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Abstract

Mitochondria, the powerhouse of a cell, are closely linked to the pathophysiology
of various common as well as not so uncommon disorders of the liver and
beyond. Evolution supports a prokaryotic descent, and, unsurprisingly, the
organelle is worthy of being labeled an organism in itself. Since highly metabol-
ically active organs require a continuous feed of energy, any dysfunction in the
structure and function of mitochondria can have variable impact, with the worse
end of the spectrum producing catastrophic consequences with a multisystem
predisposition. Though categorized a hepatopathy, mitochondrial respiratory
chain defects are not limited to the liver in time and space. The liver involvement
is also variable in clinical presentation as well as in age of onset, from acute liver
failure, cholestasis, or chronic liver disease. Other organs like eye, muscle, central
and peripheral nervous system, gastrointestinal tract, hematological, endocrine,
and renal systems are also variably involved. Diagnosis hinges on recognition of
subtle clinical clues, screening metabolic investigations, evaluation of the extra-
hepatic involvement, and role of genetics and tissue diagnosis. Treatment is
aimed at both circumventing the acute metabolic crisis and long-term manage-
ment including nutritional rehabilitation. This review lists and discusses the
burden of mitochondrial respiratory chain defects, including various settings
when to suspect, their evolution with time, including certain specific disorders,
their tiered evaluation with diagnostic algorithms, management dilemmas, role of
liver transplantation, and the future research tools.

Key Words: Mitochondrial hepatopathy; Respiratory chain defects; Maternal inheritance;
Neonatal liver failure; DNA depletion syndrome; Pearson syndrome
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Core Tip: Liver disease with multi-system involvement should arouse the suspicion for
mitochondrial respiratory chain hepatopathies. These disorders are predominantly
autosomal recessive with some having a maternal inheritance. Presence of lactic
acidosis without hypoglycemia is an important clue. A tiered evaluation yields the most
data, with the final step being a genetic and enzyme analysis from tissue of interest.
Treatment is largely supportive with blood transfusions, correction of acidosis and
shock, providing cofactors and salvage therapies, with liver transplantation in a select
group. A periodic follow-up is mandatory for monitoring evolution of disease
including “migration” to other systems.

Citation: Gopan A, Sarma MS. Mitochondrial hepatopathy: Respiratory chain disorders-
‘breathing in and out of the liver’. World J Hepatol 2021; 13(11): 1707-1726

URL: https://www.wjgnet.com/1948-5182/full/v13/i11/1707.htm
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INTRODUCTION

Mitochondria are intracellular organelles, with a double lamellar covering outer
membrane serving as a corset that holds the highly convoluted inner membrane in
place (Figure 1). The inter-membrane space is the first of two liquid components
within the mitochondria mainly participating in the exchange of lipids, proteins, and
metal ions and also signaling cascades[1]. The second space is the soluble matrix, lying
within the inner membrane and the hub of various metabolically active processes,
most notably the tricarboxylic acid cycle, fatty acid oxidation, and urea synthesis. The
inner membrane is folded into multiple cristae, which are shelf like projections into the
matrix. The number of cristae are reflective of a metabolically active state, with a more
active tissue having numerous mitochondria with many cristae, an ideal comparison
being striated muscle tissue against adipocytes. This inner membrane of the
mitochondria houses the respiratory chain comprised of electron carriers (complexes I,
II, I1I, and IV, cytochrome c, coenzyme Q) and complex V, which is the hydrogen
adenosine triphosphatases complex (Figure 2). All metabolic processes within the
matrix generate reducing equivalents in the form of electrons (carried as NADPH?2),
which pass through these complexes, entering it at various points. While doing so,
from one complex to another, it also results in proton (H*) flow from matrix to
intermembrane space leading to its pooling up and a chemical gradient that then flows
down the potential via the complex V, which utilizes the energy to generate adenosine
triphosphate from adenosine diphosphate, the ultimate objective of this intricately
woven complex process called oxidative phosphorylation[2].

MITOCHONDRIAL GENOME AND ITS IMPLICATIONS

From the perspective of evolution, the classical endosymbiont theory proposes that
mitochondria are actually prokaryotes within eukaryotic cells and hence have a
genome of their own[3]. Mitochondrial genome consists of a circular double stranded
DNA made of 16569 base pairs organized to make up 37 genes. Of these, 13 genes are
exclusively for synthesis of proteins that are part of the respiratory chain. The other 24
genes are required for mitochondrial DNA (mtDNA) translation process (22 genes for
an equal number of transfer RNA and two for ribosomal RNA synthesis). There are
three major differences between mitochondrial and Mendelian inheritance: Maternal
inheritance, heteroplasmy and threshold effect, and mitotic segregation. Maternal
inheritance in simple terms means that the mtDNA and its aberrations are transferred
from mother (ovum) to its offspring (zygote), as there is hardly any mitochondria left
in the sperm, which concentrates itself to fill its entire cytoplasm with the energy
dense nucleus. However, there are a few exceptions, as reported in skeletal muscle
defects linked to mitochondrial inheritance that are transmitted by father to offspring
[4]. It is essential to understand that all characteristics encoded by mtDNA are
maternally inherited but all mitochondrial diseases are not maternally inherited.
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Figure 1 Diagrammatic representation of structure of mitochondria. mtDNA: Mitochondrial DNA.
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Figure 2 The electron transport chain formed by the respiratory chain complexes and process of oxidative phosphorylation. ADP:
Adenosine diphosphate; ATP: Adenosine triphosphate; CoQ: Coenzyme Q; Cyt ¢c: Cytochrome c; FAD: Flavin adenine dinucleotide; FADH2: Reduced form of FAD;
NAD: Nicotinamide adenine dinucleotide; NADH: Reduced form of NAD.

Nuclear DNA (nuDNA) encodes most of the metabolic processes occurring in the
mitochondria. NuDNA also encodes many enzymes and cofactors required for
maintenance of mtDNA as well as approximately 70 respiratory chain subunits[5].
Figures 3 and 4 describe the way of inheritance and the mathematics of genetics in
mitochondrial diseases. In normal persons, all mtDNA are identical, a state known as
homoplasmy. Presence of both mutated and non-mutated wild type mtDNA
containing mitochondria together in a cell is cellular heteroplasmy, while having 2
types of mtDNA within a single mitochondrion is organellar heteroplasmy. A
particular number of abnormal mtDNA burden should exist for disease phenotype to
manifest, a phenomenon known as threshold effect. This effect is seen at different
levels of mutated mtDNA in various organs, the lowest threshold (and hence
maximum susceptibility) being in organs dependent highly on oxidative metabolism
like brain, heart, skeletal muscle, retina, and endocrine organs. Another interesting
phenomenon is “skewed heteroplasmy” where some organs selectively have a higher
burden of abnormal mitochondria, exemplified by mitochondrial diabetes, cardiomy-
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Figure 3 Various modes of inheritance of mitochondrial disease. mtDNA: Mitochondrial DNA.

The numbers game
No. of mitochondrial genes: 37
No. of genes encoding proteins required for translation of mtDNA : 24
tRNA — 22
rRNA — 2
No. of genes encoding for final structuro-functional proteins in
mitochondria: 13
Complex 1 subunits — 7
Complex 3 subunit —1
Cyt ¢ oxidase subunits — 3
ATP synthase subunits - 2
No. of gene products in mitochondria: 900
Gene products encoded by nuDNA: 863

Figure 4 Comparison of mitochondrial and nuclear DNA influence in genetics of mitochondria. mtDNA: Mitochondrial DNA; rRNA: Ribosomal

RNA; tRNA: Transfer RNA.

opathies, and deafness[6-8]. Mitotic segregation effect refers to the random distri-
bution of mitochondria at end of cell division, which can segregate mutated and non-
mutated mtDNA in a variable manner into the two daughter cells. This may result in a
daughter cell phenotype that is diseased (due to presence of more abnormal
mitochondria), i.e. more abnormal than the originator cell in the subsequent divisions.
With age, abnormal cells may predominate, explaining age related unmasking of

diseases.

THE PROBLEM STATEMENT: EPIDEMIOLOGY

Prevalence of respiratory chain defects is variable across geographical lines as well as
across eras. A large study examining birth prevalence of mitochondrial respiratory
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chain disorders (RCDs) up to 16 years of age puts the figure at 5/100000 births[9]. This
would mean that for every 20000 births in a particular time period, 1 child has the
probability of getting affected by a respiratory chain defect of any type till he or she
reaches the age of 16. The same study extrapolated the prevalence as 13.1/100000
births with onset at any age when seen together in the light of another study by
Chinnery et al[10]. According to the Swedish registry, in a population study
identifying mitochondrial encephalomyopathies, 20% had liver involvement[11]. Ina 5
year French study of 1041 children, 22 (10%) of the 234 patients with respiratory chain
defects had hepatopathy[12]. We would, however, add a word of caution that these
figures can be an underrepresentation of true values in view of the heterogeneity of
presentation and difficulty in diagnosis of mitochondrial respiratory chain defects.

CLASSIFICATION OF MITOCHONDRIAL HEPATOPATHIES AND STATUS
OF RESPIRATORY CHAIN DISORDERS

Mitochondrial disorders are characterized by their variability in presentation and
predilection for more than one organ system simultaneously or separated in time.

Sokol and Treem proposed classifying these disorders as primary and secondary
depending on whether defect is inherently present in the mitochondria and leads to
liver dysfunction or there is secondary involvement of mitochondria in the form of
injury or alteration in non-mitochondrial genetics. There are two broad types of
mitochondrial hepatopathies, one which affects the respiratory chain present on the
inner mitochondrial membrane and the other includes fatty acid oxidation defects,
which are related to the process within the mitochondrial matrix. The RCDs can also
be divided into those arising due to defective mtDNA and those due to defect/
mutation in nuDNA. Among the diseases affecting mtDNA, the affliction can be in the
form of either mutations or an overall depletion of quantity of mtDNA compared to
nuDNA in a cell/tissue. Figure5 shows a simplified way of classification of
mitochondrial hepatopathies (MH), and a tabular representation of primary MH
individual disorders is shown in Table 1. It is worthwhile to note that usually
mitochondrial disorders with primary myopathic involvement have mutations in
mtDNA, while those with primary hepatic involvement have mutations in nuDNA
affecting mitochondrial processes, with some exceptions[13]. Since we are discussing
respiratory chain disorders not confined to liver but to include the gastrointestinal
tract, we will include one prototype non-hepatic RCD affecting the gastrointestinal
(GI) tract, mitochondrial neurogastrointestinal encephalomyopathy (MNGIE), in our
review. This review does not cover non-RCD mitochondrial hepatopathies (fatty acid
oxidation disorders and others) and GI manifestations of non-RCD, non-hepatic
mitochondrial disorders.

CLINICAL PRESENTATION

Mitochondrial disorders are often called mitochondrial multiorgan disorder syndrome
(MIMODS) in view of their heterogenous presentation affecting the nervous system
(central and peripheral), eyes, ears, endocrine system, kidneys, heart and blood
vessels, bone marrow, lungs, and also the intestinal tract, apart from affecting the liver
(hepatopathy). The liver involvement is also variable in clinical presentation as well as
in age of onset, from acute liver failure, cholestasis, or as chronic liver disease. A
graphical summary of all mitochondrial RCDs affecting the liver is represented in
Figure 6. Each of the individual disorders is briefly discussed.

Neonatal liver failure

Neonatal liver failure is a catastrophic event, and there are few disorders that present
in the first few months as liver failure. Neonatal acute liver failure (ALF) is distinct
from pediatric and adult liver failures in that it can include causes that have
underlying cirrhosis. Also, the cut-off for coagulopathy is proposed as an international
normalized ratio (INR) of 2 3 for newborns, as normal INR can be up to 2 in this age
[14]. The four main causes of neonatal liver failure are: (1) Gestational alloimmune
liver disease (neonatal hemochromatosis); (2) Viral infections (herpes simplex); (3)
Hemophagocytic lymphohistiocytosis (primary-familial/secondary to infections); and
(4) Mitochondrial hepatopathies (respiratory chain defects).
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Table 1 Various mitochondrial primary respiratory chain disorders

8 . . Location of .

Disorder Mutation/defective gene defect Affected proteins/consequence

Neonatal liver failure: (1) Complex I deficiency; (2) Complex ~ ACAD9; BCS1L; SCO1 nuDNA Respective complexes deficiency as per

IIT deficiency; (3) Complex IV deficiency; and (4) Multiple name

complex deficiencies

Delayed onset liver failure: Alper’s Huttenlocher syndrome POLG mutation nuDNA Defective mtDNA polymerase; mtDNA
depletion

MtDNA depletion syndrome DGUOK; TK-2; MPV 17, POLG ~ AllnuDNA  Decreased deoxyribonucleotide
concentrations within mitochondria

Mitochondrial neuro-gastrointestinal encephalomyelopathy ~ TYMP nuDNA Markedly low levels of thymidine
phosphorylase activity

Pearson marrow pancreas syndrome 4000-5000 bp deletions in Both mtDNA Complex I, IV, V

mtDNA; tRNA gene of mtDNA
Navajo neurohepatopathy MPV 17 mutations nuDNA mtDNA depletion
Villous atrophy with hepatic involvement Rearrangement defect/deletion- mtDNA Complex III deficiency
duplications in mtDNA
nuDNA: Nuclear DNA; mtDNA: Mitochondrial DNA.
Mitochondrial hepatopathies
(based on location of defect)
Inherent Acquired mitochondrial
intramitochondrial defects injury

Extramatriceal

Matriceal (membranes and IMS)

(1) Fatty acid oxidation (1) Hepatic toxin overload

disorders (1) Respiratory chain disorders (Cu/Fe)
2) Urea cycle disorders (a) nuDNA mutation related
533 PEP c?;boxykinase (b) mtDNA mutation related (2) Reye syndrome
deficiency (2) Carnitine transporter defects (3) Drug induced
dysfunction

Figure 5 Simplified way of classification of mitochondrial hepatopathies based on location of defect. IMS: Intermembrane space; mtDNA:
Mitochondrial DNA; PEP: Phosphoenolpyruvate.

Apart from these, galactosemia, tyrosinemia, and hereditary fructose intolerance
can present as ALF in early infantile period and rarely in neonatal age[15]. The key
here is to keep mitochondrial hepatopathy (RCD and non-RCD) as one of the differ-
entials of acute liver failure in a newborn/early infantile period, though it accounts for
< 5% in neonatal ALF series[14]. Multi-system involvement, especially with
neurological symptoms in form of lethargy, floppy tone, vomiting, poor suck, and
seizures, are diagnostic clues. Some patients are apparently normal until a viral illness
or an unknown inciting event seems to trigger a downhill course either hepatic or
neurological or both. Infants with mitochondrial hepatopathies are seen to have a low
birth weight in up to 23%, and associated intrauterine growth retardation is seen in
16%, likely due to insult beginning from intrauterine period[16]. Laboratory findings
of metabolic acidosis, elevated lactate levels, high lactate to pyruvate ratio often more
than 30 mol/mol, elevated ketone bodies betahydroxybutyrate, and betahydroxybu-
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Figure 6 Graphical summary of various respiratory chain disorders involving liver on a timeline with key features. CNS: Central nervous
system; IDDM: Insulin dependent diabetes mellitus; mtDNA: Mitochondrial DNA; PNS: Peripheral nervous system.
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tyrate to acetoacetate ratio > 2 mol/mol are corroborative, but absence does not rule
out the diagnosis. Liver biopsy findings may yield micro or macrovesicular steatosis,
which reflects impaired energy metabolism. Liver or muscle tissue respiratory chain
analysis shows decreased levels of complexes I, III, or IV. Liver biopsy is often done
post-mortem due to the inability to do so percutaneously in view of coagulopathy.
Treatment including liver transplant is discussed subsequently.

Delayed onset liver disease: Alpers Huttenlocher syndrome
This syndrome presents anywhere from 2 mo to 8 years of age, predominantly in late
infancy to childhood (Figure 7 graphical summary). The diagnostic criteria include[17]:
(1) Presence of refractory seizures including focal seizures; (2) Infection triggered
psychomotor regression that is episodic in nature; and (3) Liver dysfunction with or
without liver failure. Liver involvement is in the form of hepatomegaly, jaundice,
coagulopathy, and episodes of hypoglycemia. Gastrointestinal involvement mainly
due to the muscle impairment results in progressive feeding difficulty and gastroeso-
phageal reflux, progressing to intractable vomiting. One series of 5 patients with
Alpers Huttenlocher syndrome (AHS) showed mean age of liver disease presentation
of 35 mo, and all died over a mean 4.6 wk period, due to progressive liver failure[18].
Autopsy findings across series show macrovesicular steatosis, massive hepatocyte
dropout, proliferating bile ductular elements replacing hepatocytes, and often cirrhosis
[17,18]. Valproate is known to precipitate liver failure in these patients when given for
the frequently associated seizure disorder, which often demands use of more than one
anticonvulsant. This is possibly because of depletion of respiratory chain enzyme
activity by the drug and inability to increase metabolic rate by the DNA polymerase
subunit gamma (POLG) deficient cells[19]. Valproate increases glycolysis, likely an
indirect clue of impaired mitochondrial function as shown in yeast and mouse liver
models[20]. POLG mutation subtype and zygosity influence outcome, with worst
outcomes shown in compound heterozygous mutations for A467T and W7485[21].
Liver failure management, addressing feeding issues often mandating percutaneous
endoscopic gastrostomy tube insertion, seizure control, and use of respiratory aids like
continuous positive airway pressure in view of progressive motor impairment are
cornerstones of management. Liver transplantation is often contraindicated in view of
the multisystem involvement.

MtDNA depletion syndrome
DNA depletion is distinct from DNA deletion. MtDNA depletion refers to a state
when a cell contains less than normal mtDNA per unit nuDNA. Depletion diseases are
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Diagnosis — constellation
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rather than sequence
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Normal early development
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LTx is C/I
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Figure 7 Graphical summary of Alpers Huttenlocher syndrome and its natural history. BiPAP: Bilevel positive airway pressure; C/l: Contraindicated;
CPAP: Continuous positive airway pressure; FTT: Failure to thrive; LTx: Liver transplantation; Mx: Management; PEG: Percutaneous endoscopic gastrostomy; Vx:

Vomiting.
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much more severe and earlier in onset compared to deletion diseases[22]. NuDNA
encodes for processes within the mitochondria including production and stability of
mtDNA. Mutations in nuDNA may result in low levels of or increased destruction of
DNA pool essential for mtDNA synthesis[23], thereby reducing the concentration of
mtDNA in the cell or tissue as a whole. The end result is suboptimal mitochondrial
function. DGUOK mutations lead to predominant neuro-hepatopathy, while TK2
mutations lead to predominant myopathy[23]. As an illustration to above statements,
TK2 induced depletions present early in the first few years with myopathy, feeding
difficulty, hypotonia, and respiratory failure as a terminal event. However, multiple
TK2 deletions present as proximal myopathy and chronic progressive external
ophthalmoplegia later in life[24]. Two additional genes, POLG coding for mtDNA
polymerase and MPV17, have been described in hepatocerebral form of MDS. POLG
mutations in older children have been associated with AHS as already described. It
should be understood that MDS and AHS both have mtDNA depletion. AHS got its
name earlier and was later found to have its molecular basis as mtDNA depletion, and
it characteristically refers to a comparatively delayed onset (> 2 mo age), compared to
MDS, which has its onset in the first few weeks of life. The other mutation in nuclear
gene MPV17 leads to decreased synthesis of an unknown inner mitochondrial
membrane protein that possibly has a role in oxidative phosphorylation, and knockout
mice (-/-) have shown impaired oxidative phosphorylation and also mtDNA depletion
[25].

Liver failure in infancy is the common presentation of the hepatopathic form. There
is notably an overlap between the hepatopathic form of MDS and neonatal liver failure
presentation of RCD. The difference exists in the fact that the former has mtDNA
quantity that is <10% of nuDNA, and there is no sequence alteration in mtDNA.

Pearson syndrome

Pearson syndrome is one among three mitochondrial diseases (Kearne Sayre
syndrome and chronic progressive external ophthalmoplegia being the other two)
associated with a single large deletion in mtDNA[26]. This is a multi-systemic fatal
disorder with involvement of exocrine pancreas, eyes, skin, hematological system,
liver, and kidneys[22]. MtDNA rearrangements form the etiological basis, and it is
associated with large 4-5 kbp deletions in a large proportion of cases. All respiratory
chain complexes can suffer a decreased synthesis, with complex I most severely
affected. Refractory anemia with ring sideroblasts occurs in infancy with vacuolization
in bone marrow of myeloid and erythroid precursors[27]. Elevated plasma alanine and
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fumaric acid levels are discriminating from other non-mitochondrial bone marrow
failure syndromes[28], though neither specific for Pearson syndrome nor distin-
guishing it from other mitochondrial disorders. Hematological manifestations may
occur alone or in combination with renal tubular dysfunction (Fanconi syndrome) and
hepatic failure. If the patient survives this phase of hematological symptoms, its
intensity begins to decrease[29], and symptoms change from hematological to a
phenotype of severe pancreatic insufficiency in late infancy to early childhood, during
the same time which villous atrophy is found to appear. Eye involvement is in form of
pigmentary retinopathy and external ophthalmoplegia and appears in early to late
childhood. Liver involvement is in form of hepatomegaly with cirrhosis, cholestatic
jaundice, elevated liver enzymes, and progressive liver failure leading to death in early
childhood similar to what is seen in MDS[30]. Recent series have shown age of death
ranging from 5 to 11 years, and mortality is worse in Pearson syndrome compared to
other single large mitochondrial deletions[28,31]. A graphical summary outlining the
natural history is shown in Figure 8. Supportive therapy with packed red cell
transfusions for anemia, granulocyte colony stimulated factor for neutropenia, and
bicarbonate for metabolic acidosis forms the basis of care.

Navajo neurohepatopathy

This is an autosomal recessive disease prevalent in southwestern United States. The
genetic defect is a nuclear gene MPV17 (chromosome 2p24)[32], whose product is
located on the inner mitochondrial membrane and is responsible for mtDNA
maintenance and regulation of oxidative phosphorylation. Hence, there is impaired
pool of mtDNA and disrupted oxidative phosphorylation. While earlier only
neurological manifestations were known and this entity was called Navajo
neuropathy, liver manifestations in form of jaundice, failure to thrive, and liver failure
were recognized to be part of the same disease spectrum prompting a change in name
to Navajo neurohepatopathy[33]. Clinical features are outlined in Figure 9 graphical
summary. All the three subtypes have occurred in same kindred, underscoring the
pattern of mitochondrial inheritance.

Villous atrophy syndrome

This disorder was described in 1994 by Cormier-Daire et al[34] in 2 unrelated children
presenting as chronic diarrhea in infancy with villous atrophy. The defect was
identified as mtDNA rearrangements in the form of deletion-duplications. Hepato-
megaly and steatosis on biopsy with mildly deranged transaminases was the liver
manifestation. Both children survived the diarrheal phase, which subsided by early
childhood, including a reversal in histology (Figure 10: Graphical summary).
However, the phenotype then changed to neuromuscular and ophthalmic involvement
and death by the end of first decade. Complex III defect was detected on muscle
biopsy after the advent of neuromuscular symptoms and was normal in lymphocytes.
Intravenous dextrose for resuscitation should not be used in high rates as it may lead
to worsening of metabolic acidosis.

Mitochondrial neurogastrointestinal encephalomyopathy

This entity is discussed purely as a prototype for GI (non-hepatic) manifestations of
mitochondrial disorders, and also since it is a respiratory chain disorder, though not
classically a “hepatopathy”, and additionally as it is rewarding to diagnose in view of
available therapy[35]. It is to be understood that RCD and non RCD mitochondrial
diseases can have some or the other GI manifestation (Table 2). MNGIE was earlier
known as polyneuropathy, ophthalmoplegia, leukoencephalopathy and intestinal
pseudo-obstruction, oculogastrointestinal encephalopathy syndrome, or oculogas-
trointestinal muscular distrophy[36]. The current nomenclature was given by Hirano et
al[37].

MNGIE occurs due to mutation in a nuclear gene encoding TYMP, encoding
thymidine phosphorylase, deficiency of which leads to toxic accumulation of
pyrimidine nucleosides thymidine and deoxyuridine. This impairs mtDNA synthesis
thereby leading to a mtDNA depletion state. Clinical symptoms of MNGIE usually
begin between the first and fifth decades of life and before 20 years of age in approx-
imately 60%. GI dysmotility is one of the most important features in form of
dysphagia, gastroparesis, and pseudo-obstruction leading to consequences like small
bowel bacterial overgrowth, nutritional deficiencies, and severe weight loss[38].
Hepatic steatosis, hepatomegaly, elevated transaminases, and cirrhosis have also been
described[38,39].
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Table 2 Gastrointestinal manifestations of mitochondrial respiratory chain defects

Site

Manifestation

Oral cavity and esophagus

Stomach

Small bowel and large bowel

Extra-luminal/miscellaneous

Sicca syndrome; Dry mouth; Dysphagia
Vomiting; Reflux; Pseudo-obstruction
Pseudo-obstruction; Diarrhea; Megacolon; Constipation

Poor appetite; Pancreatitis; Pancreatic cysts

Pearson syndrome

Hematological
Liver
Pancreas
Kidney

Skin

Elevated Sr lactate;

elevated alanine , methylglutaconic
acid and fumarate in urine

Liver disease

Pancr insuff/pancreatitis
Photosensitivity

Symptomatic/
Supportive

management

Tubular dysfunction

Anemia, pancytopenia

PRBC/PIt/GCSF

Neonate

Infancy

XSS

RE

\Q
AP
Vatm |op“‘“a l

g

Childhood Adolescence Adult

Figure 8 Graphical summary of Pearson marrow pancreas syndrome and its natural history. GCSF: Granulocyte colony stimulation factor; insuff:
Insufficiency; KSS: Kearns Sayre syndrome; Pancr: Pancreatic; Plt: Platelets; PRBC: Packed red blood cells.
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A diagnostic delay of about 5 to 10 years can occur in view of multisystem and
complex clinical presentation[40,41]. Often there are unnecessary exploratory surgeries
for the GI symptoms before being diagnosed as pseudo-obstruction[36]. Neurological
involvement is mainly in form of peripheral neuropathy (demyelination with or
without axonal neuropathy)[38], oculoparesis, with subtle central nervous system
manifestations due to subcortical white matter involvement, and magnetic resonance
imaging changes showing leukoencephalopathy. Muscle biopsies may show ragged
red fibers due to proliferation of abnormal mitochondria. Current diagnostic methods
employ testing for plasma thymidine and deoxyuridine levels (> 3 pmol/L and > 5
pmol/L, respectively)[42] or elevated urinary concentrations[43] and thymidine
phosphorylase activity in leucocytes (< 10% of healthy controls)[43]. TYMP gene
(nuDNA) mutations and also consequent mtDNA abnormalities can be identified on
Sanger sequencing and Southern blot assays[44]. A graphical summary is as shown in
Figure 11.

g‘Symptomatic management remains the cornerstone. Experimental therapies include
hemodialysis and peritoneal dialysis[43], platelet transfusions, hematopoietic stem cell
transplant, enzyme replacement, and liver transplant[45,46]. All above therapies
concentrate on 2 aspects: To reduce the toxic load of nucleosides and to replace the
enzyme thymidine phosphorylase.

SETTINGS TO SUSPECT RCD AND DIAGNOSTIC EVALUATION

The settings of when to suspect a mitochondrial hepatopathy are shown in Figure 12.
Individual disorders discussed above and their graphical summaries outlined give
specific information. The diagnostic evaluation of mitochondrial disorders follows
once a clinical suspicion is raised, and in this section we highlight general steps
towards approaching to diagnose a mitochondrial RCD[30]. Parallel evaluation of
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Figure 10 Graphical summary of villous atrophy syndrome and its natural history. HPE: Histopathological examination; SNHL: Sensorineural
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extra-hepatic and extra-GI symptomes, if present, need to be carried out for “mapping”
the disease and for aid in management and improving quality of life. Table 3
elucidates a stepwise evaluation algorithm[30]. Diagnostic steps proceed from non-
invasive, easily available, and less expensive investigations to more complex elaborate
tests, some of which are available in the research setting only. Level-1 entails workup
for basic metabolic causes including checking for hypoglycemia and, if present,
whether it is ketotic or non-ketotic. Fatty acid oxidation defects (but not RCDs) are
known to have non-ketotic hypoglycemic episodes. Lactate levels more than 2.1
mmol/L (mmol) are significant, and this may often not be observed when not in a
metabolic crisis. Notably, lactate may not be elevated much in POLG1 mutations[47].
Normal lactate to pyruvate ratio is less than 20 mol/mol. However, the value often
rises above 30 and is typical though not exclusive to RCDs and is discriminatory from
pyruvate metabolism defects[48]. Similarly, 3-hydroxy butyrate to acetoacetate ratio is
normally less than 4, and values above this should arouse a suspicion of mitochondrial
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Table 3 Stepwise evaluation of mitochondrial hepatopathies (respiratory chain disorder/non- respiratory chain disorders)

Steps Description Additional action

Level-1 Basic: CBC, INR, AFP, CPK, NH3, sugars, phosphorous, urine Parallel level-1: Evaluate other involved systems: CNS: MRI/ MR-

(body ketones. Advanced: Lactate: Pyruvate (1 h post feeds); Ketone Spectroscopy, EEG; Eye: Fundus evaluation, clinical evaluation for

fluids) Body ratio, 30OH-butyrate: Acetoacetate; Serum acylcarnitine  ophthalmoplegias; Hearing screen; Heart: 2D-Echo, ECG; Renal: urine
profile; Urine organic acidogram; Serum aminoacidogram; 3 electrolytes, proteins, amino acids; Muscle: Muscle biopsy (Level-1 in case of
Methyl Glutaconic acid in serum/urine; CSF lactate: primary muscle involvement, level-3 otherwise); Endocrine: HbAlc, 8 AM

Pyruvate, CSF alanine, protein; Plasma thymidine (MNGIE);  cortisol; Pancreas: Fecal elastase
Leucocyte CoQ levels

Level-2 Common genes genotyping: POLG-1; DGUOK; MPV-17; Alternative level-2: Next generation sequencing/clinical exome sequencing

(genetics)  SUCLG-1; TRMU; C100RF2/Twinkle; CPT-1; mtDNA point  for simultaneous evaluation of all mitochondrial DNA and nuclear DNA
mutations

Level-3 Tissue diagnosis: (1) Liver biopsy: Light microscopy Key points to note during level-3 evaluation: Biopsy specimens for electron

(invasive) including oil red O stain for steatosis; Electron microscopy for microscopy need to be preserved in glutaraldehyde and not formalin; It is
structural mitochondrial alterations; Frozen tissue analysis for ~possible that one invasive test may not give a clue and one has to proceed for

respiratory chain enzymes, DNA quantification. (2) Muscle an additional invasive test. This is usually because of heteroplasmy. Often
biopsy: Frozen tissue analysis as above; Blue native page liver biopsy molecular analysis provides a final definitive answer;
analysis. (3) Skin biopsy: Same as muscle biopsy Combination of level-1, level-2 and level-3 studies are sometimes needed to

provide comprehensive management and for prognostication

2D Echo: Two-dimensional echocardiography; AFP: Alpha-fetoprotein; CBC: Complete blood count; CNS: Central nervous system; CoQ: Coenzyme Q;
CPK: Creatine phosphokinase; CSF: Cerebrospinal fluid; EEG: Electroencephalogram; HbAlc: Glycosylated hemoglobin; INR: International normalized
ratio; MRI: Magnetic resonance imaging; NH3: Serum ammonia levels; POLG: DNA polymerase subunit gamma; RCD: Respiratory chain disorders.

Diagnosis

Manometry

Ragged red fibres
Intestinal pseudo-obstruction MRI brain

Diverticular perforation Incr. dThd & dUrd in urine
TP activity

Sanger seq.

TYMP gene

Gastrointestinal

~

50%-70%
presenting symptom Avg age 18 yr Nausea, Vx, abdo pain, diarrhea

J

Childhood Adolescence Young adulthood Middle age

40%-50% . i
- Neuro-ophthalmoplegia SRaement

Celiac neurolysis
Parenteral nutrition
Platelet infusion

Neurological Hearing loss, weakness, peripheral
neuropathy Role of bmt

Figure 11 Graphical summary of mitochondrial neurogastrointestinal encephalomyopathy. BMT: Bone marrow transplantation; dThd: Thymidine;
dUrd: Deoxy uridine levels; MRI: Magnetic resonance imaging; TP: Thymidine phosphorylase. Vx: Vomiting.

dysfunction. Urine organic acids like lactate, succinate, fumarate, malate, and 3-
methyl-glutaconic are seen elevated in Pearson syndrome. Serum alanine elevation is
also a clue; however, it is often more elevated in pyruvate dehydrogenase deficiency
than in RCDs[48]. Creatine kinase elevation and concomitant low levels of phospho-
creatine in brain and muscle tissue are seen in RCDs[49]. Branched chain amino acid to
glutamine ratios were highest in RCDs and lowest in pyruvate dehydrogenase
deficiency compared to controls, according to one study[48].

Table 4 helps differentiate the common metabolic disorders encountered in the
pediatric patient and how to filter out RCD.

Role of genetic testing

Genetic studies are confirmatory but have a high turnaround time of 4-6 wk. They may
not also be available freely at all centers or in resource poor settings. Timely referral to
tertiary care centers for management is advisable. A major limitation is selection of the
gene panel testing for the phenotypic presentation. In products of consanguineous
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Table 4 Biochemical differentiation between various metabolic hepatopathies (respiratory chain disorder vs non respiratory chain

disorder comparison)

Acidosis Urine ketones Blood sugar Serum lactate Serum ammonia
RCD THF S Normal Sttt +
FAOD ++ Nil (non-ketotic) Low (hypoglycemia) + +
OA +++ (persistent) ++/+++ Low/normal/high Normal ++
UCD Normal Normal Normal Normal Sttt

FAOD: Fatty acid oxidation defects; OA: Organic acidemias; RCD: Respiratory chain defects; UCD: Urea cycle defects.

When to suspect mitochondrial hepatopathy ?

§

Core tip: Multisystem involvement — brain/eye/heart/muscle

4 )

Scenario 1: Neonate/infant/young child: Acute liver failure

> Suspect mitochondrial if pre-existing/disproportionate CNS
symptoms

N /
e ™

Scenario 2: Infant/child: Chronic liver disease (cirrhosis/cholestasis)

> If steatosis on Bx, hypoglycemia, lactic acidosis/ketonemia

\_ J
4 N
Scenario 3 (general scenario): Any age: Liver disease (acute/chronic)
> If chronic neuromuscular disease /eye/heart involvement
\_ J

Figure 12 Scenarios when to suspect mitochondrial hepatopathy. Bx: Biopsy; CNS: Central nervous system.

union and multiple affected siblings, genetic evaluation is better guided, and it is
possible to identify the index patient’s chromosomal region containing the
abnormality by linkage analysis. Targeted gene analysis is performed if the phenotype
matches the previous cases in a family and there is an already identified mutation
responsible for the clinical features in those particular kindred. Whole exome analysis
for nuDNA and mtDNA is preferred otherwise as an alternative step in case there are
no previously affected siblings or if the phenotype does not classically match
previously described entities[50]. Targeted analysis can be performed using Sanger
method of few genes, while whole exome sequencing refers to a massive parallel
sequencing technique of multiple genes or the entire exome using next generation
sequencing[51]. Another method to short-list genes for analysis is to study the
expression profiles of RNA or specific proteins or polypeptides levels encoded by the
gene(s) of interest, especially after a biochemical diagnosis is made. As an example,
complex I deficiency can be caused by any of the multiple mtDNA and nuDNA
responsible for each of its subunits. To identify a particular gene (of the multiple
encoding ones) responsible for causing overall complex I deficiency in an index
patient, analyzing the distribution or expression of proteins or RNA and its deviation
from healthy controls or known standards can help pinpoint which gene may be
defective. Once a specific change is identified, either in RNA expression, which can be
detected by microarray assays, or in enzyme levels or stress protein expression, which
can be identified by immunoblotting using an antibody panel, indirectly “reverse
identification” of the causative gene(s) is facilitated[52]. This of course is only possible
when, with time, all genes encoding each subunit of large proteins are identified so
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that such indirect, simpler, and time saving methods may be employed. Tables 1 and 3
list genes implicated in mitochondrial RCDs. Figure 13 suggests a two-step strategy of
genetic evaluation in mitochondrial RCDs and also a few phenotypes for which
specific genes should be tested.

It is pertinent to note that mitochondrial hepatopathies, unlike other metabolic
disorders, require analysis of mtDNA in addition to nuDNA defects. Hence, when
screening genetics do not yield the diagnosis and the next step of whole exome
sequencing is being undertaken, it is essential to specify to the testing lab that mtDNA
analysis be included in addition to the wide gamut of nuDNA being tested. While for
nuDNA analysis, the tissue of interest may not be specific and whole blood sample
may serve the purpose, for mtDNA molecular analysis, specific tissues (liver, muscle)
may be required, mainly because of the phenomenon of heteroplasmy.

MtDNA depletions are diagnosed by first isolating the DNA of the tissue biopsied,
which is then subjected to electrophoresis and blotting followed by hybridization with
probes specific for mtDNA and nuDNA both. The relative levels of autoradiographic
signals emitted post hybridization are detected for mtDNA and nuDNA, and this
helps in diagnosing mtDNA depletions. MtDNA deletions and point mutations on the
other hand can be detected by single strand conformational polymorphisms[53,54].

Next generation sequencing by parallel exome sequencing undertaken with blood
or any tissue is limited by its inability to detect mutations in the non-exonic region,
like untranslated regions or intronic splice sites. It is also not adept in diagnosing
trinucleotide repeat sequences, complex genetic inheritance like synergistic contri-
bution of nuDNA and mtDNA to cause a particular disease, and epigenetic effects[51].

Role of tissue biopsies

Tissue biopsies are important despite having readily evident biochemical
abnormalities; only one-third to one-half of mitochondrial disorders have identifiable
mutations despite extensive exome sequencing of known genetic defects[51,55]. That is
to say, all genes related to mitochondrial disorders have not yet been identified.
Biopsies from the most involved site are more likely to yield the diagnosis[56].
Respiratory chain enzymes can be analyzed and activity quantified on tissue biopsy
specimens. Quantitative Southern blot analysis or real-time quantitative polymerase
chain reaction to detect mtDNA depletion can be done in liver biopsy specimens. Skin
biopsy for cultured skin fibroblasts can be stored indefinitely and retrieved for re-
culture once newer diagnostic modalities are available. It is simpler to perform and
less invasive compared to muscle biopsy. However, the downside is that not all
diseases are detectable on skin fibroblast analysis[47].

How to select which tissue to test is an important question that the clinician must be
aware. Most mitochondrial disorders involve the muscle, and hence muscle is one of
the most useful sites for analysis of enzymes, metabolites, and even molecular DNA
studies. While earlier 1-5 g of muscle tissue was required for respiratory chain enzyme
assays, now even 100-200 mg of skeletal muscle tissue (usually quadriceps or soleus) is
sufficient especially in young children, which then yields a mitochondrial enriched
fraction of 400-500 pg of protein, enough to characterize the respiratory chain enzyme
deficiencies[57]. Muscle biopsies may be analyzed either as frozen or fresh samples.
Samples once collected should be snap frozen immediately bedside or in the
procedure room at -80 °C till analysis of mitochondrial enzymes[53]. Fresh muscle
samples should not be frozen and transported in cool buffer solution, which offers the
advantage of analysis of the entire mitochondrial energy generation system in addition
to mitochondrial enzymes being studied in frozen samples[58].

Those diseases that have primary liver involvement and no apparent muscle
involvement, especially the ones with liver failure phenotype, liver tissue of up to 10
mg can be more yielding than muscle. Cardiac tissue requirement, when indicated, is
even less, about 1-2 mg, obtained by endomyocardial biopsy[53]. These invasive
techniques may be gradually substituted by molecular DNA techniques done on
whole blood and cater to only research purpose over time as cost and availability of
next generation sequencing is eased.

MANAGEMENT OF MITOCHONDRIAL RESPIRATORY CHAIN DEFECTS

There are three aspects to management: Firstly, acute management of crisis, second is
general management of children with metabolic liver disease, followed by specific
treatment if available including the role of liver transplant. An additional important
component relates to parental counseling and to bust myths and avoid patients to
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Genetic evaluation for MRCD
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Tier-1

Initial common genes
After basic biochemistry

Common genes implicated in

Tier-2

No vyield after tier-1
Rarer genes
After tissue enzyme
assays

Targeted evaluation based on tissue

hepatopathy:
POLGI enzyme assay:
DGUOK
Isolated complex I deficiency: ACAD9
MPV17
SUCLG1 Isolated complex III deficiency: BCSIL
TRMU Isolated complex 1V deficiency: SCO-1
Pearson suspect: mtDNA point .
T Deficient mtDNA or
Recurrent ALF: TRMU (infants), ACADY, transcription/translation defects
CPT1, SUCLG1

Elevated MMA: SUCLG1
Carnitine acylcarnitine translocase
deficiency: SLC25A20

thereof:
POLG 1, POLG2
TWINKLE

Figure 13 Step-wise strategy of genetic evaluation in mitochondrial respiratory chain defects. MRCD: Mitochondrial respiratory chain disorders;
ALF: Acute liver failure; MMA: Methylmalonic acid.
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resort to non-scientific therapies and refraining from standard of care.

Acute crisis management
Treatment of acute liver failure and progressive liver disease remains unsatisfactory.
The aim of therapy is mainly mitigating, postponing, or circumventing damage to the
respiratory chain. The basic steps and precautions are outlined as in Table 5.
Bicarbonate infusions when used for a longer time may itself worsen cerebral function.
An alternative is dichloroacetate, which inhibits pyruvate dehydrogenase kinase,
hence favoring persistent levels of active pyruvate dehydrogenase and hence
preventing pyruvate accumulation and pyruvate to lactate conversion.

Other supportive therapy is to give packed red cell and platelet transfusions for
anemia and thrombocytopenia and pancreatic enzyme replacement in case of insuffi-
ciency.

General considerations for managing a child with mitochondrial hepatopathy

Once the acute crisis is settled, it is important to improve the nutrition of the child as
malnutrition itself can lead to secondary mitochondrial dysfunction[59]. These
children often have increased caloric needs and an inability to maintain it owing to
either repeated sickness bouts or a general anorexia associated with liver disorders.
The issues of swallowing difficulties, impaired gut motility, and gastro-esophageal
reflux need to be addressed often to the extent of placement of feeding tubes
(orogastric or nasogastric), percutaneous endoscopic feeding gastrostomy, or using
parenteral nutrition therapy. Nutritional improvement has led to improved quality of
life and an increase in developmental quotients in these children[60]. Ketogenic diet
may be useful in some mitochondrial disorders but may worsen fatty acid oxidation
defects and should be avoided in them. Exercise helps in reducing the burden of
abnormal mitochondria[61]. It is useful to do so regularly, under supervision in a
graded manner, and to have a meal prior to exercise[62].

Pharmacotherapy
A combination of drugs is often empirically administered to suspected mitochondrial
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Table 5 Management during evaluation in acute phase

Following thumb rules while attending to a patient with suspected mitochondrial disorder

Monitor closely for hypoglycemia and acidosis

Avoid lactated ringer’s solution for fluid administration: Worsens acidosis

Bicarbonate infusions as 1st line of defense

Avoid propofol for sedation/anesthesia

Avoid fasting > 12 h; avoid high rate glucose only infusions

Avoid drugs that are toxic to mitochondria: Chloramphenicol, valproate, aminoglycosides, phenytoin, carbamazapine, phenobarbital, statins, linezolid

Avoid drugs precipitating hepatopathy /liver dysfunction
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disorders and comprises: Coenzyme Q, carnitine, thiamine, riboflavin, vitamins C and
E, and creatine. Of all, Coenzyme Q shows promise and along with B vitamins remains
the most common combination as part of cocktail therapy[63]. The various drugs and
their pediatric dosages are outlined in Table 6[13,63,63].

Role of organ transplant

Multisystem involvement in mitochondrial hepatopathies often precludes performing
a liver transplant. However, in hepatocerebral form of DGUOK defects when detected
in infancy without neurological involvement, liver transplant has shown to be
effective. Those with neurological involvement do not benefit from liver transplant
[65]. Overall post-transplant survival is less with RCDs than non-RCDs. Sokal et al[66]
reported 8 cases with a survival of 50% post transplantation for RCDs. In an elaborate
compilation of 40 cases with mitochondrial RCDs across various centers at different
time points, it was noted that 22 (55%) patients died within 24 mo post-transplant[67].
Early postoperative multi-organ failure and neuro-degeneration followed by
respiratory complications and severe pulmonary hypertension were the cause of death
in these patients. The same group recognized that those diagnosed pre-transplant had
a higher survival (58%) than those recognized to have RCD after transplant (29%).
Thus, the emphasis is on early recognition of the diagnosis and a thorough evaluation
for extra-hepatic manifestations, adding investigations like magnetic resonance
imaging of the brain and echocardiography.

MNGIE stands out as the single mitochondrial disorder for which replacement of
the missing enzyme thymidine phosphorylase by stem cell transplantation can be
curative and lead to improvement in long term outcomes. While earlier enzyme levels
were artificially increased using repeated platelet transfusions[40], stem cell transplant
has come up as a definitive modality[68,69].

Myths in mitochondrial disorders

Immunizations are not contraindicated in children with mitochondrial diseases. This is
to be emphasized because of certain misconceptions that immunization may lead to
autism in children with mitochondrial diseases for which there is no evidence[64]. The
other important aspect that needs to be clarified is that there is no role of hyperbaric
therapy in treatment of MH and in fact may lead to oxygen toxicity. Vagus nerve
stimulation may not be very helpful in controlling refractory seizures in children with
MH][63].

CONCLUSION

In a nutshell: (1) Liver along with other system involvement may not be just sepsis -
think of mitochondrial respiratory chain hepatopathy; (2) Lactic acidosis without
hypoglycemia is an important clue, avoid ringer lactate and drugs causing
hepatopathy; (3) Evaluation should be done in a tiered manner - genetic evaluation
and enzyme analysis from tissue of interest; (4) Treatment is largely supportive with
transfusions, correction of acidosis, shock, and providing cofactors/salvage therapies;
(5) Liver transplantation needs to be considered in only a select group and may
worsen disease despite adequate precautions; and (6) Periodic follow-up is mandatory
for monitoring evolution of disease including “migration” to other organ systems.
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Table 6 Pharmacotherapy used for mitochondrial diseases

Drug Pediatric dose Remark
Coenzyme Q: (1) Ubiquinol form; 2-8 mg/kg/d in BD dosing; 10-30 mg/kg/d BD  Preferably had after meals; Most effective and most used therapy;
(2) Ubiquinone form dosing Free radical scavenger; Bypasses complex I
Idebenone 5mg/kg/d Synthetic form of CoQ; Penetrates blood-brain barrier
L-carnitine 10-100 mg/kg/d IV or oral divided 3 times/d Avoid in long chain FAO-Ds: May lead to cardiac arrhythmias
Creatine 0.1 g/kg PO, OD Used for repletion of muscle phosphocreatine levels
L-arginine 500 mg/kg IV per day for 1-3 d followed by 150- Used for acute stroke; Watch for hypotension while infusion;
300 mg/ kg oral daily in BD dosing Evidence is anecdotal
Thiamine 100 mg/d Cofactor of PDH; useful for thiamine responsive PDH deficiency;
Helpful in leigh disease
Riboflavin 50-400 mg/d Give at night time before sleep; Shown to be useful in ACAD9
mutations; Flavin precursor for complex I & II
Vitamin C 5mg/kg/d OD Antioxidant; Artificial electron acceptor
Vitamin E Variable dosing, up to 251U/kg/d OD (avoid >  Absorption better when taken with meals
40010/d)
Dichloroacetate 25-50 mg/kg/d Improves lactic acidosis

BD: Twice daily; CoQ: Coenzyme Q; FAO-D: Fatty acid oxidation defects; IV: Intravenous; PDH: Pyruvate dehydrogenase; PO: Per oral; OD: Once daily.
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