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Mitochondrial disease—an important cause of end-stage
renal failure
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Abstract Kidneys are highly aerobic organs. They receive
roughly a quarter of the cardiac output and contain a high
density of mitochondria, particularly in the cortical tubules,
which are required to produce adenosine triphosphate (ATP)
in sufficient quantity to power the re-uptake of over 98 % of
the filtered load. Given the dependence of renal function on
aerobic metabolism, it is not surprising that impairment of
normal mitochondrial function—due to insults such as is-
chaemia, drug toxicity and genetic mitochondrial disease—
can lead to kidney failure. In this edition of Pediatric Ne-
phrology, D’Aco and colleagues (doi:10.1007/s00467-012-
2354-y) describe a patient who developed end-stage renal
failure caused by a pathogenic mutation (m.586G>A) in the
gene encoding the mitochondrial tRNA for phenylalanine,
which adversely affects the translation of mitochondrial
DNA. The pathogenicity of this mutation was confirmed
in cybrid studies using fibroblasts obtained from the patient.
In light of this report, m.586G>A should now be added to
the rapidly expanding list of mitochondrial and nuclear gene
mutations causing mitochondrial disease with renal involve-
ment. Furthermore, mitochondrial disease should be consid-
ered as an underlying aetiology in cases of unexplained renal
failure, particularly in the context of a multisystem disorder.
Renal replacement therapy is an option for patients with

mitochondrial disease, but life expectancy even with this
therapy may be limited by co-morbidities.
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Background

Mitochondria are dynamic subcellular organelles with criti-
cal roles in energy generation. The kidney has a high energy
requirement, and inherited mitochondrial dysfunction is an
under-recognised cause of renal disease in childhood.
Disorders of mitochondrial oxidative phosphorylation
(OXPHOS) represent one of the most common groups of
inborn errors of metabolism, with a combined minimum
birth prevalence of 1 in 5,000. Mitochondria are unique
organelles in that they contain their own genetic material:
the 16.5-kb multicopy maternally inherited mitochondrial
genome encodes 13 protein components of the respiratory
chain and OXPHOS system and 24 RNA molecules needed
for intramitochondrial synthesis of these 13 proteins. Neu-
romuscular presentations with characteristic combinations
of clinical problems caused by specific mitochondrial
DNA (mtDNA) mutations are relatively well-recognised:
the so-called ‘classical mitochondrial syndromes’, such as
mitochondrial encephalomyopathy with lactic acidosis and
stroke-like episodes (MELAS), myoclonus epilepsy with
ragged red fibres (MERRF), Pearson marrow pancreas and
Kearns–Sayre syndromes [1]. MELAS and MERRF are
most frequently associated with specific mtDNA point
mutations (m.3243A>G and m.8344A>G, respectively)
while most cases of the Pearson and Kearns–Sayre syn-
dromes are caused by large-scale rearrangements of the
mtDNA. Renal complications may occur in all four of these
syndromes, typically manifesting as focal segmental glo-
merulosclerosis (FSGS) in patients with the m.3243A>G
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mutation and renal tubulopathy (Fanconi syndrome) in chil-
dren with Pearson and Kearns–Sayre syndromes [2–4].
These problems usually occur in the context of neuromus-
cular disease, and diagnosis is relatively straightforward,
although m.3243A>G-related renal disease has occasional-
ly been confused with Alport syndrome because of the
association with sensorineural hearing loss in both of these
conditions [5]. Importantly, renal impairment can be the
presenting feature in patients with previously undiagnosed
mitochondrial disease.

End-stage renal disease caused by a mtDNA mutation
affecting translation

The ubiquitous nature of mitochondria, being present in all
cells except mature red blood cells, means that any combi-
nation of organs may be affected, giving rise to myriad
clinical presentations [6]. Indeed, it is increasingly the case
that patients with ‘classical’ mitochondrial disease represent
the minority, while the majority of cases do not fit neatly
into a recognised syndrome. In this edition of Pediatric
Nephrology, D’Aco et al. present a case of end-stage renal
disease (ESRD) caused by a mtDNA point mutation,
m.586G>A, in the MT-TF gene encoding the mitochondrial
tRNA for phenylalanine [7]. This 16-month-old patient did
not have a classical mitochondrial syndrome, but did have
multisystem disease features, including developmental re-
gression, persistent lactic acidosis, hypotonia, faltering
growth, gastro-intestinal dysmotility, pancreatitis, adrenal
insufficiency, anaemia and neutropaenia, which alerted the
physicians to the suspicion of an underlying mitochondrial
disorder.

MtDNA is notoriously polymorphic and proving muta-
tion pathogenicity can be challenging. Evidence in favour of
mutation pathogenicity for m.586G>A was that it was
heteroplasmic (i.e. mutant and wild-type mtDNA co-
existed) in the patient’s tissues and was absent in the blood
of her asymptomatic mother. Further evidence of a mtDNA
mutation is provided if the mutation is associated with the
same phenotype in two unrelated pedigrees. However, the
m.586G>A mutation has previously been reported in an
adult patient with a completely different phenotype, specif-
ically movement disorder and psychiatric disturbance with
no evidence of renal impairment [8]. The variant phenotypes
observed in these two patients raised the possibility that the
mutation was a coincidental finding and not pathogenic. In
order to address this, D’Aco et al. employed the gold stan-
dard method of transmitochondrial cybrid generation in
which enucleated patient cells are fused with a donor cell
line lacking mtDNA (so-called rho zero cells) to determine
whether the biochemical phenotype tracks with the patient’s
mtDNA [9]. Their findings showed that cybrids with 100 %

m.586G>A mutation had significantly reduced oxygen
consumption and reduced tRNA phenylalanine levels and
that the amount of mutation influenced the degree of respi-
ratory impairment in a dose-dependent manner, thereby
providing overwhelming evidence that this mutation is
pathogenic [7].

Renal phenotypes in mitochondrial disease—a brief
overview

How does the case presented by D’Aco et al. [7] fit with the
literature to date on renal involvement in mitochondrial
disease? This is a rapidly evolving field, and much remains
to be learned about the complex relationship between geno-
type and phenotype. One helpful way to navigate this sub-
ject is to categorise pathogenic mutations according to
genome (nuclear vs. mitochondrial) and/or according to
the function of the affected gene product (OXPHOS com-
plex subunit or assembly, mtDNA maintenance, mtDNA
translation etc.). In the following sections we will apply this
approach to briefly summarise the expanding volume of
literature describing renal involvement in mitochondrial dis-
ease. Overall, it can be concluded that tubulo-interstitial
disease is the most common renal phenotype in children
presenting at a young age with severe multisystem disease
(as in the case described by D’Aco et al. [7]), usually due to
widely expressed nuclear DNA mutations or large-scale
mtDNA deletions. However, as discussed below, there are
some notable exceptions to this generalisation. The proxi-
mal tubule is especially vulnerable to mitochondrial dys-
function since it has very high energy requirements but
lacks the capability to synthesise adenosine triphosphate
(ATP) anaerobically from glycolysis [10].

At the other end of the spectrum of disease severity lie
individuals with point mutations of mtDNA (most common-
ly m.3243A>G), who survive well into adulthood and may
present with renal disease alone, or in combination with
mild/subclinical abnormalities in other organs. Glomerular
pathology (FSGS) is typically reported in these individuals,
with or without associated tubulo-interstitial abnormalities
[11]. This raises the prospect that patients with unexplained
chronic kidney disease, who unfortunately often present late
to a nephrologist due to the silent nature of kidney disease,
may in some cases have an underlying mitochondrial
disorder.

Nuclear-encoded mitochondrial disease

Most of the approximately 1,500 proteins localised inside
mitochondria are actually encoded by nuclear genes, and it
is likely that mutations in many of these genes will cause
mitochondrial disease [12]. More than 100 Mendelian-
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inherited mitochondrial diseases have been reported in the
past 17 years since a homozygous mutation of the SDHA
subunit of respiratory chain complex II was first linked to
Leigh syndrome, a neurodegenerative disorder [13]. Many
of these nuclear-encoded defects are associated with renal
phenotypes, either as part of a multisystem disease or as the
main and sometimes only organ affected (Table 1). It is
important for the nephrologist to be aware of this new class
of disease, particularly those conditions for which specific
treatment is available, namely the disorders of coenzyme
Q10 biosynthesis. Seven genetic defects of coenzyme Q10

biosynthesis have been reported to date, and three of these
(defects of COQ2, PDSS2 and COQ6) have been associated
with a prominent renal phenotype [14]. These patients pre-
sented with steroid-resistant nephrotic syndrome, variably
associated with multisystem features that included sensorineu-
ral hearing loss, epilepsy, ataxia and stroke-like episodes.
Several patients progressed to end-stage renal disease (ESRD)
requiring transplantation. However, and importantly, Montini
et al. reported that pre-symptomatic treatment with high doses
of coenzyme Q10 was associated with an excellent clinical
outcome in a patient with COQ2 mutations, with no progres-
sion of renal disease and no evidence of neurological dysfunc-
tion [15]. Renal tubulopathy was noted in the only patient
reported with COQ9 mutation to date [16].

Abnormalities in the mitochondrial proteome

The mitochondrial proteome includes proteins required for
(1) maintenance and (2) translation of the mitochondrial
genome, (3) assembly of the five OXPHOS complexes, (4)
import of solutes and (5) proteins into the various mitochon-
drial compartments (outer membrane, intermembrane space,

inner membrane and matrix), (6) biosynthesis of membrane
phospholipids (including cardiolipin and coenzyme Q10)
and (7) mitochondrial dynamics (fission, fusion and motil-
ity). Defects have been reported in all seven of these cate-
gories of proteins. Proximal tubulopathy has been reported
in several defects of mitochondrial salvage of nucleosides
(mutations of RRM2B, DGUOK, TK2 and SUCLA2), lead-
ing to impaired mtDNA replication and consequently a
quantitative reduction of mtDNA, known as the mtDNA
depletion syndrome (Table 1). Mutations of MPV17, a pro-
tein of unknown function that appears to be necessary for
mtDNA replication, are also associated with proximal tubul-
opathy. Patients with defects in the assembly of complexes I,
III, IV and V may also present with tubulopathy (Table 1).
Patients with mutations in BCS1L affecting complex III
assembly typically present in infancy with tubulopathy as-
sociated with liver failure and encephalopathy [17]. SURF1
mutations cause Leigh syndrome with defective complex IV
assembly and appear to be particularly associated with distal
renal tubular acidosis, although proximal tubulopathy may
also occur [18]. Proximal tubulopathy with generalised ami-
noaciduria and a hyperechogenic appearance of the renal
parenchyma on ultrasound have been reported in several
patients with TMEM70 mutations affecting complex V
assembly [19].

Disorders of mitochondrial translation

Defects of mitochondrial translation are a rapidly expanding
subgroup of mitochondrial disease, and renal dysfunction
has been reported in several of these. The first diseases
noted to affect mitochondrial translation involved the mito-
chondrial tRNA genes, either point mutations (as in MELAS

Table 1 Molecular mechanisms leading to nuclear-encoded mitochondrial kidney disease

Molecular defect Gene(s) Renal involvement Other clinical features

Mitochondrial DNA
maintenance

RRM2B, DGUOK, TK2,
SUCLA2, MPV17

Proximal tubulopathy Mitochondrial DNA depletion syndrome
(3 main phenotypes: hepatocerebral,
myopathic and encephalomyopathic)

Mitochondrial translation
(aminoacylation)

SARS2 Tubulo-interstitial disease with salt
wasting and hypomagnesaemia

Pulmonary hypertension

Mitochondrial ribosome MRPS22 Tubulopathy Hypertrophic cardiomyopathy and
encephalomyopathy

Mitochondrial translation
(elongation)

TFSM Tubulopathy Intrauterine growth retardation, hepatic
insufficiency and hypotonia

Complex I assembly NDUFAF2 Renal tubular acidosis Leigh syndrome

Complex III assembly BCS1L Proximal tubulopathy Encephalopathy and liver failure

Complex IV assembly COX10, SURF1 Tubulopathy, distal renal tubular
acidosis (SURF1)

Leigh syndrome

Complex V assembly TMEM70 Proximal tubulopathy Hypertrophic cardiomyopathy

Coenzyme Q10 biosynthesis PDSS2, COQ2, COQ6, COQ9 Steroid resistant nephrotic
syndrome, tubulopathy

Seizures, ataxia, hearing loss,
multisystem disease
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syndrome) or large-scale rearrangements (as in Pearson and
Kearns–Sayre syndromes). Thus, mitochondrially encoded
disorders of mitochondrial translation have long been rec-
ognised to cause renal disease. More recently, nuclear-
encoded defects of mitochondrial translation have been de-
scribed that may affect proteins involved in the modification
of tRNAs, aminoacylation, the structure, function or assem-
bly of ribosomes, and the initiation, elongation and termi-
nation of mitochondrial translation [20]. The tRNA
aminoacyl synthetases are responsible for charging tRNA
molecules with their cognate amino acid. Mutations of
FARS2 were recently identified in an exome sequencing
study [21]. These mutations would be expected to impair
the insertion of phenylalanine onto the tRNA phenylalanine
molecule, and so it would be interesting to determine wheth-
er affected patients shared any of the clinical features pre-
viously associated with MT-TF mutations, specifically end-
stage renal failure as reported by D’Aco et al. in this issue of
the Pediatric Nephrology [7]. However, affected patients
with FARS2 mutations actually present with a severe seizure
disorder in the Alpers syndrome spectrum—and not with
renal disease [21]. Other nuclear-encoded mitochondrial
translation defects have been linked to renal dysfunction.
For example, mutations of SARS2, which affect the amino-
acylation of tRNA serine, were recently reported in HUPRA
syndrome (hyperuricaemia, pulmonary hypertension and
renal failure in infancy with alkalosis) [22]. This is a fatal
multisystem disorder in which affected infants have tubulo-
interstitial disease leading to salt wasting, hypomagnesae-
mia and end-stage renal failure by 1 year of age. Renal
biopsy revealed various tubulo-interstitial changes, includ-
ing dedifferentiated, atrophic tubules with thick basement
membrane, some completely denuded tubules and hyper-
plastic arteriolitis in the interstitium [22]. Tubulopathy has
also been reported in two other defects of mitochondrial
translation: two sisters with MRPS22 mutations affecting
the integrity of the mitochondrial small ribosome had tubul-
opathy with hypertrophic cardiomyopathy, hypotonia, lactic
acidosis and hyperammonaemia, while a girl with mutations
in TFSM encoding the translation elongation factor EFTs
presented with intrauterine growth retardation, tubulopathy,
hepatic insufficiency and hypotonia [23].

Summary—investigation and diagnosis of mitochondrial
disease in patients with renal impairment

The kidneys are commonly affected in mitochondrial dis-
ease, and patients with a confirmed diagnosis should there-
fore be screened appropriately, ideally with a detailed
assessment of tubular function. Mitochondrial disease
should be considered in the differential diagnosis for
patients presenting with unexplained renal failure. Certain

clinical clues may point to the diagnosis, including involve-
ment of other aerobic organs, a maternal family history (for
mtDNA mutations) and the presence of dysmorphic mito-
chondria on electron microscopy of a kidney biopsy. How-
ever, these features may not always be present and,
therefore, reaching a definitive diagnosis can be challeng-
ing. Serum lactate and pyruvate levels may be raised, but
not always, and these may be wasted in the urine of patients
with a proximal tubulopathy. A skeletal muscle biopsy is
frequently performed for histological examination and
OXPHOS function tests, but these may be normal (as in
the patient described by D’Aco et al. [7]). More recently,
urinary epithelial cells have been shown to provide a non-
invasive alternative source of tissue for mtDNA mutation
screening [24], which may be particularly appropriate in
patients with renal involvement. As discussed above, if
mutations of mtDNA are detected, expression in cell cybrid
systems may be required to prove pathogenicity, especially
in the case of novel mutations.

Sadly, treatment options in mitochondrial disease remain
limited, with the possible exception of coenzyme Q10 defi-
ciency, where supplementation early in the course of the
disease may improve the outcome. Renal replacement thera-
py, in the form of either dialysis or transplantation, is an option
in patients with mitochondrial disease. However, as in all
patients with end-stage renal failure, prognosis is ultimately
determined by the number and severity of co-morbidities.
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