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Abstract
Aims: This study aimed to investigate associations between 
renal and extrarenal manifestations of mitochondrial diseas-
es and their natural history as well as predictors of renal dis-
ease severity and overall disease outcome. The secondary 
aim was to generate a protocol of presymptomatic assess-
ment and monitoring of renal function in patients with a de-
fined mitochondrial disease. Methods: A multicenter, retro-

spective cohort study was performed by the Mitochondrial 
Clinical and Research Network (MCRN). Patients of any age 
with renal manifestations associated with a genetically veri-
fied mitochondrial disease were included from 8 expert Eu-
ropean centers specializing in mitochondrial diseases: Go-
thenburg, Oulu, Copenhagen, Bergen, Helsinki, Stockholm, 
Rotterdam, and Barcelona. Results: Of the 36 patients in-
cluded, two-thirds had mitochondrial DNA-associated dis-
ease. Renal manifestations were the first sign of mitochon-
drial disease in 19%, and renal involvement was first identi-
fied by laboratory tests in 57% of patients. Acute kidney 
injury occurred in 19% of patients and was the first sign of 
renal disease in the majority of these. The most common re-

�is is an Open Access article licensed under the Creative Commons 
Attribution-NonCommercial-4.0 International License (CC BY-NC) 
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nal manifestation was chronic kidney disease (75% with 
stage 2 or greater), followed by tubulopathy (44.4%), the lat-
ter seen mostly among patients with single large-scale mito-
chondrial DNA deletions. Acute kidney injury and tubulopa-
thy correlated with worse survival outcome. The most com-
mon findings on renal imaging were increased echogenicity 
and renal dysplasia/hypoplasia. Renal histology revealed fo-
cal segmental glomerulosclerosis, nephrocalcinosis, and 
nephronophthisis. Conclusion: Acute kidney injury is a dis-
tinct renal phenotype in patients with mitochondrial dis-
ease. Our results highlight the importance to recognize renal 
disease as a sign of an underlying mitochondrial disease. 
Acute kidney injury and tubulopathy are 2 distinct indicators 
of poor survival in patients with mitochondrial diseases.

' 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Mitochondrial diseases are a heterogeneous group of 
disorders caused by defects in the mitochondrial oxida-
tive phosphorylation system. Multiple organs can be af-
fected, especially those with high energy requirements, 
such as the central nervous system, skeletal muscle, heart, 
kidneys, and liver [1]. Renal dysfunction may be the pre-
senting feature of mitochondrial diseases, but is most 
commonly seen after the onset of neurological manifesta-
tions, often as part of a multisystem phenotype [2]. The 
reported prevalence of renal involvement in mitochon-
drial diseases varies from 25 to 50% [3�5], and the under-
lying genetic etiology seems to play a role both in the 
varying prevalence and type of renal manifestations [3].

Reported renal manifestations of mitochondrial dis-
eases include tubular dysfunction, interstitial nephritis, 
nephrotic syndrome, cystic disease, and end-stage renal 
failure [2, 3, 6, 7]. Proximal tubulopathy is the common-
est phenotype in childhood-onset mitochondrial disease 
and can be associated with both nuclear DNA (nDNA) 
variants and large-scale mitochondrial DNA (mtDNA) 
deletions [6, 8]. Apparently, the high energy require-
ments and the inability to synthesize adenosine triphos-
phate anaerobically from glycolysis make proximal tubu-
lar cells extremely vulnerable to energy crisis secondary 
to mitochondrial dysfunction [9].

Severe tubular dysfunction, known as de Toni-DebrØ-
Fanconi syndrome, occurs in patients with mtDNA dele-
tion syndromes such as Kearns-Sayre and Pearson syn-
drome [6]. This syndrome is characterized by renal tu-
bular acidosis, hyperphosphaturia, glycosuria, and 

generalized aminoaciduria with low-molecular-weight 
proteinuria [3, 6]. mtDNA point mutations such as 
m.3243A>G that cause mitochondrial encephalomyopa-
thy, lactic acidosis and stroke-like episodes, and mater-
nally inherited diabetes and deafness have been mostly 
associated with phenotypes such as tubulointerstitial ne-
phritis, focal segmental glomerulosclerosis, and progres-
sive renal failure [8, 10]. The renal phenotype of nDNA-
associated mitochondrial disease is more diverse [8].

As mitochondrial diseases are often multisystemic and 
associated with severe neurological phenotypes, renal 
manifestations can go undetected until the renal symp-
toms are severe, or the patient has developed end-stage 
renal failure. Recognizing an underlying mitochondrial 
disease when renal symptoms occur first or alone can be 
equally difficult. Currently, there are few cohort studies 
available to inform our practice [3�5], the majority being 
clinical case reports and reviews. Therefore, we under-
took this multinational cohort study to investigate asso-
ciations between renal and extrarenal onset of mitochon-
drial disease, the natural history of renal manifestations, 
and predictors of renal disease severity and overall disease 
outcome. On the basis of our results, we propose a proto-
col for the assessment and monitoring of renal function 
in presymptomatic patients with known mitochondrial 
disease.

Methods

Patients
This multicenter, retrospective cohort study supported by the 

Mitochondrial Clinical and Research Network (MCRN) included 
patients from 8 expert European centers specializing in mitochon-
drial diseases: Gothenburg, Oulu, Copenhagen, Bergen, Helsinki, 
Stockholm, Rotterdam, and Barcelona. Patients of any age with a 
genetically defined mitochondrial disease with renal manifesta-
tions were included.

Data Collection
Data were collected using a standardized case report form 

(available upon request). Collected data included results from ge-
netic testing, clinical, biochemical, morphological, and imaging 
assessments, comorbidities, and treatment used. As this was a ret-
rospective study, a cutoff for missing data of 10% or less was imple-
mented to ensure quality of statistical inferences. Assessments for 
5 patients have been included in other publications, as detailed in 
Tables 1 and 2.

Clinical and Laboratory Variables
Occurrence and severity of renal disease was evaluated by esti-

mating the amount of proteinuria and/or hematuria and by mea-
suring the glomerular filtration rate (GFR) either directly by ED-
TA-cleareance (in mL/min/1.73 m2) or by calculating the estimat-
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ed GFR (eGFR) using the creatinine-based bedside Schwartz 
equation [11]. For defining and staging chronic kidney disease 
(CKD), we used the Kidney Disease Improving Global Outcomes 
(KDIGO) guidelines [12]. CKD stage 2 or greater was defined as a 
GFR <90 mL/min/1.73 m2. Acute kidney injury (AKI) was diag-
nosed clinically, relying on changes in serum creatinine and/or 
urine output, as proposed by KDIGO [13]. Increased excretion of 
albumin and total protein in urine was evaluated based on the 
KDIGO guidelines [13].

Nephrotic syndrome was defined as severe albuminuria (urine 
albumin/creatinine ratio >400 mg/mmol [or >3500 mg/g] or urine 
albumin >50 mg/kg/24 h), hypoalbuminemia (serum albumin <25 
g/L), and edema. For the diagnosis of nephritic syndrome, the pa-
tient had to fulfill all of the following: (a) hematuria (�2+ on urine 
dipstick analysis) with or without proteinuria, (b) increased serum 
creatinine adjusted for age, and (c) hypertension (systolic or dia-
stolic arterial pressure �95th percentile adjusted for age and 
height).

Proximal tubulopathy, i.e., dysfunction of the renal proximal 
tubules, was defined as having one or more of the following: low-
molecular-weight proteinuria, general aminoaciduria, glucosuria 
(with normal plasma glucose levels), bicarbonate loss resulting in 
renal tubular acidosis, and electrolyte wasting. The combination of 
bicarbonate loss with variable renal wasting of amino acids, glu-
cose, phosphate, uric acid, and other solutes was defined as renal 
Fanconi syndrome. Renal Fanconi syndrome with hypophospha-
temic rickets and glycosuria was defined as de Toni-DebrØ-Fanco-
ni syndrome [14]. Isolated distal tubulopathy was defined as uri-
nary wasting of electrolytes (Na+, K+, and Cl�) in the absence of 
signs of proximal tubular dysfunction, while coexistence of proxi-
mal and distal tubulopathy was characterized as generalized tubu-
lopathy.

Protocol Development
We developed a protocol for the assessment and monitoring of 

renal function in mitochondrial disease patients prior to estab-
lished kidney disease. Development of this protocol relied on re-
sults from this study and the consensus for patient care standards 
[15] and was critically reviewed by all MCRN investigators who 
participated in this study.

Statistical Considerations
The statistical evaluations performed were mainly exploratory. 

Survival outcomes were estimated with the help of Kaplan-Meier 
analysis. The �2 test was used to test the association between cate-
gorical variables. The independent t test was used to test differ-
ences between categorical variables, such as gender, and continu-
ous variables, such as age at onset. All statistical tests were 2-sided 
and performed at a 0.05 significance level.

Results

A total of 36 patients were included (19 males and 17 
females). The majority had mtDNA-associated disease 
(23/36). The median age at onset of mitochondrial disease 
was 2 years (prenatal�47 years of age). Patients were fol-
lowed for a median period of 15 years (0.1�49.5 years).

Onset of Renal Manifestations
The median age at onset of renal manifestations was 

12 years (birth�67 years). Renal manifestations occurred 
earlier in patients with nDNA-associated mitochondrial 
disease (nDNA 5 y; mtDNA 15 y; p = 0.011; Fig.�1). A 
summary of patients� age at disease onset, renal pheno-
type, mitochondrial extrarenal manifestations, and geno-
type is shown in Table�1.

Renal manifestations were the first sign of mitochon-
drial disease (ID1-7 in Table�1) in 7 patients, either alone 
(ID1, 4, and 5) or in combination with anemia (ID2), 
hearing impairment (ID3), or epilepsy (ID6). One patient 
had multiorgan disease at birth, which, apart from renal 
manifestations, included lung hypoplasia, persistent pul-
monary hypertension, systemic arterial hypertension, 
and secondary left ventricle hypertrophy (ID7). Three of 
these 7 patients presented with AKI in the first month of 
life. In the patient with multiorgan involvement (ID7), 
renal manifestations resolved spontaneously by the first 
year of life and had not reappeared by the last follow-up 
visit at 11 years of age.

Renal involvement was first captured by laboratory 
tests, either as part of routine workup or fortuitously, in 
20 patients (20/35; 1 unknown) (Table� 1). Isolated in-
creased levels of serum creatinine or cystatin C were the 
presenting feature in 9 patients (9/35; 1 unknown).

Fifteen patients presented with symptoms such as fa-
tigue, polydipsia, polyuria, and hypertension, either alone 
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nDNA = nuclear DNA; mtDNA = mitochondrial DNA;
LSMD: large-scale mtDNA deletions

XPNPEP3 (3) LSMD (13)

BCS1L (3) MTND1 (1)

CoQ7 (1) MTND5 (1)

COX10 (1) MTTL1 (6)

MTO1 (1) MTTR (1)

RMND1 (2) MTTK (1)
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