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Kidney manifestations of mitochondrial disorders
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ABSTRACT

Mitochondria are intracellular organelles involved in a number of key biologic processes in the cell, including
energy production, redox signaling, calcium homeostasis, inflammation, senescence, innate immune
response, and mitophagy. Mitochondrial cytopathies include a heterogeneous group of diseases that are
characterized by impaired oxidative phosphorylation, leading to multi-organ involvement and progressive
clinical deterioration. Mitochondrial cytopathies can result from mitochondrial or nuclear DNA mutations.
Mitochondrial defects play an important role in the pathogenesis of nephropathies as tubular syndromes,
interstitial nephritis, focal and segmental glomerulosclerosis and diabetic nephropathy. The role of
mitochondria in a pathogenesis of nephrotoxicity and kidney carcinogenesis is also discussed (Tab. 2, Fig. 7,

Ref. 100). Text in PDF www.elis.sk
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Introduction

Mitochondria are intracellular organelles, which play a role in
the generation of adenosine triphosphate (ATP) through the process
of oxidative phosphorylation (OXPHOS), using a series of redox
reactions via the electron transport chain (ETC) system. Mitochon-
dria are essential in metabolic signaling in heme biosynthesis and
the pyrimidine, fatty acid B-oxidation, and tricarboxylic acid (TCA)
pathways. In addition to energy production, mitochondria are also
in volved in a wide range of biologic activities, such as reactive
oxygen species (ROS) generation, calcium signaling, metabolic
signaling, proliferation, cancer, and apoptosis (1).

The last two decades have been characterized by a great in-
terest in mitochondrial (MITO) medicine, which has provided a
new insight to the pathogenesis of multiple diseases. This interest
is confirmed by a large number of experimental and human stud-
ies on the pathogenicity of mitochondrial DNA (mtDNA) and its
role in the expression of phenotypic manifestations of diseases.
Mitochondrial cytopathy may be congenital or sporadic, caused
by gene mutations of mtDNA or nuclear DNA (nDNA). As the
cells contain (unlike nDNA) several hundred mtDNA, the mutated
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mtDNA can coexist with normal mtDNA. Cellular dysfunction
is determined by the ratio of OXPHOS and the MITO dynamics
— fusion and dissociation affects the fluctuation of heteroplasm
among daughter cells.

Mitochondrial dysfunction is implicated in many neurologi-
cal and muscular phenotypes as well as in diseases of other or-
gan systems including the liver, gastrointestinal tract, heart, and
kidneys (2, 3).

Mitochondrial nephropathies

The human kidney comprises multiple cell populations that
are involved in the maintenance of body homeostasis through
processes such as blood pressure regulation, nutrient reabsorp-
tion, acid-base and electrolyte balance, and hormone secretion
(4). Mitochondrial dysfunction is recognized as a leading factor
in many renal diseases, including both acute and chronic or end
stage renal disease (ESRD) (3, 5).

During kidney disorders, most often they are manifested as
focal segmental glomerulosclerosis (FSGS), tubular defects and
cystic kidney disease. There are various forms of kidney damage
caused by MITO genetic defects, which are divided into two groups
on the basis of actiology — conditioned by mutations of mtDNA
and nDNA. Point mutations, deletions, or duplications of mtDNA
condition mtDNA mutations in FSGS, ESRD, aminoaciduria, a
Bartter-like syndrome, renal tubular acidosis (RTA), proximal and
distal tubulopathy and Fanconi syndrome.

Mitochondrial nephropathies represent a group of kidney dis-
orders caused by MITO function failure and are often the first
symptom of MITO cytopathies. MITO disorder are most often
manifested in childhood (but also later) and are typically con-
nected with familial occurrence and form of heredity — inherited
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from the mother only, since sperm does not contribute MITO to
zygote (6, 7).

Etiopathogenesis of MITO nephropathies

Congenital MITO cytopathies and acquired factors are associ-
ated with a variety of pathophysiological insults inducing MITO
dysfunction leading to increased production of reactive oxygen
species (ROS) and MITO fragmentation, decrease in cristae forma-
tion and MITO membrane potential, and reduced MITO biogen-
esis. Mitochondrial dysfunction results in damage of podocytes,
disappearance of pedicles, peeling and apoptosis/necrosis of epi-
thelial cells and epithelial-mesenchymal transition. All of these
biochemical changes are caused by MITO dysfunction and may
lead to kidney disease in humans (8).

Disorders due to mutation in mtDNA and disorders due to
mutations in nDNA are included in MITO disorders. Pathological
alterations of mtDNA are involved in 3 major classes: point muta-
tions, rearrengements, and copy number mutations (depletions).
Point mutations include amino acide substitutions and protein
synthesis mutation (MRNA tRNA). Most of these are maternally
inherited and heterosplasmic, but they are associated with vari-
ety of clinical phenotypes (Leber Hereditary Optic Neuropathy
(LHON), myoclonus + epilepsy + ragged red fibres (MERRF)
syndrome, MITO encephalopathy + lactic acidosis + stroke-like
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episodes syndrome (MELAS), Leigh’s syndrome, diabetes mel-
litus (DM), deafness). The second class of mtDNA diseases are
deletions with duplications of the MITO genome. They are usu-
ally sporadic and heteroplasmic, occurring during early develop-
ment (Kearns-Sayre Syndrome (KSS), Pearson‘s syndrome, DM
+ deafness). The third class of mtDNA disease are mtDNA deple-
tions due to copy number mutations. Finally, while detection of
mtDNA rearrangement or base substitution confirms the genetic
origin of the disease, negativity of the investigations does not
rule out the mtDNA mutations nor does it represent a clue that
a nuclear mutation is involved. It was demonstrated that damage
to mtDNA and loss of the MITO membrane potential participate
in apoptotic cell death (9).

Figure 1 shows the mechanisms of mtDNA and nDNA muta-
tions resulting in the MITO disease (4,10) and Figure 2 kidney’s
damage in inherited and acquired MITO cytopathies (4, 11).

Coenzyme Q,, (ubiquinone, CoQ, ) plays a key role in the
MITO respiratory chain when moving electrons from complexes
I'and II to complex III. The CoQ , function is not limited to bio-
energy but it is also a cofactor of several MITO dehydrogenases,
a MITO permeability modulator allowing apoptosis and an im-
portant antioxidant (12,13). Reactive oxygen forms are absorbed
by superoxide dismutase (SOD), catalase (CAT), glutathione per-
oxidase (GPx), while CoQ,, vitamin C and E play an important
role as the antioxidants. In case of CKD and renal failure in dia-
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lyzed patients, the CoQ,, concentration decreases unlike vitamin
E, which increases (14, 15, 16, 17, 18).

Mutations of enzymes responsible for CoQ,, biosynthesis
(COQI1-PDSS2, COQ,, COQ,, COQ,) can lead to renal mani-
festations of autosomal recessive innate genetic lesions of nuclei
encoded MITO networks or protein complex. The most common
nephrological manifestations during CoQ, , mutations are protein-
uric glomerular diseases such as nephrotic syndrome, or steroid
resistant nephrotic syndrome, but also tubulopathies which occur
with COQ, mutations. The mechanism of renal involvement in
CoQ,, biosynthesis mutations is not yet clarified. The role of CoQ,,
deficiency caused by the decline of OXPHOS with isolated kidney
disease, or limited extra-renal manifestations, is assumed (19, 20).

Classification of mitochondrial nephropathies

Mitochondrial nephropathies are hereditary (typical for child-
hood) or acquired (adult) (21). Mitochondrial kidney diseases
include:

a) Isolated disorders — Fanconi syndrome, Bartter-like syn-
drome, renal insufficiency, nephrolithiasis, nephrotic syndrome,
renal cysts, RTA, FSGS, tubulointerstitial nephritis (TIN), neph-
rocalcinosis, and benign or malign neoplasms (21, 22, 23, 24).

Fanconi syndrome — Full manifestation is characterized by dis-
orders of proximal tubule function. Basic characteristics are renal
glycosuria, nephrogenic (generalized) aminoaciduria, renal calci-
uria and phosphaturia, proximal RTA (RTA II). Another significant
feature is hyperchloremic metabolic acidosis, which is associated

with the full picture of Fanconi syndrome. Other features include
low molecular proteinuria, lactic aciduria (10).

From a biochemical point of view, most of the defects are the
defects of complexes III and/or IV (1/2 cases) followed by complex
I defects. Genetically, all types of mutations have been recorded,
most frequently large deletions of mtDNA. In the neonatal period
or in the first few months of life, Fanconi syndrome is associated
with mutation of the BCSL1 gene together with hepatopathy and
complex III deficiency (25). Histologically, the most common are
tubulointerstitial changes with proximal tubule epithelial damage
and the proliferation of abnormal MITO is present in the electron
microscope (26).

TIN — include patients with no evidence of Fanconi syndrome
with a morphological finding of tubular atrophy and sclerotized
glomeruli in renal biopsies, as well as extrarenal signs of MITO
disorders (26).

Cystic kidney disease — can also be a manifestation of MITO
cytopathy (7).

Renal tubular syndromes — affection of proximal or distal tu-
bules conditioned by mtDNA deletion (2). Representatives include
RTA with hypercalciuria (7).

FSGS — it is the most common manifestation of MITO glo-
merulopathy. It is mainly described in childhood age, although it
is also likely to occur in adulthood. It is associated with MELAS,
MITO myopathy and severe damage to subocytoses with abnormal
MITO. An important role in the FSGS pathogenesis is played by
mtDNA mutation (e.g. A3243G) (27). Characteristic of this is its
resistance to therapy (24). In the available materials, the general
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Tab. 1. Summary of mitochondrial cytopathy syndromes frequently associated with renal phenotypes (modified according 29).

Multiple sclerosis-like disease

MCS Clinical characteristics Clinical characteristics Genotype Reference
Progressive external ophthalmo-
plegia,

Kearns-Sayre Syndrome Retinal plgmentary degeneration, Balter—l}ke syndrome, RTA, Single large scale mDNA

(KSS) Progressive myopathy, Fanconi syndrome, deletions (26, 96)
Cerebellar ataxia, Severe tubulopathy
Cardiomyopathy,
Heart block
Stroke-like episodes (hemiparesis,

. . hemianopia, cortical blindness),
Ili/z[;(t:ctyicchscniit;:ilsEal;llc;phalopathy, Epilepsy, Dementia, Lactic FSGS. TIN Mutations in mtDNA, 5,7
. . acidaemia, Recurrent headaches, ’ most commonly m.3243A>G

Stroke-like Episodes (MELAS) Diabetes. Sensorineural
hearing loss, Short statur
Myoclonus, Epilepsy, Cerebellar

Myoclonus Epilepsy and ﬁ?;;;ﬁf;%gﬁiﬁigﬁingﬁgzss’ FSGS, Chronic TIN, Mutations in mtDNA, (7,97)

Ragged Red Fibres (MERRF) staiure De,men tia Muscle; biopsy Cystic renal disease (1 case) | most commonly m.8344A>G ’
—ragged red fibres

. . Visual loss with optic atrophy, Mutations in mtDNA,
Leber Hereditary Optic . . ? i
3 - >
Neuropathy (LFON) Wolff-Parkinson-White syndrome, | TIN most commonly m. 11778G>A, (7,97)

m.3460G>A, m.14484T>

Sensorineural hearing loss,

Maternally Inherited Diabetes | Diabetes, Macular retinal

FSGS

Point mutations in mtDNA, most (32, 36, 42, 98)

pancreatic insufficiency
Bone marrow biopsy
— ring sideroblasts

& Deafness (MIDD) dystrophy, Myopathy, Short commonly m.3243A>G
stature, Gastrointestinal disease
Developmental delay, Ataxia, Mutations in mtDNA
Leigh Disease Dementia, Dystonia, Seizures, Fanconi syndrome and nDNA, most commonly (26)
Vomiting, Respiratory failure involving complex I genes
Severe anaemia, Neutropenia,
Sensorineural hearing loss,
Pearson Syndrome Thrombocytopenia, %xocrine glrl:suclgrr:t?::h();,l\lz SGS, Single large-scale mtDNA )

Mesangial proliferation

deletions

Cerebellar Ataxia, Isolated
myopathy, Encephalopathy,
Myoglobinuria, Sensorineural
hearing loss

COQ,, Biosynthesis Defects

Nephrotic syndrome, FSGS,
Tubulopathy

Mutations in 8 nuclear
encoded mitochondrial
genes; PDSS1/2,
C0OQ2/4/6/9, ADCK3/4

(7,20, 99, 100)

MCS — mitochondrial cytopathy syndrome, RTA — renal tubular acidosis, FSGS — focal segmental glomerulosclerosis, TIN — tubulointerstitial nephritis, GN — glomeruloone-
phritis, mtDNA . mitochondrial deoxyribonuclear acide, nDNA — nuclear deoxyribonuclear acide

signs of MITO dysfunctions were described in childhood age,
which progressed to renal failure in later periods.

b) The component of multisystem defects — not all of the dis-
orders must be clinically expressed, which is the cause for the in-
consistency in its classification and names. Large mitochondria are
present in the histological image. In the clinical picture (especially
in childhood age), there are frequent extra-renal symptoms as the
myopathy, neurological symptomatology, hepatic dysfunction.
These syndromes are included: Pearson, KSS and Leigh syndrome,
MERREF, MELAS (2, 24 ,26, 28). Table 1 shows MITO cytopa-
thy syndromes frequently associated with renal phenotypes (29).

¢) Mutations of mtDNA or nDNA MITO proteins exhibiting
with renal involvement without defining a complex syndrome —
FSGS, interstitial fibrosis with renal failure progression. Most of
the mtDNA point mutations are associated with proteinuria, glo-
merular damage, and glomerulosclerosis in biopsy renal samples.
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Kidney involvement in MITO point mutations may not be accom-
panied by extra-renal manifestations (2, 30).

d) Nephropathy induced by MITO disorder in another organ/
system

Hypertension: are some indications that hypertension caused
by gene mutation mtDNA may be the cause of renal failure (31).

Diabetes mellitus (DM): this includes rare patients with MITO
dysfunction of Langerhans islets b-cells with clinical picture of DM
with a defined mtDNA mutation. It combines with the overall signs
of MITO diseases. A mutation from A to G of (A3243G) MITO
tRNA Leu (UUR) gene at position 3243 is identified in subjects
with a mother-inherited DM and deafness with other signs of MITO
defects: MITO myopathy, lactic acidosis, chronic progressive
external ophthalmoplegia, cardiomyopathy, FSGS progressing to
renal failure and not responding to therapy (32, 33). Its prevalence
is reported in 0.6—1.5 % of patients diagnosed with DM2 (34). In
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the study of Guillausseau et al up to 28 % of patients with DM2
3243 A-G mtDNA mutation were also found to have kidney dis-
ease histologically verified as FSGS (35). Some authors consider
patients with MITO DM predisposed to renal complications, par-
ticularly FSGS with progression to ESRD (32, 36).

Anew view of the pathogenesis of diabetic nephropathy (DN)
was published by Coughlan and Sharma (37). Their results are
based on the observation that ROS can also play a positive role in
cellular signals where they can act as a secondary messenger of
cell homeostasis control and can modulate important intracellular
processes. Patients with DN may develop ESRD due to multiple
changes in the kidneys including fibrosis. The relationship between
MITO dysfunction and increased or decreased ROS production
is not yet fully explained. Increased MITO ROS induces mtDNA

| Chronic kidney disease

Acute kidney injury |

Uremic toxins Uremic toxins

Mitochondrial damage

in the kidney

Fig. 3. Mitochondrial damage in acute kidney injury and chronic kid-
ney disease (modified according 53.)

Mitochondrial damage

A

damage, protein modifications, and lipid peroxidation, resulting in
MITO dysfunction, such as decreased complex activities, compro-
mised supercomplex formation, and inefficient electron transport.
MITO ROS causes MITO and cellular damage, conveying pro-
gression of DN. Cardiolipin plays a central role in the structural
formation of cristae and organization of ETC. In the progression
of DN is increase cardiolipin, and peroxidation of cardiolipin. Pre-
vention of cardiolipin peroxidation was protective in the works of
Ducasa, and suggestive that MITO ROS could potentially be both
a driving and responding factor to DN (8, 38, 39).

Another key concept explaining the role of MITO in diabetic
kidney damage is the reduction of MITO OXPHOS in the diabetic
environment and the production of ATP. In tissue models, redirec-
tion to glycolysis and ATP formation by aerobic glycolysis was
demonstrated in the kidney (37).

Some papers linking progression of DN with electron ETC
identified dysregulated complex I, III, and/or IV activity in mito-
chondria from either whole diabetic kidney or cortex in a number
of established animal models of DN (8, 40, 41). Mutations lead-
ing to compromised complex I function have been demonstrated
to contribute to kidney damage in animal models and human pa-
thologies (42, 43, 44). Whereas complex I activity seemed to be
increased in the early phase of DM in some studies (40), a large
body of evidence has ultimately shown that complex I, I1I, and
IV activities are reduced as DN progresses (8, 41). Likewise,
complex I activity in glomeruli and podocytes was shown to be
significantly diminished in DN (45). Consistent with these obser-
vations, at least one study has demonstrated that ATP levels in mi-
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Fig. 4. Mitochondrial dysfunction in the kidney and the skeletal muscle (modified according 53). CKD - chronic kidney disease; AKI — acute
kidney injury, ROS - reactive oxygen species; ATP- adenosine triphosphate.
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tochondria of the kidney cortex were decreased with progression
of DN (46), whereas other published studies indicated that ATP
production was unchanged (47). Notably, when MITO fitness was
assessed in these experiments by monitoring oxygen consumption
rate (OCR), it was observed that, during very early phases of DM
in animal models (1-4 weeks after induction of DM), OCR was
increased in the renal cortex and proximal tubular cells (48, 49),
and then slowly declined with progression of albuminuria (50). On
the other hand, OCR in glomeruli and podocytes were decreased
both in the early and late phases of DM (51).

e) Acquired MITO dysfunction in kidney diseases

Chronic kidney disease (CKD) is gaining epidemic dimensions
and represents an independent risk factor for renal failure, cardio-
vascular (CV) episodes, and overall mortality. The most common
causes of CKD include DM, hypertension, glomerulonephritis and
polycystic kidneys. In patients in the CKD IV-V stage, increased
production of ROS and upregulation of cytochrome oxidase (COX)
I and IV expression and inactivation of IV complex in peripheral
mononuclears was demonstrated, clearly demonstrating the asso-
ciation between CKD and MITO dysfunction (11, 52). Hyperten-
sion, DM, and obesity induce chronic MITO damage (53). Uremic
toxins accumulated in AKI and CKD also induce MITO damage.
On the other hand, MITO damage itself exacerbates kidney dam-
age, forming a vicious cycle in CKD progression (Fig. 3). MITO
damage, usually accompanied with morphological change for
altered dynamics and decreased biogenesis, results in ROS accu-
mulation or deficiency in ATP production. ROS production, which
can induce MITO damage, promote inflammation or cytochrome
C release leading to apoptosis. Low efficiency in ATP production
also leads to cell injury (Fig. 4) (53).

Transforming growth factor-p (TGF-p) is another important
factor involved in renal cell damage by apoptosis and renal fibrosis
followed by progression of CKD (54). Its profibrogenic effect is
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provided by oxidative stress and abnormal MITO formation and
apoptosis through endothelium-mesenchymal conversion (11).

For CKD, there is typically reduced performance, muscle
weakness and muscle atrophy in which pathogenesis MITO reduc-
tions in cross-striped muscles plays a significant role. CKD patients
have reduced muscle mass due to protein synthesis imbalance
and ubiquitin-protease degradation, acid-base imbalance, insulin
resistance, inflammation and reduced physical activity (55, 56).

Impaired MITO respiratory function, reduced muscle MITO
mass, and decreased energy production in skeletal muscle play a
critical role in this ‘acquired MITO myopathy’ and uremic sarco-
penia of CKD (Fig. 4) (53, 57).

In the experimental models, a high protein diet led to both
the volume correction of MITO and cross-striped muscles (58).
Low birth weight is one of the risk factors for CKD development
because it is associated with a lower number of nephrons. The
most frequently reported histological changes of low birth weight
CKD include glomerulopathy, especially FSGS (59). Imasawa et
al (60) published CKD cases conditioned by low birth weight with
documented mtDNA mutation with MITO cytopathy and renal
tubule involvement.

Acute Kidney Injury (AK]) is characterized by a rapid decline
in glomerular filtration and may contribute to the progression of
CKD to renal failure. In it‘s pathogenesis, apoptosis, oxidative
damage, iron-mediated damage, ischemia, sepsis, toxins, endothe-
lial changes, regeneration and repair, and inflammatory response as
well as MITO dysfunction play an important role (Fig. 3) (53, 61).

The mitochondrion is positioned to be a critical player in AKI
with its dual role as the primary source of energy for each cell and
as a key regulator of cell death (62). Already milder AKI has ad-
verse consequences and could progress to renal fibrosis, which is
the ultimate common pathway for various terminal kidney diseases.
Some studies have elucidated the pivotal role of mitochondria in
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acute injuries and demonstrated that the fitness of this organelle
is a major determinant in both the pathogenesis and recovery of
organ function. Recent research has suggested that damage to
MITO function in early AKI is a crucial factor leading to tubular
injury and persistent renal insufficiency. Dysregulation of MITO
homeostasis, alterations in bioenergetics, and organelle stress cross
talk contribute to the AKI-to-CKD transition (63).

A causal relationship has come to light between AKI and CKD.
Although the exact theory of progression to CKD after AKI re-
mains poorly understood to date, experimental results from animal
models have identified some cellular and molecular mechanisms
for the AKI-to-CKD transition (Fig. 5) (63)

Deletion of mtDNA leads to dysmorphs of MITO with dys-
functions of respiratory chain enzymes encoded in mtDNA tubu-
lar cells, resulting in tubular atrophy and interstitial fibrosis. In
the pathogenesis of AKI hypoxic tubular cell damage and micro-
circulation disorder are also participants. Endotoxins by direct
regulation of mtDNA replication lead to MITO dysfunction and
accumulation of oxidants in tubular cells (11).

In AKI pathogenesis, MITO dynamics, with changes in their
functions, including fragmentation with ATP production reduction,
dissociation and subsequent apoptosis during ischemic damage
induced stress, lead to increased production of ROS and opening
of MITO transit passages. In addition, MITO dysfunction is char-

acterized by the progressive accumulation of calcium and depres-
sion of OXPHOS (64).

Acute tubular necrosis may be caused by either nephrotoxic
drugs, which can lead to stress in the endoplasmic reticulum via
protein misfolding or renal ischemia leads to oxidative stress in
mitochondria. Both of these stresses lead to the generation of
ROS and consequently to acute renal damage (64). In renal tu-
bular necrosis, ROS participates in the AKI pathogenesis. In an
experimental study, a specific ROS scavanger led to both MITO
function and AKI correction (65).

f) Mitochondria and tumors of kidney — in 1930 Warburg
described an association between carcinogenesis, increased gly-
colysis and lactate production, and reduced OXPHOS despite
the presence of oxygen. In renal cell carcinoma, some character-
istic changes in carbohydrate metabolism have been identified:
increased glycogen and glucose-6-phosphatase concentrations,
activated glycolysis and gluconeogenesis reduction.

Mitochondria play two important roles in cellular processes,
namely OXPHOS and MITO apoptosis regulation, and are also one
of the most important sites of ROS creation. Mitochondrial DNA,
similar to ESRD and also in cases of renal carcinoma, shows a
number of mtDNA mutations, e.g. A3243G mutation in pediatric
renal carcinoma patients (66).
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To some extent, cancer is a genetic and metabolic disease that
is closely associated with MITO dysfunction. Hypoxia-inducible
factors (HIFs), which are major molecules that respond to hy-
poxia, play important roles in cancer development by participat-
ing in multiple processes, such as metabolism, proliferation, and
angiogenesis. HIFs have an effect on multiple MITO functions,
including MITO oxidative capacity, OXPHOS, biogenesis, apopto-
sis, fission, autophagy and directly involved in tumorigenesis and
may also specifically promote tumor development. Both HIFs and
MITO dysfunction can lead to complex reprogramming of energy
metabolism, including reduced MITO oxidative metabolism, in-
creased glucose uptake, and enhanced anaerobic glycolysis (Fig.
6) (67, 68). Decreased MITO activity is a reflection of adaptation
to hypoxic conditions during solid tumor development and creates
suitable conditions for the progression of carcinoma. The differ-
ence has not been found in MITO enzymatic activity and mtDNA
levels depending on the type (papillary, conventional and unclas-
sified sarcomatoid) of renal tumor, proliferative activity, stage, or
the presence of metastasis. Some authors have reported a reduced
number of copies of mtDNA as well as MITO dysfunction, which
can be compensated for by increased glycolysis — Wargburg effect,
thereby increasing the invasiveness of the tumor and increasing
its resistance to treatment (69, 70).

g) Drug mitochondrial nephrotoxicity — MITO injury is a
common event in drug-induced toxicity. The renal liability of
some drugs is likely to be the result of the high MITO density in
the cytoplasm of tubular cells coupled to the vast array of drug
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transporters highly expressed on the basolateral and brush border
membrane of proximal tubular cells. To improve the safety and thus
the therapeutic window of these drugs, the first important step is
to study in detail their cellular and molecular pharmacology. It is
of particular importance to comprehensively characterize the cel-
lular and subcellular transport and the molecular target(s) of neph-
rotoxic drugs. Additionally, it is essential to optimize, in humans,
dose and treatment schedule of the antioxidant supplementation
approaches that have been successfully tested in animals to fill in
the shortest time possible, the shortcoming of safe nephroprotec-
tive strategies. Information resulting from such targeted studies
could be exploited to design pharmacological strategies, which
uncouple the uptake of the drug from its toxic effect at the expense
of'the mitochondria by selective inhibition of the drug uptake into
the proximal tubular cells and/or by reducing the oxidative stress
burden derived from the MITO damage (71).

Administration of antiretroviral drugs, diuretics, antibiotics,
anti-tumor drugs, non-steroidal anti-inflammatory drugs can be as-
sociated with MITO nephrotoxicity (72, 73, 74, 75, 76, 77). Figure
7 shows tacrolimus induced MITO nephrotoxicity.

Clinical manifestations of mitochondrial nephropathy

The main but non-specific symptom of MITO diseases is the
weakness and intolerance of physical effort. It is either congeni-
tal or represents in early childhood age. In more than 1/3 of the
patients, the first signs appear before the first month of life and
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Tab. 2. Clinical signs of mitochondrial diseases (4).

Nervous system

apnea, lethargy, coma in neonatal period, psychomotor regression, cerebral ataxia, myoclonus, convulsion, dementia, spasticity,
hemiparesis in childhood, neurogenic bladder, migraine, polyneuropathy (sensory and/or motor), seizures, stroke-like episodes

Muscles

myopathy, poor head control, limb weakness, myalgia, exercise intolerance, hypotonia

Heart cardiomyopathy, cardiac block, arrhythmia

Gastrointestinal tract

vomiting, diarrhea, intestinal pseudo-obstruction, bowel motility disorders, exogenous pancreatic dysfunction

Liver hepatomegaly, hepatic dysfunction

Endocrine system

diabetes mellitus, growth hormone deficiency, hypoparathyroidism, hypothyroidism, hyporegene, hypoaldosteronism

Blood sideroblastic anemia, neutropenia, thrombocytopenia

Ears hearing disorders

Eyes prog.ress.ive e)ftemal ophthalmoplegia, ophthalmoparasis, pigment retinal degeneration, cataracts, optic nerve atrophy,
ptosis, diplopia

Skin trichotiodystrophy, butterfly pigmentation, acrocyanosis, vitiligo, marbled skin, anhydrose, hyperhidrosis, hirzutism, alopecia

Kidneys proximal tubulopathy, Fanconi syndrome, proximal tubular acidosis, Bartter-like syndrome, hypermagnesemia, proteinuria,

nephrotic syndrome, tubulointerstitial nephritis, focal segmental glomerulosclerosis, myoglobinuria, renal failure

up to 80 % up until the 2nd year of life. A very important role is
played by a targeted medical history focusing on the family his-
tory of kidney disease in the mother and siblings General signs of
MITO diseases are show in Table 2 (4, 22).

All kidney symptoms are also associated with extra-renal
symptoms that can precede kidney disease, or renal impairment
may be primary and kidney disease oriented investigation can dia-
gnose MITO syndrome affecting multiple organs.

Diagnosis of mitochondrial nephropathies

The diagnosis of MITO nephropathies is based on family his-
tory, blood tests, urine analysis, imaging, functional tests, biopsies
and genetic analysis.

The diagnostics include:
a) family history — maternally inheritance,
b) laboratory analyses,
— lactate acidosis — lactate in the blood and lactate/pyruvate
ratio is important
— ketoacidosis —a minimal physical activity lead to ketoacidosis,
— determination of CoQ,, in plasma — it is not a standard test
due to its financial difficulty,
¢) kidney biopsy — granular swollen epithelial cells (GSECs), me-
gamitochondria and deformed mitochodnria in tubules and micro-
vascular degeneration of the renal tubular epithelial cells, such as
in Leigh syndrome, diffuse interstitial fibrosis with tubular atrophy
and sclerosis of glomeruli are present (22, 78),
d) mtDNA detectable in urinary supernatant and kidney tissue.
Their levels correlate with renal function and scarring in DN (79),
e) skeletal muscle biopsy — histochemical, electon microscopic,
biochemistry and genetic analysis
— the special lined MITO ,,RRF* (ragged red fibers) were de-
scribed. After the introduction of electron microscopy and
the introduction of the Gomori-trichromatic method and the
succinate dehydrogenease reaction, the authors described
MITO aggregation with irregular stains under sarcolem (sub-
sarcolemmal MITO — SLM) or between fibrils (interfibrillar
MITO - IFM) (80),

— reduced enzymatic activity of the respiratory chain;
f) phosphorus magnetic resonance spectroscopy of muscles for to
study of muscle and brain enegry metabolism in vivo,
— inorganic phosphate (Pi), creatine phosphate (PCr), adenosin mo-
no-di or tri-phospate and intracellular pH may be measured (9),
— the Pi/PCr ratio for monitored at rest and during excercise
and recorecy,
g) genetic analysis — mutations of nDNA and mtDNA (81).
Diagnosis of the MITO kidney diseases may be complicated
by symptoms originating from other organs, as it is a disability of
the whole organ. Laboratory and biopsy findings are very impor-
tant for the determination of the diagnosis.

Therapy of mitochondrial nephropathy

Therapy of MITO nephropathy is the same as for non-MITO
nephropathy. However, drugs that are MITO-toxic should gener-
ally be avoided patients suffering of MITO diseases. Treatment
of MITO diseases must be complex with the aim of correcting the
symptoms that accompany the illness, since causal treatment is not
possible (28, 82). The inseparable elements of the therapy include
physical activity, diet and pharmacological treatment.

Physical activity regulates physical capacity and tolerance of
physical endurance by influencing MITO function by modifying
OXPHOS activity and cytochrome ¢ oxidase, resulting in increased
ATP level and OXPHOS activity. Last but not least, the increased
tolerance of physical activity also improves the quality of life of
patients with MITO diseases (28).

Mitochondrial dysfunction can lead to significant malnutri-
tion or even cachexia (83). Patients with MITO diseases require
a more caloric diet than healthy individuals. Optimal qualitative
as well as quantitative aspect is a high-fat, low-glucose ketogenic
diet that stimulates the use of lipids for MITO B-oxidation by the
production of ketones by the liver (84). Its positive effects have
been proven by the regulation of energy metabolism in the brain,
inhibition of ROS production, increased ATP concentration, in-
creased neuronal-glia interaction, reduced epileptic seizures, and
slow disease progression (84).
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The cocktail of vitamins and co-factors can be recommended
to correct deficiency or defective transport, especially of carni-
tine and CoQ .

Omega-3 polyunsaturated fatty acids (PUFA) reduce inflam-
mation in epithelial cells of the renal tubules by upregulating
PPAR-y. Also reduces IL-5, IL-1B, TNF-a, and C-reactive protein
(CRP) inflammatory markers in patients in the predialysis phase
of CKD and modulates lipid levels, has antithrombotic and anti-
hypertensive effects that allow its vascular and endothelial effects,
used in CKD, CV diseases and DM (85).

E vitamin — a-focopherol — supplementation in patients with
CKD shows controversial results. In patients in ESRD, it reduced
the risk of CV disease and oxidative stress and increased the eryth-
rocyte antioxidants SOD, Gpx and CAT (86). A study has also
been published suggesting that high doses of E-vitamin (> 400
mg/day) can increase overall mortality. However, the presented
study was subject to criticism for non-standard conditions as well
as evaluation methods (87).

Carnosine inhibits the formation of glycemic end products
(AGEs) and its administration has been shown to be beneficial
in patients with DN by affecting the carnosinase CNDP1 gene
responsible for DN (88).

L-arginine supplementation modulates oxidative stress by
reducing MDA, myeloperoxidase and xanthine oxidase, and in-
creases glutathione and modulates NO dysregulation and endo-
thelial dysfunction in CKD and CV diseases (89). Its intravenous
administration has led to a reduction in ischemic tissue damage,
and has also reduced clinical manifestations in terms of frequency
and severity of vascular-like episodes (83).

The use of thiamine (B1), vitamin C, alpha-lipoic acid is also
recommended (28).

Riboflavin — vitamin B2 — administration at a dose of 100 mg/
day is recommended for the treatment of MITO nephropathies as
a part of prevention of damage mainly in patients with complex
I deficiency (90)

Supplementation of CoQ10 is recommended because some
genetic diseases have CoQ10 deficiency, the causative treatment
is its supplementation. The combination of CoQ10 with vitamin
C and carnitine, as an artificial receptor and cofactor, showed a
partial positive effect (11). In cases of MITO nephropathies it
is recommended to administer CoQ10 alone or in combination
with E vitamin and C vitamin, which, in addition to nephrologic
symptomatology, also affects the overall MITO affliction of the
organism (20, 91). In our studies we demonstrated increased lipid
peroxidation (elevated level of MDA) and decreased CoQ10 levels
dependent on the nephrology diagnosis) and on the renal function
decline in patients with TIN-based CKD (15, 16, 92). Supplemen-
tation of 240 mg/day in combination with 100 mg of vitamin E
and 30 mg of vitamin C per day led to the optimalized levels of
CoQ10 and decreased of lipid peroxidation (decreased level of
MDA). Supplementation also tended to adjust the lipid spectrum
in patients with CKD (16, 91, 92).

The benefit of carnitine supplementation was documented
in hemodialysis patients with CV complications and anemia as
they demonstrated reduced levels in dialysis patients compared
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to healthy and predialysis patients with CKD. This led to the
correction of renal anemia, lipid abnormalities and cardiac dys-
function and reduced the level of homocysteine and oxidative
stress (93).

Supplementation by sodium bicarbonate, potassium, vitamin
D, phosphorus and water is used in patients with proximal tubu-
lopathy.

Thiazolidine PPAR-y ligands are used in the treatment of DM2.
In both experimental and human studies, their effect has been
proven in reducing proteinuria, fibrotic response and protection
of podocytes and vessels through reduction of ROS production
and modification of MITO electron transport (93, 94). In addition,
thiazolidines affect renal fibrosis by lowering TGF-3 production,
and reduce proteinuria in diabetic nephropathy via direct nephro-
protective effect (95). Patients with non-diabetic nephropathies,
the number of clinical trials confirming the positive effect of
thaizolidines on the progression of nephropathy is rising, e.g. pa-
tients with primary FSGS (11).

Targeted treatment for MITO nephropathies is not well known
and causal treatment using genetic defects induced MITO dys-
functions is currently limited to laboratory conditions. Allogeneic
hematopoietic cell transplantation was tested in the treatment of
some MITO cytopathies with the goal to eliminate mtDNA-mu-
tation induced toxicity (11).

Conclusion

Mitochondrial diseases represent a new serious issue of con-
temporary medicine. At present, nephrology focuses on improving
diagnostics and consequently influencing therapy procedures in
patients with MITO nephropathies or renal damage due to MITO
dysfunction.

Early diagnosis and correct management of MITO nephropa-
thies can positively affect morbidity and mortality from these
diseases.

Mitochondrial medicine, including MITO nephrology, is a
modern and promising field that will develop in the future and
provide explanations in the etiopathogenesis of several diseases.
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