jr et al., 2006). Additionally, the frequency of the 

common pathogenic POLG1 variants associated with AHS has been reported to be 

2.3% in children with drug-resistant epilepsy (Uusimaa et al., 2013). Similar to the 

findings of these previous studies, mitochondrial disorders resulting from the 

common MELAS, POLG1, TWNK and ALDH7A1 variants were confirmed in 4.5% 

of patients (12/269) in the present study (III), accounting for 3.0% (6/197) of 

children and 8.3% (6/72) of adults in the study cohort. AHS was identified in 1.9% 

of patients (5/269) and represented 1.0% of paediatric patients (2/197) and 4.2% of 

adults (3/72). To date, there are no published cohort studies on the mitochondrial 

genetics of adult SE, and study III is therefore the first to report the prevalence of 

AHS and other mitochondrial genetic causes in adult patients with SE.  

As discussed previously in Chapter 2.1.5, ion channel defects frequently 

underlie monogenic epileptic encephalopathies and SE in early childhood 

(Bhatnagar & Shorvon, 2015), whereas chromosomal alterations are associated 

with a high prevalence of seizures and SE that is sometimes very drug-resistant 

(Battaglia & Guerrini, 2005; Elia et al., 2001). In the present study, epileptic 

encephalopathies with SE due to variants in ion channel genes SCN1A, KCNQ3, 

and GABRB2 were the largest subgroup within other identified monogenic 

aetiologies (27%, 6/22). SCN1A-related SE accounted for 2.0% (4/197) of all 

paediatric patients and 13% (3/23) of infants with recurrent episodes of SE, the 

latter of which is similar to the 17% frequency reported earlier for patients with 

Dravet-like features and recurrent SE (Le Gal et al., 2014). The frequency of 

chromosomal alterations was 2.6% (3/116) among patients with RSE and 2.3% 

(1/44) among patients with SRSE, which is in concordance with the frequencies 

reported in the global audit study of refractory SE (Ferlisi et al., 2018). 

Refractory episodes of SE are a common feature of mitochondrial diseases, 

especially in patients with pathogenic variants in POLG1 (Anagnostou et al., 2016; 

Engelsen et al., 2008; Rahman, 2018; Tzoulis et al., 2006; Uusimaa et al., 2013). 

In the current study, mitochondrial SE was refractory to anti-seizure treatment 

significantly more often than SE in other patient groups; RSE was observed in 92% 
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and SRSE in 67% of patients with mitochondrial diseases compared to 45% and 

20% of patients with other monogenic diseases, 43% and 14% of patients with 

chromosomal abnormalities, and 42% and 14% of patients without any known 

genetic aetiologies for SE (p<0.01 and p<0.001, respectively).  

6.2.2 Clinical characteristics of patients with status epilepticus 

Almost all patients (91%, n=269) had convulsive SE episodes, which likely reflects 

the high portion of paediatric patients in the study cohort, since NCSE is rare in 

children (Greiner et al., 2012) and patients with acute symptomatic aetiologies (e.g. 

cortical abnormalities) were excluded from the study. Less than half of all patients 

had a history of epilepsy, which is consistent with previous literature describing the 

demographics of SE (Chin, RFM et al., 2004; DeLorenzo, R. J. et al., 1996; Knake 

et al., 2001; Sillanpää & Shinnar, 2002). The most common neurologic comorbidity 

found was intellectual disability (42%, n=264). The majority of patients (65%, 

15/23) who were under one year old at SE presentation developed an intellectual 

disability. In children, the frequency of intellectual disability was lowest in patients 

with SE between the ages of one and two years (35%, 10/29); the same age group 

also had the highest frequency of febrile-infection related SE (72%, 21/29) and the 

lowest frequency of epilepsy (48%, 14/29). In addition, patients with a history of 

epilepsy presented with intellectual disabilities (61%, 79/130) significantly more 

often than patients without pre-existing epilepsy (25%, 33/133; p<0.001).These 

findings are consistent with previous reports describing better neurologic outcomes 

in children with febrile SE compared to children with afebrile SE or prior 

neurological abnormalities (Maegaki et al., 2005; Martinos et al., 2013; Pujar et al., 

2018; Raspall-Chaure et al., 2006; Sculier et al., 2018; Shinnar et al., 2001). 

6.2.3 Mortality 

The mortality rate during an episode of SE was 2.6% in paediatric patients and 8.7% 

in adults (p<0.05). These results are similar to the relatively low short-term 

mortality rates generally reported in high-income countries. The overall mortality 

rate for paediatric patients was 13%, which was lower than for adult patients (35%, 

p<0.001) and is in line with the 10% mortality rate previously reported for 

childhood CSE (Pujar et al., 2018). Within the entire cohort, 19% of patients had 

died before the study terminated in April 2017, which is consistent with the 20% 

mortality rate reported for SE by several studies (Chin, RFM et al., 2004; 



112 

DeLorenzo, R. J. et al., 1996; Logroscino et al., 2005; Lowenstein & Alldredge, 

1998; Ristić et al., 2010; Vignatelli et al., 2003). Patients with a definitive aetiology 

for SE other than a genetic defect were excluded from the study, and, in regard to 

adult patients, this meant that those with symptomatic aetiologies associated with 

high mortality (e.g. anoxia due to cerebrovascular insults) were not included in the 

study cohort.  However, this did not affect the mortality rates for the whole cohort, 

which is possibly due to the markedly higher number of children and the more 

favourable outcome associated with the typical aetiologies of childhood SE. The 

overall mortality rate was significantly higher in patients with mitochondrial or 

chromosomal disorders compared to patients with other monogenic aetiologies for 

SE and patients without a genetic aetiology for SE (42% and 57% vs. 27% and 15%, 

p<0.01), which is likely related to the severity of the underlying condition and the 

higher frequency of refractory SE in these two groups. Among patients with a 

mitochondrial aetiology for SE, the mortality rate during the SE episode was 17%; 

while death only occurred in two patients, both patients had AHS and developed 

fulminant VPA-induced liver failure. Deaths directly related to SE were not 

observed among patients with other genetic aetiologies, and the SE-related 

mortality rate was 4.0% (9/223) in patients without a genetic aetiology, which was 

similar to the SE-related mortality rate observed in the whole study cohort. 

6.3 Strengths and limitations of the studies (I-III) 

6.3.1 Strengths 

Patients with pathogenic POLG1 variants are at significant risk of developing 

severe hepatotoxicity during VPA treatment, which is often fatal due to the 

relentless progression of the underlying disorder and limited or non-existing 

treatment options. The research collaboration with the tertiary liver surgery centre 

in the Helsinki University Hospital, the only solid organ transplantation centre in 

Finland, provided the opportunity to explore all liver transplantations (LTs) 

performed during a 30-year time period from 1982 to 2011, which led to the 

identification of four patients with VPA-induced liver failure due to pathogenic 

POLG1 variants causing a rare juvenile form of AHS and one VPA-ALF patient 

harbouring a common POLG1 variant (I). As these patients had already undergone 

LTs, the retrospective examination of the clinical course of the liver failure and the 

outcome of the transplantation in this unique patient material could be conducted 
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(I). Based on the findings of study I and the previous study suggesting an 

association between two non-disease causing POLG1 variants and VPA-induced 

hepatotoxicity (VHT) (Stewart, J. D. et al., 2010), the occurrence of VHT in 

epilepsy patients who harbour these common variants in POLG1 was then 

addressed (II). We were able to assess the role of these genetic variants as being 

possible predisposing factors for VPA-induced liver injury, an issue that had yet to 

be addressed in a large cohort study (II).  

Epidemiological data on mitochondrial diseases in SE is currently limited. 

Study III describes the frequency of mitochondrial diseases in a large cohort 

consisting of both paediatric and adult patients, providing new insight into the 

genetic causes of SE. The organization of the retrospective patient and data 

collection was comprehensive and included four out of five university hospitals 

with their catchment areas. The strength of this study involved the combination of 

the knowledge of experienced collaborating clinicians in patient identification and 

the expertise of the study group regarding mitochondrial disease genetics. As all 

SE patients were collected from tertiary care hospitals in which they had been 

treated by paediatric neurologists and neurologists, the risk of SE misdiagnosis 

appears low. Patient selection was based on predetermined, uniform inclusion and 

exclusion criteria, and the medical record notes of all patients were retrospectively 

reviewed in respect to clinical presentation, observed seizure duration, and EEG 

and MRI findings to exclude cases with diagnostic errors. Furthermore, all 

molecular genetic analyses were performed at the Clinical Research Center 

laboratory, which is part of the Medical Research Center Oulu (MRC), an umbrella 

organization that focuses on high-quality clinical research (I-III). 

6.3.2 Limitations 

Genetic studies (III) 

This study focused on the common mitochondrial genetic defects known to be 

associated with an increased risk of epilepsy and SE, and the mitochondrial 

aetiologies can therefore be estimated only for the variants screened. Whole exome 

sequencing (WES) or next-generation sequencing (NGS) analyses were not 

performed. The utilization of these sequencing methods could have enabled the 

identification of genetic causes in a higher number of patients and provided the 

possibility to identify novel, rare causal variants in the study population. 
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Retrospective data collection (I-III) 

The studies were limited by typical disadvantages regarding retrospective data 

collection from medical records (I-III). A variation in the manner in which data was 

recorded in the patient notes somewhat limited the extraction and interpretation of 

the study variables. Specifically, some records were incomplete, leading to missing 

data (I-III). Under-ascertainment is also a concern in retrospective epidemiological 

studies. The aetiologic workup is not standardized between hospitals, and it is 

therefore impossible to exclude the fact that some patients with mitochondrial 

disease or other genetic aetiology were unrecognized, particularly during the early 

years of the study period (III). 

6.4 Aims for future research 

In recent years, major advances have been made in discovering the underlying 

genetic mechanisms of epilepsy, and epilepsy genetics is now an important 

component of clinical diagnostics (Berkovic, 2015). During this study (III), the area 

of status epilepticus (SE) has been largely developed and is one of the fastest 

growing areas in the field of epilepsy research (Trinka & Shorvon, 2018). 

Nevertheless, additional large hospital- and population-based studies are required 

to better characterize patients with mitochondrial SE and other genetic 

predispositions for SE. Despite representing a relatively small subgroup with SE, 

these patients benefit from timely diagnosis and the genetic counselling of patients 

and their families. Knowledge of the genetic background of the patient population 

with SE and of the molecular diagnosis of individual patients will help facilitate 

specific treatment decisions. However, further research is needed to determine the 

effect of AEDs on the different levels of mitochondrial functions (Finsterer, Josef 

& Scorza, 2017), especially in regards to epilepsy for which therapies are often 

lifelong, increasing the possibility of toxic effects (Ramachandran et al., 2018). In 

regard to patients that carry pathogenic POLG1 variants, further studies with larger 

patient cohorts are needed to identify patients that would benefit from liver 

transplantation. From a clinical perspective, the primary concern is the lack of 

effective treatment protocols regarding mitochondrial epilepsy and SE (Rahman, 

2018). The utilisation of modern genetic technologies, such as WES and NGS, will 

have a significant effect on the diagnostics of mitochondrial diseases (McCormick, 

Place, & Falk, 2013) and warrant the development of personalised, gene-based 
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therapies that would improve the patient quality of life for those suffering from 

these disorders. 

  



116 

 



117 

7 Conclusions 

The aims of the present study were to describe the clinical course and outcome of 

VPA-induced liver failure and liver transplantation (LT) in patients with pathogenic 

POLG1 variants and to determine the occurrence of VPA-induced hepatotoxicity 

and pancreatic toxicity among epilepsy patients with common p.Q1236H and 

p.E1143G variants in POLG1. The genetic aetiology of SE was studied in a large 

cohort of children and adults, focusing on the common SE-related mitochondrial 

aetiologies. The following conclusions can be drawn from this work: 

1. VPA is contraindicated in patients with pathogenic variants, notably p.A467T 

and p.W748S, in POLG1 due to an increased risk of VPA-induced liver failure. 

Homozygous variant status and disease onset in adolescence or adulthood 

suggest better survival changes following LT. Thus, LT could be a treatment 

option for certain patients with POLG1 variants. Careful attention should be 

given to the patient’s age, clinical presentation, and genotype regarding the 

management of VPA-ALF in these patients. 

2. Single POLG1 variants p.Q1236H and p.E1143G are not associated with an 

increased risk of VPA-induced liver or pancreatic toxicity, and VPA treatment 

could be suitable for patients who harbour these common variants in the 

absence of other pathogenic variants. However, pathogenic POLG1 variants 

should be screened for in all patients with clinically suspected mitochondrial 

disease before commencing VPA therapy. 

3. Mitochondrial diseases were diagnosed in 4.5% (12/269) of SE patients and 

represented 29% (12/41) of all identified genetic aetiologies, the majority of 

which were monogenic diseases. Alpers’ disease caused by the pathogenic 

p.W748S variant in POLG1 accounted for a relatively high proportion of 

patients (1.9%, 5/269) and of the identified genetic aetiologies (12%, 5/41). 

4. Prolonged SE was common in patients with genetic aetiologies, particularly 

regarding mitochondrial diseases. The aggressive treatment of SE in patients 

with mitochondrial diseases is often required, but drugs exhibiting 

mitochondrial toxicity should be avoided. 
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