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Editorial on the Research Topic
Mitochondria in Renal Health and Disease

The mitochondria is a unique cell hub that integrates many signaling pathways and determines
the fate of the cell. Proper functioning of the mitochondria is especially important for the kidney,
since the kidney is one of the most energy-demanding organs. Energy is required to sustain the
intense transport processes, which constitute one of the most important renal function. In terms
of the relative rate of oxygen consumption, kidney mitochondria are in second place after the
heart (Boveris et al., 2006), ahead of the liver and brain. In addition, the kidney mitochondrial
abundance is higher, compared to the brain and heart, second only to the liver (Schulz et al,
2015). While the production of energy and ATP is the key function of the mitochondria in the
kidney, these organelles also regulate such processes as apoptosis, steroid synthesis, calcium and
iron homeostasis, and a number of others that are discussed in the Topic.

It is known that the main substrate for energy production in the renal tubules are fatty acids, so
in the Research Topic several papers discuss the effect of kidney mitochondria on lipid metabolism
and the relationship of disorders in B-oxidation of fatty acids and the development of various
kidney pathologies. Thus, in review by Lin and Duann, the recent advances in understanding
of lipid metabolism role in the function of kidney mitochondria and the molecular mechanisms
related to dyslipidemia during kidney disease progression are summarized. Authors discuss
molecules targeting mitochondrial lipid metabolism and dysfunction, including pharmacological
agents promoting mitochondrial fatty acid oxidation, mitochondrial biogenesis, and ATP synthesis,
as well as mitochondrial antioxidants and cardiolipin stabilizers.

In the review by Console et al. the network of transporters and enzymes responsible for the
mitochondrial fatty acid oxidation is considered in detail, focusing on derangements that underlie
acute kidney injury (AKI). Restoring mitochondrial B-oxidation might reverse or attenuate renal
failure. As the PGC-1a/PPARa axis governs transcriptional regulation of fatty acid oxidation, it was
proposed as therapeutic target in AKI.

The complex interaction of mitochondria and lipotoxicity is discussed in detail in a review
by Ge et al. They prove that there is a vicious cycle when stress-induced reactive oxygen species
(ROS) production inhibits mitochondrial fatty acid B-oxidation and lipid utilization, which causes
lipotoxicity and, in turn, increased ROS-generation. Thus, authors provided the evidence that
both altered mitochondrial function and lipid metabolism may contribute to the pathogenesis of
kidney diseases via lipid accumulation. Therefore, identification of therapeutic targets that break
this vicious cycle may offer novel therapeutic interventions.

High energy-demand is characteristic of both the kidney and the muscles that is why
mitochondrial dysfunction is a common event for pathologies such as chronic kidney failure and
sarcopenia. Chronic kidney disease (CKD) is an illness that by itself exhibits sarcopenia symptoms.
In the review by Takemura et al. the data indicating mitochondrial dysfunction in the skeletal
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muscle of patients with CKD are reported. Authors discuss
therapeutic strategies with some factors related to the
mitochondria in CKD that could provide renoprotection.

One of the main consumers of energy produced by
the kidney mitochondria are ion pumps, which provide
the transport of organic compounds and inorganic ions
through the tubular cells. Membrane proteins such as organic
anion transporters and the organic cation transporters are
highly expressed on the proximal tubular cells and carry
a wide range of solutes across the plasma membrane. In
addition to the natural metabolites, these carriers are able
to transport a number of xenobiotics, including drugs. As
a result of accumulation of such nephrotoxic agents, a
drug-induced AKI can develop. The mechanisms of this
accumulation of drugs and their negative impact on the
functioning of mitochondria are discussed in the review by Gai
etal.

In addition to the excretion of drugs and xenobiotics, the
kidneys maintain the homeostasis of various metal ions, whose
amount can raise excessively because of some pathologies
(hemochromatosis, hemoglobinuria) or consumption with food.
Mitochondria are the main buffer and storage for ions such as
iron, copper, manganese, and calcium, and on the other hand,
it can suffer from their toxic effects. These cross-talk between
mitochondria and metal ions are discussed in the review by
Thévenod et al. The authors showed that the renal mitochondria
have special transporters for iron in the outer mitochondrial
membrane, which are also able to transport cadmium. The
accumulation of these metals in the kidney mitochondria
leads to its damage and the development of nephrotoxicity
and AKI.

Calcium ions, which are also buffered by the mitochondria,
are important for the development of urolithiasis. The
association among mitochondrial dysfunction, intracellular
or mitochondrial calcium concentration, and kidney

stone pathogenesis are comprehensively discussed in
the article by Chaiyarit and Thongboonkerd. They
point that mitochondrial dysfunction alone is not

sufficient to induce kidney stone formation, however, it is
associated with oxidative stress and tissue inflammation
in kidney.
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The majority of renal pathologies are associated with the
development of oxidative stress, in which mitochondria play a
key role by producing ROS. Therefore, the antioxidant systems
of the renal cells play a pivotal role in stress tolerance. The
review by Kitada et al. examines the key functions of the
mitochondrial antioxidant enzyme MnSOD, as well as the
possibilities of correcting redox homeostasis with mitochondria-
targeted antioxidants.

Finally, the importance of maintaining a pool of normally
functioning mitochondria in kidney cells was demonstrated in
the work of Zhu et al. The authors investigated the role of
autophagy mediated by PINK/Parkin in the protection of kidney
cells from ischemic damage. The protein augmenter of liver
regeneration (ALR), which is ubiquitously expressed, stimulated
the activation of mitophagy after ischemia/reperfusion, resulting
in reduced mitochondrial dysfunction and production of ROS.

CONCLUSION

Mitochondria are pivotal for maintaining the health and function
of the metabolically active kidney by providing efficient energy
support for maintenance of ions homeostasis and elimination
of waste metabolites and environmental toxicants, including
drugs. The articles collected in the Research Topic show that
mitochondria are central element of several damaging cycles,
such as lipotoxicity, accumulation of bivalent metal ions, and
drug-induced AKI. In all these cases, protection of the renal
mitochondria and effective mitochondrial quality control can be
the factor that breaks the vicious circle and prevents the loss of
kidney function.
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Ischemia—reperfusion (I/R) is the most common cause of acute kidney injury (AKI)
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mitochondria. Our previous study showed that augmenter of liver regeneration (ALR)
alleviates tubular epithelial cells apoptosis in rats with AKI, although the specific
mechanism remains unclear. In this study, we investigated the role of ALR in I/R-
induced mitochondrial pathway of apoptosis. We knocked down ALR with short hairpin
RNA lentiviral and established an I/R model in human kidney proximal tubular (HK-2)
cells in vitro. We observed that the knockdown of ALR aggravated mitochondrial
dysfunction and increased the mitochondrial reactive oxygen species (ROS) levels,
leading to an increase in cell apoptosis via inhibition of mitophagy. We also found that the
PINK1/Parkin pathway was activated by I/R via confocal microscopy and Western blot.
Furthermore, the knockdown of ALR suppressed the activation of PINK1 and Parkin.
These findings collectively indicate that ALR may protect HK-2 cells from I/R injury by
promoting mitophagy, and the mechanism by which ALR regulates mitophagy seems
to be related to PINK1 and Parkin. Consequently, ALR may be used as a potential
therapeutic agent for AKI in the future.

Keywords: augmenter of liver regeneration, mitochondria, mitophagy, PINK1, Parkin, ischemia-reperfusion injury

INTRODUCTION

Acute kidney injury (AKI) is a common and severe renal disease characterized by a rapid loss of
kidney function. Mounting studies reported that AKI is an independent risk factor for end-stage
kidney disease and chronic kidney disease and that severe AKI can induce multiorgan dysfunction
(Chawla et al., 2014; Ferenbach and Bonventre, 2015; Venkatachalam et al., 2015). No effective

Frontiers in Physiology | www.frontiersin.org

6 March 2020 | Volume 11 | Article 178


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2020.00178
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2020.00178
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2020.00178&domain=pdf&date_stamp=2020-03-13
https://www.frontiersin.org/articles/10.3389/fphys.2020.00178/full
http://loop.frontiersin.org/people/855301/overview
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Zhu et al.

Anti-apoptosis Effect of ALR

treatment is available; thus, severe AKI is accompanied with
a high mortality and has become a global public health issue
and socioeconomic burden. A range of factors can lead to
AKI, including ischemia reperfusion (I/R) injury, sepsis, and
nephrotoxins (Mehta et al., 2016). Renal I/R is a main cause
of AKI and is characterized by a reduction in the tissue blood
supply, which causes acute tubular injury. Re-establishing the
blood supply following prolonged ischemia stimulates vascular
endothelial cells and enhances the generation of reactive oxygen
species (ROS). The excessive production of ROS causes oxidative
damage in renal tubular epithelial cells, ultimately leading to
apoptosis or necrosis (Malek and Nematbakhsh, 2015).
Although the molecular mechanism underlying renal tubular
epithelial cell apoptosis in I/R injury is still poorly understood,
compelling evidence suggests that mitochondrial dysfunction
plays a critical role in apoptosis by producing ROS and
releasing cell death factors (Kezic et al, 2016; Yu and Lee,
2016). Cellular stresses, such as ischemia, hypoxia, and glucose
deprivation, can cause mitochondrial damage or dysfunction.
Therefore, the timely removal of these organelles is critical to
cellular homeostasis and viability. Mitophagy, a type of selective
autophagy, is a key mechanism in controlling mitochondria
quality (Tatsuta and Langer, 2008; Ishihara et al., 2013; Hall and
Schuh, 2016). Currently, two main mechanisms of mitophagy
have been suggested (Parkin-dependent and Parkin-independent
pathways). The Parkin-dependent pathway involves phosphatase
and tensin homolog (PTEN)-induced putative kinase 1 (PINK1)
and Parkin RBR E3 ubiquitin protein ligase [Parkinson disease
2 (Parkin)], which is the most recognized mitophagy pathway in
mammalian cells (Valente et al., 2004). In addition, the Parkin-
independent pathway of mitophagy is mediated by Bcl-2 and
adenovirus E1B 19-kDa-interacting protein 3 (BNIP3) or BNIP3-
like (BNIP3L), which is critical for erythroid maturation (Ashrafi
and Schwarz, 2013). Notably, a recent study reported that
FUNDCI, a mitochondrial outer-membrane protein, mediates
hypoxia-induced mitophagy in mammalian cells and protects the
heart from I/R injury (Liu et al., 2012; Zhang et al., 2017).
Augment of liver regeneration (ALR), also known as hepatic
stimulator substance, specifically stimulates the regeneration
of hepatocytes (LaBrecque and Pesch, 1975). ALR protein is
encoded by the growth factor ervl-like (GFER) gene and is
highly homologous to the yeast ERV1 family protein (Lange
et al,, 2001). Accumulating evidence has shown that ALR is
expressed ubiquitously in all organs, including the kidney (Tury
et al., 2005; Liao et al., 2010). ALR is expressed as a short
(15 kDa) and long form (23 kDa). The 15-kDa ALR is mainly
secreted from hepatocytes into the extracellular environment,
while the 23-kD ALR is reported to in the intermembrane
space (IMS) of mitochondria and participates in a redox relay
system that mediates the import of proteins to the IMS (Mordas
and Tokatlidis, 2015; Nalesnik et al., 2017; Jiang et al., 2019).
Increasing evidence has shown that ALR has an antiapoptotic
effect (Polimeno et al.,, 2012). Our earlier study reported that
ALR expression is markedly increased in the renal cortex or
outer stripe of the outer medulla in rats with AKI (Liao et al,,
2009). Intraperitoneal injection of exogenous recombinant ALR
enhances the proliferation of renal tubular cells and prevents

tubular cell apoptosis (Liao et al., 2010). Furthermore, we found
that the knockdown of ALR suppresses mitochondrial biogenesis
in I/R injury in vitro (Huang et al, 2018). However, if and
how ALR participates in the mitophagy pathway of apoptosis in
AKI remains unknown, although mitochondria deficiencies are
closely associated with apoptosis.

In the present study, we used human kidney proximal
tubular (HK-2) cells to establish an I/R model in vitro
(Huang et al., 2018; Tang et al., 2018), and ALR was knocked
down in HK-2 cells by infection with short hairpin RNA
(shRNA) lentiviral particles to investigate the effects of ALR on
cell apoptosis, mitochondrial dysfunction, and PINK1/Parkin-
mediated mitophagy during I/R injury.

MATERIALS AND METHODS

Cells, Reagents, and Antibodies

HK-2 cells were purchased from the American Type Culture
Collection (ATCC, Rockville, MD, United States). The
ALR shRNA lentiviral and control shRNA lentiviral were
purchased from Genechem Co. Ltd (Shanghai, China). The JC-1
fluorescence kit and Annexin V-FITC/PI apoptosis detection
kit were obtained from Sigma-Aldrich (MO, United States).
MitoSOX was obtained from Invitrogen (Thermo Fisher, MA,
United States). 4,6-Diamidino-2-phenylindole was acquired
from KeyGen Biotech. Co. Ltd (Nanjing, China). The ALR
primer was designed by Sangon Biotech Co., Ltd (Shanghai,
China). Total RNA extraction kit and its reverse transcription
kit were obtained from Takara Biotechnology (Shiga, Japan).
Anti-PINK1, anti-Parkin, anticytochrome c¢ oxidase subunit
IV (anti-COX 1IV), antitranslocase of outer mitochondrial
membrane 20 (anti-TOMM20), antitranslocase of inner
mitochondrial membrane 23 (anti-TIMM23), anti-P62, and
anticleaved caspase-3 (CASP-3) were purchased from Abcam
(Cambridge, United Kingdom). Anti-ALR and anti-LC3B
were purchased from Thermo Scientific (Thermo Fisher) and
Cell Signaling Technology (CST, United States), respectively.
Antibeta actin (anti-B-actin) was from Tianjin Sungene Biotech
Co., Ltd (Tianjin, China). Cell mitochondrial extraction
kits and all secondary antibodies for fluorescent labeling or
immunoblot analysis were from Beyotime Biotech Co., Ltd
(Shanghai, China).

Cell Culture and Lentiviral Transduction

HK-2 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM)/F12 media (Hyclone, Logan, UT,
United States) with 10% fetal bovine serum (Hyclone)
and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA,
United States). All cells were cultivated at 37°C in a humidified
incubator with 5% CO,. HK-2 cells were plated in 6-cm
culture dishes, then transduced with LV-ALR shRNA and
LV-shRNA at a multiplicity of infection (MOI) of 4, according
to the manufacturer’s operations. After 72 h, the successfully
transduced cells were selected with puromycin (Sigma-Aldrich
Corporation). For stable transduction, transduced cells were
cultured in complete medium containing 3 pg/ml of puromycin
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(this concentration of puromycin kills all normal HK-2 cells)
for 2 weeks for the next experiment. Western blotting and
a quantitative real-time polymerase chain reaction (qPCR)
were performed to verify the efficiency of infection. The
sequences used to clone the full-length ALR gene were as follows:
forward primer, 5'-ATCGGGATCCCGCCACCATGGCGGCGC
CCGGCGA-3'; and reverse primer, 5-CGGGTACCGGTGTCA
CAGGAGCCA TCCTTC -3'.

Model of Ischemia/Reperfusion Injury

in vitro

To induce I/R injury in vitro, HK-2 cells initially were cultured
with serum-free media for 12 h to synchronize cell growth.
After that, HK-2 cells were washed twice with sterile phosphate-
buffered saline (PBS) and incubated in D-glucose free and serum-
deprived media in a hypoxic incubator (Thermo Fisher) with
1% O3, 5% CO,, and 95% N, for 6 h at 37°C. Then, HK-2
cells were moved to a humidified incubator containing 21% O,
and 5% CO; and cultured in DMEM/F12 medium supplemented
with 10% fetal bovine serum (FBS) for 3, 6, 12, or 24 h. At
the end of treatment, cells were monitored morphologically or
harvested with the indicated buffers to collect cell lysates for
biochemical analyses.

Lactate Dehydrogenase Assay

A lactate dehydrogenase (LDH) cytotoxicity assay kit (Beyotime
Biotech Co., Ltd, Shanghai, China) was used to test cell injury
caused by I/R. The observation time point was 12 h of reperfusion
followed by 6 h of ischemia. According to the manufacturer’s
recommendations, normal and infected lentiviral cells were
plated at a density of 3 x 10% per well in 96-well plates. After
I/R treatment, the supernatant was collected via porous plate
centrifugation (400 x g for 5 min). The optical density (OD)
at a wavelength of 460 nm was measured using a microplate
reader (Molecular Devices, LLC, Sunnyvale, CA, United States).
The level of LDH release was calculated according to the
instructions. The experiment was performed three times under
the same conditions.

Isolation of Mitochondria

Isolation of the mitochondria was performed with a cell
mitochondrion extraction kit (Beyotime Biotech Co., Ltd) in
accordance with the manufacturer’s guidelines. In brief, cells
were harvested after centrifugation at 500 x g for 5 min, then
washed with ice-cold PBS. A glass homogenizer was then used to
fully homogenize cells after adding the mitochondrial separation
reagent and phenylmethylsulfonyl fluoride (PMSF) from the
kit. After centrifugation at 1,000 x g for 10 min at 4°C, the
supernatant was collected, transferred to an ice-cold tube, and
centrifuged at 11,000 x g for 10 min at 4°C. Subsequently, the
pellet was resuspended in mitochondrial lysate containing PMSF
and contained the mitochondrial proteins.

Confocal Microscopy
Confocal microscopy was used to investigate whether LC3,
PINKI1, or Parkin colocalized with the mitochondria. TOMM?20,

a mitochondrial outer membranous protein, was used to
label mitochondria. HK-2 cells were seeded onto a glass-
bottomed dish (NEST, Beijing, China) for confocal microscopic
observation. After I/R treatment, HK-2 cells were rinsed
twice with PBS and then fixed with 4% paraformaldehyde
for 20 min at 37°C. All cells were permeabilized with 0.3%
Trion X-100 for 20 min and washed with PBS. Next, the
cells were blocked with 5% bovine serum albumin (BSA) and
incubated overnight at 4°C in primary antibody (concentration
of antibodies according to manufacturer’s instruction). The cells
were rinsed twice with PBS and then further incubated with
fluorescein isothiocyanate (FITC)- or tetramethylrhodamine
isothiocyanate ~ (TRITC)-conjugated  secondary antibody
at room temperature for 1 h. At last, 4,6-diamidino-2-
phenylindole was used to dye the nuclei. The images were
detected and analyzed via laser scanning confocal microscopy
(Nikon, Ti2000, Japan).

Quantitative Real-Time Polymerase

Chain Reaction

Total RNA was extracted from lentiviral infected and normal
HK-2 cells using total RNA extraction kits (Takara, Kusatsu,
Japan). Total RNA was reverse-transcribed to ¢cDNA using
a PrimeScript™ II Reverse Transcriptase kit (Takara). Real-
time PCR was performed using SYBR Premix (Takara). For
quantitative analysis, the ALR gene and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) as a positive control were
amplified by SYBR Premix using a CFX Connect Real-Time
system (Bio-Rad, Hercules, CA, United States). Relative gene
expression was then analyzed using 2722, The human ALR
and GAPDH primers were as follows, ALR: forward, 5'-CAG
AAG CGG GAC ACC AAG TTT-3'; reverse, 5'-CAC ACT CCT
CAC AGG GGTAA-3'. GAPDH: forward,5-TGA CTT CAA
CAG CGA CAC CCA-3; reverse, 5-CAC CCT GTT GCT GTA
GCC AAA-3'. Three independent experiments were repeated.

Western Blotting

Cells were lysed in radioimmunoprecipitation assay (RIPA)
buffer (Bioteke Corporation, Wuxi, China) containing protease
and phosphatase inhibitors (Bioteke Corporation); then, protein
lysates were prepared from cell homogenate via centrifugation
according to the instructions. Protein samples were separated
by 10 or 15% sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis and transferred to polyvinylidene difluoride
membranes (EMD Millipore, Bedford, MA, United States). The
membranes were blocked with 5% BSA in TBST for at least
1 h and then incubated in specific primary antibodies at 4°C
for at least 12 h. Subsequently, membranes were soaked in
TBST containing secondary antibodies for 1 h and visualized by
enhanced chemiluminescence detection. The gray values of the
target bands were analyzed using the Image] software (National
Institutes of Health, Bethesda, MD, United States).

Transmission Electron Microscopy
After I/R treatment, HK-2 cells from each group were collected
and then fixed with 2.5% glutaraldehyde and embedded by
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epoxy resin. The sample slice thickness was ~50 nm. The
morphologic alterations of mitochondria were detected by TEM
(Hitachi, Tokyo, Japan).

Detection of Mitochondrial Membrane

Potential

Mitochondrial membrane potential (MMP) was assessed using
a JC-1 fluorescence dye. Normal HK-2 cells and I/R injured
HK-2 cells were rinsed twice with PBS and incubated with
JC-1 (300 nM) for 20 min at 37°C. Cells were washed twice
with JC-1 staining buffer (1x), then incubated with complete
medium for detection using a confocal microscope, or collected
for measurement via flow cytometry with 485 nm excitation and
528 nm emission wavelengths.

Detection of Intracellular ATP

The intracellular ATP levels of HK-2 cells was assessed using an
ATP assay kit (Beyotime Biotech, Shanghai, China), Experimental
methods and procedures were operated according to the
manufacturer’s protocol. The ATP content of the cells was
measured in nmol/mg protein.

Detection of Mitochondrial ROS

Normal HK-2 cells and I/R injured HK-2 cells were washed twice
with PBS. Then, HK-2 cells were incubated in 5 uM MitoSOX for
10 min in the dark at 37°C. Cells in each group were collected
separately, and the fluorescence levels of MitoSOX of each group
was measured by flow cytometry with 488 nm excitation and
525 nm emission wavelengths.

Measurement of Apoptosis

Apoptosis was measured by immunoblot analysis of cleaved
caspase-3 and flow cytometry. The process of immunoblot
analysis of cleaved CASP-3 was described under Western
blotting. Flow cytometry was carried out by double-labeling of
Annexin V and propidine iodide following the manufacturer’s
instructions. Three independent experiments were repeated.

Statistical Analyses

All data are represented as mean =+ standard deviation (SD).
Statistical analysis between two groups was performed with
Student’s t test. Statistical analysis between multiple groups was
performed with one-way ANOVA followed by Tukey’s post hoc
tests. Significant difference was considered as p < 0.05.

RESULTS

Mitochondrial Damage, Mitophagy, and
Activation of ALR Induced in HK-2 Cells

by I/R

In the present study, immunoblot analysis showed that
the protein level of LC3-II, an autophagy biomarker, was
significantly upregulated after reperfusion, peaking at 12 h,
followed by a decrease. The change in LC3-II was associated
with a gradual reduction in the mitochondrial inner membrane

protein TIMM23 and translocase of outer mitochondrial
membrane 20 (TOMM20). These results indicated that
mitochondria clearance or mitophagy was induced in HK-
2 cells subjected to I/R and was more notable after 6 h of
ischemia and 12 h of reperfusion (I6R12; Figures 1A,B).
Thus, I6R12 was selected as an observation point to perform
the next experiments. Then, we used TEM to examine the
changes of mitochondrial morphology and mitophagosome
in HK-2 cells. After I/R treatment, mitochondrial swelling,
loss of mitochondrial cristae, and vacuole formation in the
mitochondria matrix were apparent in HK-2 cells (Figure 1C-ii),
and mitophagosomes, as well as autophagosomes, were also
found (Figure 1C-iii). There were more autophagosomes in
the I/R group (Figure 1D). These findings further confirmed
the activation of mitochondrial damage and mitophagy were
induced by I/R.

Because 23-kD ALR is mainly localized in the IMS of
mitochondria, and our previous study showed that 23-kD ALR
had a protective role in mitochondria via reduction in ROS
(Xia et al, 2015). We investigated whether 23-kD ALR was
involved in I/R-induced mitophagy. We found that 23-kD ALR
protein expression gradually increased at 12 h and decreased
after 24 h. These changes in 23-kD ALR protein expression
indicated that 23-kD ALR might be involved in the process of
mitophagy induced by I/R.

PINK1/Parkin Pathway Was Activated by

I/R in HK-2 Cells

In kidney disease, the PINK1/Parkin pathway was reported
to play a dominant role in mitophagy (Lin et al, 2019). In
this study, an activation of the PINK1/Parkin pathway at the
time point of I6R12 was measured using immunofluorescence
and immunoblot analysis. Immunofluorescence showed many
clear green dots as a sign of PINKI or Parkin in HK-2 cells
after I/R. In contrast, only weak green immunofluorescence was
observed in the normal group. Costaining with TOMM?20, a
mitochondrial marker, showed colocalization of PINK1/Parkin
with mitochondria in I/R-treated HK-2 cells, indicating the
activation of the PINKI1/Parkin pathway induced by I/R.
Consistent with immunofluorescence, immunoblot analysis
showed that PINK1/Parkin from mitochondria was upregulated
by I/R (Figure 2).

Silencing of ALR Increases HK-2 Cells
Susceptibility to I/R Treatment

HK-2 cells were transduced with a lentiviral vector carrying
ALR shRNA to knock down the expression of ALR. The
expression of ALR was examined by qPCR and immunoblotting
analysis. The results of immunoblotting analysis showed
that the ALR protein expression in the shRNA/ALR group
was significantly lower than the normal or shRNA/control
group (0.29 £+ 0.07, 0.55 £ 0.01, 0.53 £+ 0.03, p < 0.01;
Figures 3A,B). Similar results were obtained by qPCR. These
results demonstrate the transduction efficiency of HK-2 cells.
LDH is a stable cytoplasmic enzyme in all cells and is released
rapidly following plasma membrane damage and thus used
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FIGURE 1 | Mitochondrial damage, mitophagy, and activation of augmenter of liver regeneration (ALR) were induced in HK-2 cells by ischemia-reperfusion (I/R).
(A,B) Immunoblot analysis and quantification of ALR, LC3, translocase of outer mitochondrial membrane 20 (TOMMZ20), and translocase of inner mitochondrial
membrane 23 (TIMM23). (C,D) Representative TEM images of mitochondrial morphology (square box), mitophagosomes (red arrow), and autophagosomes (black
arrow) in HK-2 cells. The observation timepoint was I16R12. Data are shown as a bar graph of the number of autophagosomes from five images of each group. Scale
bar: 2 pm. The images in the lower row show the amplification of the normal mitochondria, damaged mitochondria, and mitophagosomes. Scale bar: 200 nm. Data
represent means + SD. n = 3. *p < 0.05, “*p < 0.01, **p < 0.001, ***p < 0.0001.
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as an indicator of cell injury (Abdel-Latif et al., 2006). To
investigate whether ALR has a protective effect for HK-2 cells
in I/R treatment, we determined the levels of LDH release
in all three groups. The results showed that the release of
LDH in the shRNA/ALR group was clearly increased at the
timepoint of I6R12 (Figure 3D). In addition, the number
of cells in the ShRNA/ALR group was significantly decreased
after I/R compared with the shRNA/control or I/R group
(1.33 x 10* £+ 0.22, 2.15 x 10* £ 0.26, 2.2 x 10* + 0.18,
p < 0.01; Figure 3E). These results indicated that knockdown of
ALR enhanced I/R injury in HK-2 cells.

Silencing of ALR Inhibited I/R-Induced

Mitophagy in HK-2 Cells

To investigate whether ALR protects HK-2 cells from I/R
injury by regulating mitophagy, we examined the occurrence
of mitophagy in HK-2 cells. Confocal microscopy revealed
that the shRNA/ALR group had very few green puncta

of the autophagosome marker, LC3, but a large number
of green puncta was shown in the shRNA/control group.
Costaining with mitochondria revealed a reduction in colocalized
autophagosomes and mitochondria in the shRNA/ALR group
based on the Pearson’s correlation coefficient to evaluate the
overlap of LC3 and TOMM20. These results showed that
the formation of mitophagosomes was reduced after silencing
ALR (Figures 4A,B). Consistent with immunofluorescence,
immunoblot analysis of P62, LC3-II, TIMM23, and TOMM?20
revealed decreased autophagy activation and mitochondrial
clearance (Figures 4C,D).

Silencing of ALR Inhibited the Activation
of the PINK1/Parkin Pathway in HK-2
Cells During I/R

Our previous results showed that silencing of ALR inhibited
I/R-induced mitophagy in our experimental model. We also
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seen as yellow dots after merging, suggesting that PINK1 or Parkin gathered on the mitochondria. Scale bar = 50 um. (C,D) Immunoblot analysis and quantification

found that PINK1 and Parkin was activated by I/R, which
could be critical regulatory factors in mitophagy control.
Therefore, we further investigated the possibility that ALR
might mediate I/R-induced mitophagy via the PINKI/Parkin
pathway in vitro. The results showed that, in response to
I/R, HK-2 cells with ALR shRNA had a decrease in PINKI1
and Parkin protein expression, as well as colocalization with
mitochondria in immunofluorescence staining compared with
cells with control shRNA (Figure 5). Consequently, the

signaling pathway of ALR regulating mitophagy may involve
PINKI and Parkin.

Silencing of ALR Aggravated I/R-Induced
Mitochondrial Dysfunction in HK-2 Cells
Because ALR may regulate mitophagy, we further investigated
the effects of ALR on I/R-induced mitochondrial dysfunction in
HK-2 cells. As shown in Figures 6A-C, a loss of mitochondrial
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FIGURE 3 | Silencing of augmenter of liver regeneration (ALR) increases HK-2 cells Susceptibility to ischemia-reperfusion (I/R) treatment. (A,B) Immunoblot analysis
and quantification of ALR. (C) The expression of ALR messenger RNA (MRNA) was measured via quantitative real-time PCR (gPCR). Data represent means + SD.
n=3."p <0.01, "™p < 0.001. (D) The lactate dehydrogenase (LDH) released in the supernatant of cultured cells was measured at the indicated time. A significant
increase was observed in the short hairpin (shRNA)/ALR group when compared with the shRNA/control group or I/R group. (E) The cell number was counted in
three groups at I6R12. The cell number of sShRNA/ALR group clearly decreased after I/R. Data represent means + SD. n = 4. **p < 0.01.

membrane potential was noted under I/R treatment, which
was assessed by JC-1 staining and flow cytometry, and was
further accelerated by the knockdown of ALR. In addition,
silencing of ALR aggravated the inhibitory effect of I/R on ATP
production (Figure 6D).

Silencing of ALR Enhanced I/R-Induced
Mitochondrial ROS Generation

Mitochondrial dysfunction induces harm via the induction of
mitochondrial ROS production or mitochondrial permeability
transition, or both. The knockdown of ALR aggravated
mitochondrial dysfunction. Subsequently, we explored the effect
of silencing the ALR gene on I/R-induced mitochondrial ROS
generation; we used MitoSOX kit to measure the production
of mitochondrial ROS by flow cytometry. The results showed
that mitochondrial ROS levels were significantly increased in
the ShRNA/ALR group after I/R, compared with shRNA/control
group (1.209 x 10° + 17,738, 0.898 x 10° + 45752,
p < 0.0001; Figure 7).

Silencing of ALR-Sensitized HK-2 Cells
to I/R-Induced Apoptosis

To determine the effect of silencing of the ALR gene on
I/R-induced renal tubular cell injury, we initially investigated

I/R-induced apoptosis of HK-2 cells via flow cytometry. Cell
apoptosis in the shALR/ALR group was higher than that
of shALR/control group (35.71 £ 2.157%, 14.35 + 1.105%,
p < 0.0001; Figures 8A,B). The flow cytometer assay results
were confirmed by Western blot analysis of activated CASP-
3. In response to I/R, the level of activated CASP-3 in HK-
2 cells with silencing ALR was significantly higher than that
of the short hairpin RNA (shRNA)/control (1.05 + 0.14,
0.72 £ 0.05, p < 0.01; Figures 8C,D). Collectively, these
findings suggested that ALR played a cytoprotective role in I/R
injury in vitro.

DISCUSSION

The main pathological phenotype of AKI is tubular damage,
including apoptosis. ALR has been reported to have an
antiapoptosis function (Polimeno et al., 2012); however, the
mechanism underlying this effect remains unclear. In this study,
we first showed that activation of ALR and mitochondrial
dysfunction were induced in I/R-AKI in vitro. Then, we
showed that a deficiency in ALR increased mitochondrial ROS
production and mitochondrial deficiencies accompanied with
inhibition of PINK1/Parkin-mediated mitophagy, contributing
to cell apoptosis in I/R in vitro. Therefore, we proposed that
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FIGURE 4 | Silencing of augmenter of liver regeneration (ALR) inhibited ischemia—reperfusion (I/R)-induced mitophagy in HK-2 cells. (A,B) Representative images
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FIGURE 5 | Silencing of augmenter of liver regeneration (ALR) inhibited the activation of PINK1/Parkin pathway in HK-2 cells during ischemia—reperfusion (I/R). (A-D)
Representative images and quantification of immunofluorescence double-labeling PINK1/Parkin and mitochondrial marker [translocase of outer mitochondrial
membrane 20 (TOMM20)]. PINK1 or Parkin was labeled with fluorescein isothiocyanate (FITC) (green), mitochondria was labeled with tetramethylrhodamine
isothiocyanate (TRITC) (red). Scale bar = 50 um. the Pearson’s correlation columns were shown in bar graph format. Sixty cells from three independent experiments
were analyzed. (E,F) Immunoblot analysis and quantification of PINK1 and Parkin. Data represent means + SD. n = 3. *p < 0.05, **p < 0.01, **p < 0.001,

e < 0.0001.
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ALR may protect renal tubular epithelial cells from I/R injury by
promoting Pink1/Parkin-mediated mitophagy.

Mitochondria are the center of energy metabolism in
the cell and believed to be the primary subcellular target
of I/R injury. Evidence of mitochondrial dysfunction
involved in human AKI has been reported in an electron
microscopy study of kidney specimens from patients who
had died from septic shock (Emma et al., 2016). Pathological
alterations in mitochondrial structure and function have
been observed in renal tubular cells in various experimental

models of AKI (Parikh et al., 2015; Kezic et al., 2016; Yu
and Lee, 2016). In this study, we established an in vitro
I/R model with glucose-free culture medium and hypoxia
reoxygenation according to previous studies (Jiang et al,
2010; Dong et al., 2015; Zhang et al., 2015; Huang et al,
2018). The changes in LC3-II during I/R was associated with
a marked reduction in TIMM23 and TOMM20, indicating
activation of mitochondrial clearance. TEM also showed
damaged morphological changes in mitochondria in HK-2
cells during I/R. Aggravation of mitochondrial dysfunction

Frontiers in Physiology | www.frontiersin.org

March 2020 | Volume 11 | Article 178


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Zhu et al.

Anti-apoptosis Effect of ALR

A g o
FI=793680 “1 FI=869817
h 4
c i i
=1 . g )
o| & A 2] A
(&) \J T‘ J
|
g : \ s i "
= foo =7 /
i [
/ 1\ [
i \ I . S .
1'04 1'05 1'0s 10% 10° 108
Normal IR
2]
F1=937191 ] FI=1190852 r
| 1
g i ] i
] e N
] i
[ [
! |
g J l s] J !
[ . [
;o ] i
/ \ i |
W \ - Attt
110‘ 1|0‘ 1|0° 1'0‘ 1'05 16“
IR+shRNA/control IR+shRNA/ALR

B
.
> 15000001 i
=
@ —
c e
T O *x
2 S 1000000 | _,_l
0t :
o8
X @ 5000004
E3
3
= 0 . .
N N
& & O ‘?53.
o & S
<~ o N
& &
& &
& &
X2 N
&

means + SD. n = 3. *p < 0.01, ***p < 0.0001.

FITC-A

FIGURE 7 | Silencing of augmenter of liver regeneration (ALR) enhanced ischemia—reperfusion (I/R)-induced mitochondrial reactive oxygen species (ROS)
generation. (A) The levels of mitochondrial ROS were determined by flow cytometry. (B) Quantitation of MitoSOX were shown in a bar graph. Data represent

was shown in HK-2 cells, as evidenced by a decrease in
ATP production and mitochondrial membrane potential,
which led to an increase in mitochondrial ROS and cell
apoptosis. These results suggested that mitochondria damage
or mitochondrial dysfunction is involved in the pathogenesis
of I/R-AKI in vitro and closely associated with cell injury.
Our previous study reported that ALR has an antiapoptotic
effect in I/R injury (Liao et al., 2010). In this I/R model, we
explored the link between ALR and I/R-induced mitochondrial
dysfunction. In the process of I/R, ALR expression was also
significantly upregulated with a time-dependent pattern,
peaking at 12 h. Knockdown of ALR aggravated I/R-induced
mitochondrial dysfunction, mitochondrial ROS, and cell
apoptosis compared with the shRNA/control group. These
observations indicated that ALR may take part in the process
of I/R-induced mitochondrial dysfunction and protect cells
from I/R injury. However, the underlying mechanism needs
further study.

Mitophagy plays an important role in the clearance of
damaged mitochondria (Linkermann et al., 2014). The reduction
of mitophagy significantly exacerbated cell apoptosis and tissue
damage of AKI (Zhao et al., 2017; Tang et al, 2018; Yang
et al, 2018). In the present study, activation of mitophagy
was found in HK-2 cells after I/R treatment. After silencing
ALR, a reduction in mitophagy accompanied with an increase
in mitochondrial dysfunction, mitochondria ROS, and cell
apoptosis also occurred during I/R. Our research confirmed
that mitophagy has a protective effect in AKI. Accordingly,
ALR may play a protective role in I/R injury and mitochondria
function via promoting mitophagy. It is noteworthy that the
interaction between mitophagy and cell death is complex (Marino
et al., 2014); emerging evidence also suggests that mitophagy

is a possible mechanism for cell death programs in chronic
obstructive pulmonary disease (COPD) (Mizumura et al., 2014).
Therefore, the effect of mitophagy in different pathological
conditions needs further investigation.

Many studies have reported that PINKI1/Parkin signaling
controls the selective degradation of dysfunctional mitochondria
by mitophagy in acute kidney disease (Zhao et al., 2017;
Tang et al,, 2018; Lin et al, 2019). In healthy mitochondria,
PINK1 is constitutively inserted into the mitochondria inner
membrane and rapidly degraded by proteolysis to keep a
low level of expression. When mitochondria are damaged,
PINKI accumulates on the mitochondrial outer membrane
(MOM), which then recruits Parkin from the cytosol and
phosphorylates its ubiquitin ligase. After phosphorylation, Parkin
ubiquitinates various proteins in the MOM and delivers ubiquitin
mitochondria to autophagosomes via combing autophagy protein
P62 and microtubule-associated proteins 1 light chain 3
beta (MAPILC3B/LC3B), inducing mitophagy and removal of
damaged mitochondria (Geisler et al., 2010). In this study, we
first verified the PINK1/Parkin pathway in I/R injury. Next,
we found that silencing of ALR suppressed the activation of
PINK1/Parkin pathway via double immunofluorescent staining
and Western blot. These results suggested that ALR may regulate
mitophagy via the PINK1/Parkin pathway. Furthermore, it seems
that multiple molecules, such as BNIP3 and FUNDCI, are
involved in mitophagy. Additional studies are needed to elucidate
the exact mechanisms through which ALR exerts its regulatory
function on mitophagy.

Interestingly, mounting evidence has suggested that P62 may
be crucial for PINK1/Parkin-mediated mitophagy (Geisler et al.,
2010). However, another study found that mitochondrial removal
has taken place independently of P62 (Narendra et al.,, 2010).
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mitophagy via its LC3 interaction region domain (Wong and
Holzbaur, 2014). In the present study, our results provided

Ischemia-reperfusion

Diiagsa %%Mimhmddamos support that P62 may be essential in PINK1/Parkin-induced
mitochondria CUUNUE) ————> %% mitophagy, while the expression of P62 changed with LC3,
l which was consistent with the level of autophagy. Hence,
the exact processes of PINK1/Parkin-mediated mitophagy need
(QRAY further investigation.
IR In summary, our research provides evidence that ALR
attenuates I/R-induced mitochondrial pathway of apoptosis by
PINK1/Parkin A reducing mitochondrial ROS production and mitochondrial
ediateciny Dphazy dysfunction. The mechanism of protective effect of ALR may

be closely associated with promoting PINK1/Parkin-mediate
mitophagy (Figure 9). Consequently, ALR may serve as a new
therapeutic target for AKI in the future.

Renal Tubular Epithelial Cell

FIGURE 9 | The hypothetical mechanism of protective effect of augmenter of
liver regeneration (ALR) in ischemia-reperfusion (I/R)-acute kidney injury (AKI)
in vitro. I/R causes the mitochondrial damage of renal tubular epithelial cells, DATA AVA'LAB'LITY STATEM ENT
which induces mitochondrial reactive oxygen species (ROS) and apoptosis.
ALR may protect renal tubular epithelial cells from apoptosis via
PINK1/Parkin-mediated mitophagy, which remove the damaged mitochondria
and reduce mitochondrial ROS production.

All datasets generated for this study are included in the
article/supplementary material.
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The kidney is one of the most energy-demanding organs that require abundant and healthy
mitochondria to maintain proper function. Increasing evidence suggests a strong
association between mitochondrial dysfunction and chronic kidney diseases (CKDs).
Lipids are not only important sources of energy but also essential components of
mitochondrial membrane structures. Dysregulation of mitochondrial oxidative metabolism
and increased reactive oxygen species (ROS) production lead to compromised
mitochondrial lipid utilization, resulting in lipid accumulation and renal lipotoxicity. However,
lipotoxicity can be either the cause or the consequence of mitochondrial dysfunction.
Imbalanced lipid metabolism, in turn, can hamper mitochondrial dynamics, contributing
to the alteration of mitochondrial lipids and reduction in mitochondrial function. In this
review, we summarize the interplay between renal lipotoxicity and mitochondrial dysfunction,
with a focus on glomerular diseases.

Keywords: kidney, glomerular diseases, lipotoxicity, mitochondrial dysfunction, oxidative stress

INTRODUCTION

Measurement of resting metabolic rates shows that the kidney and heart have the highest
resting energy expenditure among major organs and tissues in adults (Wang et al, 2010).
Mitochondria provide energy to support kidney functions such as removing waste and balancing
fluid. The energy currency ATP is mostly generated by oxidative phosphorylation (OXPHOS)
coupled to electron transport through the mitochondrial respiratory chain (MRC). Increasing
evidence indicates that mitochondrial damage and dysfunction are major contributors to the
pathogenesis of chronic kidney disease (CKD) (Che et al,, 2014). Lipids serve as a source
and reservoir of energy supply. However, lipid surplus can hamper mitochondrial dynamics,
contributing to increased reactive oxygen species (ROS) production and mitochondrial
dysfunction. Conversely, impaired mitochondrial function can disturb the balance between
lipid availability and lipid use, further increasing lipid accumulation (Schrauwen-Hinderling
et al., 2016). Excess renal lipids have been reported in CKD of different origin, suggesting
the existence of renal lipotoxicity (Gai et al, 2019). Although it has been suggested that
both lipid dysmetabolism and mitochondrial dysfunction contribute to CKD, it remains to
be established whether renal lipotoxicity is the cause or the consequence of mitochondrial
dysfunction in the pathogenesis of CKD.

Frontiers in Physiology | www.frontiersin.org

20 July 2020 | Volume 11 | Article 732


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2020.00732﻿&domain=pdf&date_stamp=2020-07-07
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2020.00732
https://creativecommons.org/licenses/by/4.0/
mailto:afornoni@med.miami.edu
https://doi.org/10.3389/fphys.2020.00732
https://www.frontiersin.org/articles/10.3389/fphys.2020.00732/full
https://www.frontiersin.org/articles/10.3389/fphys.2020.00732/full
https://www.frontiersin.org/articles/10.3389/fphys.2020.00732/full
https://loop.frontiersin.org/people/880007/overview
https://loop.frontiersin.org/people/210840/overview
https://loop.frontiersin.org/people/149965/overview
https://loop.frontiersin.org/people/132004/overview

Geetal

Renal Lipotoxicity and Mitochondrial Dysfunction

While tubular cells are mainly responsible for fluid and waste
balance and account for most of the energy metabolism in the
kidney, mitochondrial dysfunction and lipotoxicity were recently
also described in diseases of glomerular origin. This is of
particular importance as, different from tubular cells, key
glomerular cells forming the kidney filtration barrier such as
podocytes are terminally differentiated and, once injured, are
unlikely to be replaced, thus causing proteinuria and disease
progression (Kriz et al., 1998). Unlike tubular epithelial cells
which preferentially use fatty acid (FA) B-oxidation as the main
energy source (Kang et al,, 2015), podocytes, endothelial cells,
and mesangial cells in glomeruli highly rely on glucose as the
substrate for energy production, while FA is used as an alternative
substrate (Abe et al., 2010; Fink et al., 2012; Czajka and Malik,
2016). In the diabetic kidney, glucose oxidation in glomerular
cells is disrupted and could account for the switch to FA
oxidation (Forbes and Thorburn, 2018). In support, Imasawa
et al. reported an oxidative shift during podocyte differentiation,
where the expression of most glycolytic enzymes is decreased
while the expression of proteins that are involved in FA p-oxidation
is up-regulated (Imasawa et al., 2017). Peroxisome proliferator-
activated receptor (PPAR)-y coactivator (PGC)-la expression
can also induce a shift from their baseline glucose preference
toward FA usage in podocytes (Li et al., 2017). Glomerular
diseases, either primary or secondary to systemic diseases,
represent an important cause of CKD (DAgati et al, 2011).
While we previously discussed how lipid accumulation contributes
to mitochondrial dysfunction (Ducasa et al., 2019a), the current
review focusses on and highlights the “two-way” interaction
between lipids and mitochondria. More precisely, we summarize
the findings observed in the setting of glomerular diseases with
the goal to link lipotoxicity and mitochondrial dysfunction to
irreversible podocyte injury and glomerular diseases.

MITOCHONDRIAL FUNCTION AND
BIOGENESIS

Mitochondria fulfill several pivotal roles in cellular metabolism.
In aerobic organisms, mitochondria are mostly responsible for
the conversion of nutrient-derived energy in the form of ATP
molecules through the mitochondrion-housed pathways of the
Krebs cycle, FA B-oxidation, and OXPHOS (Lenaz and Genova,
2010). The complete oxidation of sugars and fats to carbon
dioxide is achieved in the Krebs cycle and is paired with the
concomitant conservation of free energy in the form of
the reducing equivalents, nicotinamide-adenine dinucleotide
(NADH), and flavin-adenine dinucleotide (FADH,). The metabolic
intermediate oxidized in the Krebs cycle, acetyl-coenzyme A
(acetyl-CoA), derives from pyruvate generated by glycolysis in
the cytosol and from the breakdown of FA. FA B-oxidation
occurs primarily in mitochondria through a series of four
enzymatic reactions that constitute the predominant energy-
producing pathway in the kidney (Bhargava and Schnellmann,
2017). In mitochondria, both the Krebs cycle and FA p-oxidation
generate NADH and FADH,, which in turn transfer electrons
to the MRC. Here, energy is further converted into an

electrochemical gradient across the mitochondrial inner membrane.
This conversion is achieved by the coupling of electron transfer
through the MRC components to the final electron acceptor,
molecular oxygen, with proton translocation from the
mitochondrial matrix to the intermembrane space. Lastly, the
protein gradient is used as the source of energy to drive ATP
synthesis. The MRC is formed by four multimeric complexes
(CI-CIV) embedded in the mitochondrial inner membrane and
two mobile electron carriers, coenzyme Q (CoQ) and cytochrome c.
Together, the MRC and ATP synthase (or CV) constitute the
mitochondrial OXPHOS system (Lenaz and Genova, 2010).
ROS are byproducts of mitochondrial respiration, generated
by electron “leakage” to oxygen, mainly at the level of CI and
CIII of the MRC, to form superoxide anion (Stowe and Camara,
2009). In vivo, superoxide radicals have a short half-life and
are rapidly converted into hydrogen peroxide by the action
of superoxide dismutases, SOD1 and SOD2, located in the
mitochondrial intermembrane space and matrix, respectively.
While at low levels, ROS fulfill physiological functions as
signaling molecules, mitochondrial dysfunction is commonly
associated with a cellular energy deficit and increased ROS
production, leading to the oxidative damage of cellular structures
(Vafai and Mootha, 2012). Free FA, when in excess, can act
as mitochondrial respiration uncouplers and MRC CI inhibitors
and can also cause oxidative stress. To avoid lipotoxicity, FA
levels in mitochondria are tightly controlled. FAs are stored
in cytosolic lipid droplets (LDs), which exhibit close physical
and metabolic interactions with mitochondria (Aon et al., 2014).
Furthermore, mitochondrial dysfunction is also frequently
characterized by structural and morphological alterations.
Mitochondria form a complex and highly dynamic network
inside cells, which is continuously shaped by the processes of
mitochondrial fusion and fission (Lackner, 2014). Mitochondrial
hyperbranching, fragmentation, and loss of the mitochondrial
inner membrane invaginations, known as cristae, have been
observed in pathological conditions associated with mitochondrial
respiratory defects and stress (Vincent et al., 2016). In addition
to their role in cellular energy production, mitochondria are a
hub for anabolic reactions, since the Krebs cycle provides
intermediates for a wide range of biosynthetic pathways. These
include precursors for amino acids, nucleobases, the antioxidant
molecule glutathione, and metal prosthetic group biosynthesis.
Notably, the Krebs cycle intermediate citrate is exported into
the cytosol, where it is used as a substrate for FA and cholesterol
synthesis (Owen et al., 2002). Among lipids, the synthesis of
cardiolipin (CL) takes place in mitochondria. CL is the signature
lipid of the mitochondrial inner membrane, which has an essential
structural role in cristae formation and is required for optimal
MRC assembly and function (Claypool and Koehler, 2012).
Mitochondria are organelles of endosymbiotic origin and still
retain their genome, the mitochondrial DNA (mtDNA), and
gene expression machinery, the mitochondrial ribosomes. In
humans, the mtDNA encodes for a complete set of tRNAs,
the ribosomal RNAs, and a handful of proteins, all catalytic
subunits of the OXPHOS system. It has been estimated that
the mitochondrial proteome could comprise about 1,500 proteins
(Vafai and Mootha, 2012). With only 13 polypeptides encoded
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by the mtDNA, most of these proteins, including the remaining
subunits of the OXPHOS system, are encoded by nuclear genes,
synthesized in the cytosol, and imported into mitochondria.
Mutations in both nuclear and mitochondrial genes are causes
of major energetic deficits associated with severe hereditary
diseases known as mitochondrial disorders (Turnbull and Rustin,
2016). While defects in nuclear genes follow Mendelian inheritance,
mutations in the mtDNA are maternally transmitted. Since each
cell contains hundreds to thousands of mtDNA molecules,
wildtype and mutant genomes can co-exist, a condition known
as heteroplasmy. Clinical manifestation appears only when the
fraction of mutated molecules reaches a certain threshold, which
can be tissue-specific (Turnbull and Rustin, 2016). Primary
mitochondrial disorders are multisystemic diseases, although
high energy demanding organs, such as heart and brain, are
frequently the most affected. Kidneys also require large amounts
of energy, mainly for tubular reabsorption (Hansell et al., 2013).
In several instances, renal manifestations have been reported
in patients affected by mitochondrial disorders (Finsterer and
Scorza, 2017). In addition to primary mitochondrial diseases,
mitochondrial dysfunction has been shown to be involved in
the etiology and progression of numerous human pathologies,
including kidney diseases and, in particular glomerular diseases,
which are the focus of this review.

MAJOR GLOMERULAR DISEASES DUE
TO MITOCHONDRIAL CYTOPATHIES

Genetic defects in mtDNA or nuclear DNA (nDNA) that encode
mitochondrial proteins can result in mitochondrial cytopathies.
Though most mitochondrial disorders with a renal phenotype
are characterized by tubular dysfunction, mtDNA 3243A > G
mutation and CoQ10 biosynthesis defects (due to nDNA
mutation) are associated with two mitochondrial cytopathies
primarily causing glomerular diseases, most commonly focal
segmental glomerulosclerosis (FSGS).

Mitochondrial DNA Mutations Associated
With Glomerular Diseases

Thirteen proteins are encoded by the mitochondrial genome,
all of which are subunits of the MRC (Anderson et al., 1981;
Di Donato, 2009). Mutations in mtDNA cause defects in the
mitochondrial OXPHOS, resulting in energy deficiency and
increased ROS. The most common mtDNA point mutation
3243A > G in the tRNA' gene is associated with mitochondrial
encephalomyopathy, lactic acidosis, and stroke-like episodes
(MELAS) syndrome. Representing one of the most frequent
mitochondrial disorders, MELAS syndrome could be considered
as an underlying cause of primary FSGS, as several studies
reported glomerular manifestation, often presents as FSGS
(Kurogouchi et al., 1998; Cheong et al., 1999; Hotta et al,
2001; Gucer et al., 2005; Rudnicki et al., 2016; Narumi et al,,
2018). In patients with MELAS syndrome and renal symptoms,
the renal disease initially manifests with proteinuria and
typical changes of the glomerular basement membrane (GBM)
(Kurogouchi et al., 1998; Cheong et al., 1999; Narumi et al., 2018).

Biopsy samples from these patients show abnormal mitochondria
in podocytes, as well as foot process effacement (Gucer et al,
2005; Narumi et al., 2018). Patients with other point mutations
(m.A4269G, m.A5728G, and m.A5843G) that affect mitochondrial
tRNAs present with various severe clinical phenotypes, from
fatal cardiomyopathy to multi-organ failure. These mutations are
not associated with MELAS but were also reported to be associated
with an FSGS phenotype (Taniike et al., 1992; Scaglia et al,
2003; Meulemans et al., 2006). Interestingly, deafness was also
described in individuals with MELAS syndrome, which resembles
the symptom of another rare genetic disease characterized by
mutations of another important constituent of the GBM, i.e.,
type IV collagen (Alport syndrome). Besides, FSGS has been
reported in a case of Kearns-Sayre syndrome due to mtDNA
deletion (Becher et al, 1999). It is worth noting that mtDNA
mutations associated with glomerular diseases affect overall
mitochondrial gene expression and, in consequence, cause
combined MRC enzymatic deficiencies, commonly associated
with very severe outcomes.

Mutations in nDNA That Encodes
Mitochondrial Proteins Associated With
Glomerular Diseases

Besides the 13 proteins encoded by the mitochondrial genome,
there are over 1,158 other nuclear-encoded mitochondrial proteins
(Calvo et al, 2016). The enzymes of the CoQl0 biosynthetic
pathway are encoded by nuclear CoQ genes. Located mainly in
the mitochondrial inner membrane, CoQ10 is a carrier that
transfers electrons from complex I and II to complex III of the
MRC (Ernster and Dallner, 1995). At least 15 genes are required
in CoQ10 biosynthesis (Desbats et al., 2015). Mutations in these
genes may cause CoQ10 deficiency, some of which were reported
to be associated with glomerular involvement. In humans, prenyl
(decaprenyl) diphosphate synthase subunit 1 (PDSS1) and PDSS2
are responsible for the synthesis of the prenyl side chain of
CoQ10 (Saiki et al, 2005). Deficiency in CoQ10 content was
reported in a patient carrying compound heterozygous mutations
in PDSS2. The patient was diagnosed with Leighs syndrome
with nephropathy (Lopez et al.,, 2006). Dietary supplementation
with CoQ10 was shown to rescue proteinuria and interstitial
nephritis in Pdss2kd/kd mice (Saiki et al, 2008) and diabetic
nephropathy in db/db mice (Sourris et al., 2012). Gasser et al.
analyzed patients with FSGS and collapsing glomerulopathy for
PDSS2 polymorphisms. Surprisingly, they found a reduction of
CoQ10 content, irrespectively of the PDSS2 haplotype (Gasser
et al,, 2013). Vasta et al. also reported that one patient carrying
a PDSS1 mutation presented with nephrotic syndrome (Vasta
et al., 2012). Pathogenic CoQ2 variants are another cause of
primary CoQI10 deficiency. Patients with CoQ2 mutations have
been reported to exhibit nephropathy that can be treated
by CoQI0 supplementation (Starr et al, 2018). Moreover,
loss-of-function mutations in CoQ6 have been described as a
cause of glomerular damage, and patients manifested with FSGS
in renal biopsy (Heeringa et al,, 2011). It is important to note
that genetic testing in patients with steroid-resistant nephrotic
syndrome identified mutations in several genes involved in
mitochondrial function and CoQ10 biosynthesis, including AarF
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domain-containing kinase 4 (ADCK4), CoQ6, CoQ?2, and PDSS2
(Lovric et al., 2016). Patients who carry mutations in the ADCK4
gene may present with CoQIO0 deficiency and mitochondrial
nephropathy manifesting as FSGS (Ashraf et al., 2013; Yang et al.,
2018; Widmeier et al., 2020). ADCK4 interacts with members
of the CoQ10 biosynthesis pathway and is involved in CoQ
biosynthesis, although its function remains to be characterized.

MITOCHONDRIAL DYSFUNCTION
RESULTS IN RENAL LIPOTOXICITY

Mitochondrial dysfunction can lead to lipid metabolism disorders
in several cell types. Vankoningsloo et al. studied preadipocytes
incubated with inhibitors of mitochondrial respiration (antimycin A)
and found that mitochondrial dysfunction induces triglyceride
accumulation. This process is mediated by reduced PPARy activity
leading to decreased expression of muscle isoform of carnitine
palmitoyltransferase I (CPT1) and FA B-oxidation. Direct conversion
of glucose into triglycerides and activation of carbohydrate-responsive
element-binding protein (ChREBP), a lipogenic transcription factor,
were also observed (Vankoningsloo et al., 2005). Boren and Brindle
observed that the induction of apoptosis leads to mitochondrial
ROS generation in murine lymphoma cells and mouse embryo
fibroblasts, which inhibits mitochondrial FA p-oxidation but increases
acyl-CoA synthetase activity for FA synthesis. Thereby, the switch
from FA B-oxidation into lipid synthesis results in LD accumulation
in the cytoplasm (Boren and Brindle, 2012).

Dysregulated Mitochondrial Lipid
Utilization in Kidney Diseases

Mitochondrial FA B-oxidation is the major energy pathway of
the kidney. Mitochondrial dysfunction leads to compromised
lipid utilization, eventually resulting in lipid accumulation, which
is toxic to cells in the kidney. Herman-Edelstein et al. measured
genes and enzymes involved in the FA f-oxidation pathway
in kidneys of patients with diabetic nephropathy compared to
healthy kidneys. The genetic analysis revealed the downregulation
of some key transcriptional regulators of FA p-oxidation, such
as PPARa, PPARy, CPT1, and Aconitase 2 (ACO2) (Herman-
Edelstein et al., 2014). Interestingly, upregulation of low-density
lipoprotein receptor (LDLR) and cluster of differentiation
36 (CD36), downregulation of liver X receptor o (LXRa),
ATP-binding cassette transporter Al (ABCAIl), ATP-binding
cassette transporter G1 (ABCG1), and apolipoprotein E (APOE)
were also detected, indicating alterations in cholesterol metabolism
(Figure 1; Herman-Edelstein et al., 2014). In addition to diabetic
nephropathy phenotypes including podocyte process effacement,
thickening of the GBM, and mesangial expansion, electron
microscopy analysis also showed extensive accumulation of LDs
in podocytes, tubular epithelial cells, mesangial cells, and
fenestrated endothelial cells (Herman-Edelstein et al., 2014).
Consistently, CD36, PPARa, PPARy, and LDLR were found to
be genes with the highest connectivity to diabetic nephropathy
progression in a study comparing human-mouse cross-species
glomerular transcriptional networks (Hodgin et al., 2013).

A renal-protective effect of PPARs was also reported. The
study by Calkin et al. suggests that the administration of PPAR«,
PPARy, and PPARa/y agonists in experimental mouse models
of diabetes has renoprotective effects (Calkin et al., 2006).
Doxorubicin is an antitumor drug that induces renal injury,
leading to proteinuria. Doxorubicin-induced PPARa knockout
mice showed more severe podocyte foot process effacement
compared with Doxorubicin-induced wildtype mice but the
treatment with PPARa agonist fenofibrate reduced proteinuria
and ameliorated podocyte foot process effacement (Zhou et al.,
2011). Fenofibrate has also been shown to prevent high-fat
diet (HFD)-induced glomerular injury in an experimental
model of diabetic nephropathy (Tanaka et al., 2011). Fenofibrate
treatment reduces glomerular lipid (mainly triglycerides)
accumulation, attenuates oxidative stress in kidneys of HFD-fed
mice, and enhances the expression of lipolytic enzymes, including
CPT1. Fenofibrate also attenuates tubulointerstitial injury by
enhancing renal lipolysis (Tanaka et al., 2011). In the Fenofibrate
Intervention and Event Lowering in Diabetes (FIELD) trial, a
trend to renoprotection was observed in fenofibrate treated
patients with diabetic nephropathy (Keech et al., 2005). PPARy
is also involved in renal lipid metabolism. In fact, PPARy
expression is reduced in glomeruli of diabetic mice, while
activation of PPARy inhibits the development of diabetic
glomerular lesion (Zheng et al., 2002). Moreover, another study
demonstrated that both PPARa and PPARy agonists increase
LXRa and ABCALI gene expression and enhance apolipoprotein
Al (APOA1)-mediated cholesterol efflux from human mesangial
cells (Ruan et al,, 2003). However, PPARy2 KO mice generated
in an ob/ob background exhibit lipid accumulation at both
the glomerular and tubular levels, accompanied by glomerular
damage, in addition to the original metabolic syndrome phenotype
(Martinez-Garcia et al., 2012). Located in the mitochondrial
inner membrane, uncoupling proteins (UCPs) are mitochondrial
transporters that control the level of coupled respiration (Rousset
etal., 2004). Ke et al. reported that UCP2 expression is increased
in human biopsy samples and mice kidney tissues with
tubulointerstitial fibrosis but UCP2 deficient mice display reduced
lipid accumulation and attenuated hypoxia in kidney tissue.
Compared with wildtype mice, the expression of PPARa and
CPT1la, which are the major regulators of lipid metabolism,
is restored in UCP2 deficient mice (Ke et al., 2020). Both
CPT1 and ACO?2 are the rate-limiting enzymes of FA B-oxidation.
Idrovo et al. demonstrated that stimulating CPT1 activity with
a synthetic compound (C75) not only restores ATP generation
but also improves renal function using a rat model of ischemia/
reperfusion injury (Idrovo et al., 2012). In addition, mRNA
levels of ACO1 and ACO?2 are decreased in the tubulointerstitial
and the glomerular compartment of non-diabetic CKD patients
when compared to healthy controls (Hallan et al., 2017).

Oxidative Stress Causes Renal Lipid
Accumulation

Free FAs are sources of energy to synthesize ATP by mitochondrial
FA B-oxidation. Palmitic acid (PA) is the predominant circulating
saturated FA, which plays an important role in podocyte injury
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FIGURE 1 | Schematic representation indicating how mitochondrial dysfunction induces renal lipotoxicity. High-fat diet or palmitic acid (PA) exposure increases
mitochondrial reactive oxygen species (ROS) production. Consequently, elevated oxidative stress reduces mitochondrial fatty acid (FA) oxidation, resulting in lipid
accumulation in the cytoplasm. Lipid accumulation is also caused by deceased cholesterol efflux mediated by ATP-binding cassette transporter A1 (ABCA1) and G1
(ABCG1) and elevated cholesterol influx via low-density lipoprotein receptor (LDLR). AMP-activated protein kinase (AMPK) suppression due to a lipid surplus inhibits
mitochondrial FA oxidation and lipid utilization, accompanied by downregulation of transcription factors, liver X receptor (LXR) «, peroxisome proliferator-activated
receptor (PPAR) a, and PPARy. ROS generation contributes to cardiolipin (CL) peroxidation and loss of mitochondria cristae membranes, thus impairing the capacity
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through lipotoxicity initiated by mitochondrial superoxide
overproduction (Lee et al., 2017). Podocytes are vulnerable to
PA-induced oxidative damage due to impaired peroxidase activity.
Podocytes incubated with PA show increased FA uptake,
mitochondrial superoxide, and hydrogen peroxide (H,O,)
generation, as well as elevated AMP-activated protein kinase
(AMPK) a phosphorylation (Figure 1; Lee et al, 2017).
Furthermore, Liu et al. demonstrated that PA induces intracellular
lipid accumulation and LD formation. It also induces podocyte
apoptosis through activation of the mitochondrial pathway and
triggers the release of cytochrome ¢ from the mitochondria
to the cytosol (Liu et al, 2018). In mouse podocytes, PA
induces apoptosis by increasing cytosolic Ca** concentration,
resulting from Ca*" accumulation in the mitochondria via the
mitochondrial Ca** uniporter (Yuan et al., 2017). The depletion
of endoplasmic reticulum (ER) Ca* is also due to oxidative
stress caused by PA (Xu et al., 2015). Under diabetic conditions,
podocytes are susceptible to PA-induced oxidative damage due
to an inadequate activity of peroxidase, the enzyme that catalyzes

the conversion of the intracellular H,O, to water in response
to excess ROS generation (Lee and Lee, 2018). On the contrary,
the nontoxic mono-unsaturated FA oleic acid (OA) inhibits
the PA-induced ROS formation in podocytes (Lee et al., 2017;
Lee and Lee, 2018). OA attenuates ROS generation and protects
the mitochondria from PA-induced oxidative stress by the
restoration of AMPK activity (Palomer et al., 2018).
Oxidative stress in the form of lipid peroxidation can be caused
by the generation of lipid peroxyl radicals in podocytes. Excessive
accumulation of lipid peroxyl radicals contributes to podocyte
injury in CKD (Kruger et al., 2018). It was demonstrated that
ROS generation contributes to glomerular and tubular injury
through lipid peroxidation of cell and organelle membranes.
ROS-induced lipid peroxidation disrupts the structural integrity
of the lipid bilayer and impairs the capacity for energy production
(Baud and Ardaillou, 1993). SS-31 is a tetrapeptide that protects
mitochondria cristae structure and matrix density in all kidney
cells. SS-31 targets CL, the phospholipid almost exclusively present
in the inner mitochondrial membrane (Szeto and Birk, 2014).
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CL peroxidation alters mitochondrial cristae formation (Szeto,
2014), thus disrupting the functional and structural integrity
of respiratory supercomplexes (Pfeiffer et al., 2003). Moreover,
during apoptosis, CL binds to cytochrome ¢ to form peroxidase
complexes capable of catalyzing CL peroxidation and promoting
cytochrome ¢ release from mitochondria (Kagan et al., 2005).
SS-31 selectively binds to CL, preventing CL from converting
cytochrome c¢ into a peroxidase while maintaining its function
as an electron carrier (Szeto, 2014). The study of Szeto et al.
described changes in mitochondrial structure in glomerular
endothelial cells, podocytes, and proximal tubular epithelial cells
after HFD induction. HFD increases mitochondrial ROS
generation, causing CL peroxidation and loss of mitochondria
cristae membranes. Increased ROS limits mitochondrial FA
B-oxidation, which in turn causes cellular lipid accumulation
and inhibits AMPK activity (Figure 1; Szeto et al, 2016). By
preserving normal mitochondrial cristae structure, SS-31 treatment
was able to restore AMPK activity and prevent intracellular
lipid accumulation, ER stress, and glomerular inflammation
(Szeto et al, 2016). AMPK is a cellular energy sensor that
regulates glucose, lipid, and protein metabolism. During energy
shortage, AMPK is activated and promotes ATP production
(Hardie et al., 2012). On the contrary, AMPK is down regulated
under conditions of energetic oversupply (Picard et al., 2012).
Mice fed on a HFD show increased glomerular area and matrix
accumulation. A significant rise of cholesteryl esters and
phospholipids in the kidneys was also observed, in association
with reduced AMPK activity. Reduced AMPK activity was also
described in kidneys from both diabetic mice and in patients
with diabetes (Dugan et al., 2013). Conversely, the activation
of AMPK reverses the accumulation of cholesteryl esters and
phospholipids in kidneys of mice fed a HFD (Decleves et al.,
2011, 2014). Improving mitochondrial biogenesis and function
by AMPK activation was found to be a therapeutic approach
in a rat model of diabetic nephropathy (Zhou et al, 2019).
The administration of AMPK activators increased the expression
of PGC-la, which induces a ROS scavenging mechanism,
including the expression of SOD2 in the presence of ROS,
protecting cells against ROS generation and damage (Spiegelman,
2007; Zhou et al,, 2019). Similarly, AMPK activation in diabetic
mice restores mitochondrial content and function while improving
DKD progression (Figure 1; Dugan et al., 2013).

INHERITED LIPID DISORDERS ARE
ASSOCIATED WITH RENAL INJURY

Defects in genes relevant to lipid metabolism result in inherited
diseases associated with renal lipotoxicity. Tangier disease is a
rare disorder characterized by reduced levels of high-density
lipoprotein (HDL) in the blood. Patients with Tangier disease
have mutations in the ABCAl gene and present with mild
proteinuria and foamy podocytes in kidney biopsy (Ferrans and
Fredrickson, 1975; Schaefer et al., 2010). Similarly, foamy podocytes,
vacuolated tubular epithelial cells, and interstitial foam cells were
described in a case report of a patient with Niemann-Pick disease,
an inherited condition with an accumulation of sphingomyelin

in various organs, including kidneys (Grafft et al.,, 2009). Caused
by the accumulation of cholesterol in blood and tissue, familial
lecithin-cholesterol acyltransferase (LCAT) deficiency is another
genetic disorder, where some patients present with kidney injury.
Renal biopsies of patients with LCAT deficiency identified LDs
in mesangial and endothelial cells (Ossoli et al., 2015). Borysiewicz
et al. described that patients with LCAT deficiency show disturbance
of lipid metabolism and accumulation of lipids in the kidneys,
eventually leading to end-stage kidney disease (Borysiewicz et al.,
1982). In addition, transgenic mice with LCAT deficiency develop
proteinuria and glomerulosclerosis characterized by the accumulation
of free cholesterol and polar lipids in glomeruli (Lambert et al.,
2001). Disturbed lipid metabolism was also reported in rare cases
of lipoprotein glomerulopathy. Patients with an APOE gene mutation
are characterized by proteinuria and hyperlipidemia. It has been
suggested that the mutation of APOE increases the affinity of
lipoproteins for glomerular capillary walls and promotes the
formation of lipoprotein aggregates (Sam et al., 2006; Tsimihodimos
and Elisaf, 2011). The evidence that genetic impairment of genes
regulating cholesterol efflux leads to glomerular disease strongly
suggests a causative link between altered renal lipid metabolism
and kidney disease. This is very different from genetic disorders
of hyperlipidemia, such as familial hypercholesterolemia (FH),
where the high level of circulating lipids does not necessarily
translate into an increased accumulation of renal lipids and does
not always cause a renal phenotype. While this remains controversial,
a recent association between FH and CKD was reported
(Emanuelsson et al.,, 2018), and a patient with homozygous FH
was found to develop FSGS (Elmaci et al, 2007). Similarly, the
accumulation of lipids was found in the renal parenchyma of
patients affected by FH (Buja et al, 1979). Although some of
these studies suggest a link between systemic hyperlipidemia and
CKD, most of the studies have demonstrated that statins may
partially reduce proteinuria but this does not result in the prevention
of CKD progression (Agarwal, 2006).

GLOMERULAR LIPID ACCUMULATION
RESULTS IN MITOCHONDRIAL
DYSFUNCTION

Podocytes rely on a constant supply of lipids and proteins to
form foot processes (Simons et al., 1999; Fornoni et al., 2014).
However, lipid overload causes lipotoxicity. Lipid accumulation
and increased inflammation accelerate lipotoxicity induced
glomerular disease (Martinez-Garcia et al, 2015). Among
glomerular cells, podocytes are terminally differentiated cells
that are most susceptible to damage caused by lipid overload.
The podocyte slit diaphragm is assembled as a lipid-raft
like structure, enriched with lipids including sphingolipids
and cholesterol. Plasma membrane and intracellular lipids can
affect podocyte function (Fornoni et al, 2014). Localized to
lipid raft domain, sphingomyelinase-like phosphodiesterase 3b
(SMPDL3b) is a sphingolipid-related enzyme that modifies
the plasma lipid composition and modulates intracellular
inflammatory pathways in podocytes (Heinz et al, 2015;
Yoo et al., 2015). Moreover, cholesterol is required for the proper
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function of the slit diaphragm (Simons et al, 2001), while
excessive accumulation of cholesterol causes podocyte injury and
proteinuria (Merscher-Gomez et al., 2013; Pedigo et al., 2016).

Hyperlipidemia and Hyperlipidemia-Induced
Lipotoxicity

Foam cells are macrophages that ingest low-density lipoprotein
(LDL) during hyperlipidemia. Their formation represents the
hallmark of atherosclerosis (Yu et al., 2013). Interestingly, foam
cells also appear in various glomerular diseases, including diabetic
nephropathy, FSGS, nephrotic syndrome, and Alport syndrome
(Nolasco et al., 1985; Stokes et al., 2006; Wu et al., 2009; Eom
et al., 2015), indicating lipid-mediated toxicity. However, it is
not established whether foam cells generated during the
pathogenesis of kidney diseases are renal resident cells or
infiltrating macrophages from the circulation (Eom et al., 2015).
It is certain that glomerular cells can uptake LDL. In fact, the

activity of lipoprotein receptors in cultured epithelial cells of
the human glomerulus was characterized in the early 1990s.
Grone et al. demonstrated that cultured glomerular epithelial
cells show lipoprotein receptor activity, which mediates the
uptake of apolipoprotein B (APOB)- and APOE-rich lipoproteins,
contributing to lipid accumulation and oxidative stress (Grone
et al., 1990). In addition, the accumulation of APOB and APOE
in immune deposits could lead to GBM damage (Figure 2).
Heymann nephritis is a rat model of membranous nephropathy
characterized by the formation of subepithelial immune deposits
in the GBM (Heymann et al., 1959). In Heymann nephritis,
Kerjaschki et al. demonstrated that antibodies targeting megalin
(an LDL-related protein) inhibit megalin-mediated binding and
clearance of APOE and APOB, leading to the accumulation of
apolipoproteins in immune deposits. The lipid environment is
associated with lipid peroxidation, injury of the GBM, and
proteinuria (Kerjaschki et al, 1997). Oxidized LDL has also
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FIGURE 2 | Schematic representation indicating how lipid accumulation/peroxidation induces mitochondrial oxidative stress and dysfunction. Podocyte lipid
accumulation and increased peroxidation induces ROS production and mitochondrial dysfunction. (1) In the presence of hyperlipidemia, increased uptake of
apolipoprotein B (APOB)- and apolipoprotein E (APOE)-rich lipoproteins occurs in podocytes through the LDLR, resulting in a lipid-rich environment. (2)
Hyperglycemia disrupts the feedback regulation of sterol regulatory element-binding proteins (SREBPs), causing further lipid accumulation. (3) Cellular lipids, mainly
in the form of triglycerides, stored in lipid droplets (LDs) are hydrolyzed and delivered as FAs to mitochondria by autophagic clearance. The inhibition of autophagic
clearance of lipids is associated with increased lipid endocytosis. (4) Downregulation of ABCA1 impairs reverse cholesterol transport, resulting in the accumulation of
cholesterol and CL and peroxidation of CL. Together, the accumulation of lipids in podocytes induces ROS production and mitochondrial dysfunction.
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been found to directly damage podocytes via the chemokine
ligand 16 (CXCL16), as well as induce ROS production in
podocytes (Bussolati et al., 2005; Gutwein et al., 2009a). CXCL16
is a major scavenger receptor for oxidized LDL in human
podocytes. Both glomerular levels of CXCL16 and oxidized
LDL are increased in patients with diabetic nephropathy and
membranous nephropathy (Gutwein et al., 2009a,b).
Experimental evidence also supports a role of lipid-lowering
agents in the protection of kidney diseases. For example,
treatment of patients with lipid-lowering agents such as the
hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase
inhibitor atorvastatin was able to lower serum lipids and
glomerular lesions but to a lesser extent than the blockage of
the renal angiotensin system with quinapril. In fact, the renal
protective effect of atorvastatin is associated with lipid-related
and non-lipid-related effects (Blanco et al., 2005). Once more,
however, the renal protective effects of statin treatment
remain to be confirmed in patients affected by CKD. Interestingly,
hypercholesterolemia associated with nephrotic syndrome
can be ameliorated by inhibiting proprotein convertase
subtilisin/kexin type 9 (PCSK9), a posttranscriptional regulator
of the LDL receptor. PCSK9 targets LDLR for degradation
and thereby reduces the clearance of LDL from the circulation
(Shrestha et al., 2019). Inhibition of PCSK9 decreases the
proportion of APOB-associated cholesterol (VLDL and LDL)
and increases the proportion of HDL-associated cholesterol,
producing a more protective lipoprotein profile (Haas et al.,
2016). Currently, the monoclonal antibodies evolocumab and
alirocumab are approved PCSK9 inhibitors for therapeutic use
and are effective and safe in patients with mild to moderate
CKD (Schmit et al., 2019). However, it would be important
to study if PCSK9 inhibitors can also alleviate proteinuria and
CKD progression in patients with advanced CKD, such as
nephrotic syndrome. Studies in cultured vascular smooth muscle
and endothelial cells suggest that inhibition of PCSK9 attenuates
ROS production, while PCSK9 overexpression increases ROS
generation in a concentration-dependent manner (Ding et al,,
2015). The crosstalk between PCSK9 and mtDNA damage in
vascular smooth muscle cells is thought to be partially mediated
by mitochondria-derived ROS (Ding et al.,, 2016). Lastly, more
studies are needed to assess the contribution of LDL apheresis
to the treatment of proteinuric kidney disease, in order to
gain a better understanding of whether the antiproteinuric
effects are linked to LDL apheresis or related proteins.

Intrarenal Lipid Accumulation in
Glomerular Diseases

Lipid distribution among plasma, tissues, and cellular organelles
can be altered by inflammatory stress (Ruan et al, 2009). In
addition to the uptake of plasma lipids into cells via lipoprotein
receptors, other factors that mediate lipid accumulation in
glomerular cells, thus contributing to disease development and
progression, have been described in several kidney diseases. Among
them, we have demonstrated that glomerular TNF is a major
driver of lipid dysmetabolism in FSGS (Pedigo et al., 2016). Our
group reported the accumulation of cholesterol in kidney cortices
in mouse models of diabetes (Ducasa et al, 2019b), Alport

syndrome, and FSGS (Pedigo et al, 2016; Mitrofanova et al,
2018). Impaired ABCA1 mediated reverse cholesterol transport
in a mouse model of FSGS was rescued by genetic ABCAIl
overexpression. Similarly, treatment with hydroxypropyl-f-
cyclodextrin (HPBCD) was found to reduce cholesterol accumulation
in kidney cortices and was found to protect from renal failure
in mouse models of FSGS, Alport syndrome, and DKD (Pedigo
et al, 2016; Mitrofanova et al, 2018). Additionally, lipid
accumulation is associated with the downregulation of ABCALI in
podocytes treated with sera from patients diagnosed with type
1 diabetes or type 2 diabetes (Pedigo et al., 2016; Ducasa et al.,
2019b). Moreover, podocyte-specific deletion of ABCA1 renders
mice susceptible to DKD progression, while the induction of
ABCA1 ameliorates podocyte injury (Ducasa et al., 2019b).

Apart from failing to remove lipids from cells, lipid oversupply
is another major cause of renal dysfunction (Figure 2). Sterol
regulatory element-binding proteins (SREBPs) activate genes
involved in the synthesis and uptake of cholesterol, FAs,
triglycerides and phospholipids, endocytosis of LDL, and glucose
metabolism (Edwards et al., 2000; Horton et al., 2002). In DKD,
increased expression of SREBPs is associated with the accumulation
of triglycerides and cholesterol in the kidney, resulting in
glomerulosclerosis and proteinuria (Sun et al., 2002). Similarly,
C57BL/6] mice fed on a HFD also show renal accumulation
of triglycerides and cholesterol, accompanied by glomerulosclerosis
due to SREBPs pathway activation (Jiang et al., 2005). Moreover,
LDLR plays a role in the feedback system that modulates plasma
and intracellular cholesterol homeostasis. The expression of
LDLR is tightly regulated by SREBPs and SREBP cleavage-
activating protein (SCAP). In the presence of high glucose or
inflammatory stress, the LDLR feedback regulation is disrupted,
causing intracellular cholesterol accumulation and podocyte
injury (Zhang et al., 2015a,b). Interestingly, the up-regulation
of hepatic PCSK9 was found to be modulated by SREBP-2 and
SREBP-1c, which could furthermore dysregulate LDL cholesterol
(Jeong et al., 2008; Rong et al., 2017).

Lipid Burden and Mitochondrial
Dysfunction

The turnover of lipids in podocytes regulates podocyte health.
Serezani reported that the expression of phosphatase and tensin
homolog (PTEN) inhibits phagocytosis, cell growth, and
cytoskeletal remodeling (Serezani et al., 2012). The downregulation
of PTEN is associated with increased lipid endocytosis in podocytes
from patients with obesity-related glomerulopathy, in cultured
mouse podocytes with PTEN knock-down and in mice with
podocyte-specific knockout of PTEN, thus enhancing the uptake
of lipids and causing podocyte injury and proteinuria through
oxidative stress response (Shi et al., 2019). On the contrary,
elevated autophagic sequestration of LDs was reported as an
adaption to alcoholic liver disease (Eid et al, 2013). In the
study of Sato et al., podocytes with a higher level of autophagy
are more competent to remove proteins and lipids from cells,
suggesting a tendency to better prognosis (Sato et al., 2006).
Autophagy related 5 (ATGS5) is a critical autophagy gene during
nephrogenesis. Mutation of ATG5 in the kidney epithelium leads
to FSGS in mice, accompanied by enhanced ROS generation,
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ER stress, and mitochondrial dysfunction (Kawakami et al., 2015).
Interestingly, autophagy regulates lipid metabolism by autophagic
clearance of cellular lipids stored as triglycerides in LDs, which
are then hydrolyzed and delivered as FAs for energy production
in mitochondria (Figure 2; Singh et al., 2009).

Lipid surplus induces a vicious cycle where the accumulation
of lipids induces ROS production and mitochondrial dysfunction.
Conversely, dysfunctional mitochondria may decrease the
lipid oxidative capacity, which additionally increases the lipid
surplus (Schrauwen-Hinderling et al, 2016). In a rat model
of hypertension and proteinuria, increased metabolic stress was
indicated by increased oxidized lipids derived from lipid
breakdown in glomeruli at the early stage, causing decreased
ATP and NADH levels. The change of metabolic aspects in
glomeruli from these mice was associated with the activation
of phosphoprotein-dependent signaling such as mTOR and
AMPK (Rinschen et al., 2019). Steinberg et al. demonstrated
that AMPK activity is suppressed by TNFa signaling, resulting
in decreased FA B-oxidation and excess lipids in skeletal muscle
(Steinberg et al., 2006). Notably, we previously showed that
serum TNFR1 and TNFR2 levels are increased in patients
with DKD and FSGS, whereas TNF levels are only increased
in patients with DKD. More importantly, we demonstrated that
glomerular TNF expression rather than systemic TNF causes
free cholesterol accumulation and podocyte injury (Pedigo
et al., 2016). High lipid availability induced ROS production
can furthermore cause lipid oxidation (Schrauwen-Hinderling
et al., 2016). Fibroblasts from patients with Tangier disease,
who have an inherited ABCA1 mutation, show an increased
content of the mitochondrial-specific phospholipid CL, while
patients have reduced HDL levels in the blood (Fobker et al.,
2001). Our group demonstrated that ABCA1 deficiency in
human podocytes leads to CL accumulation and mitochondrial
dysfunction. SS-31 has been used to scavenge ROS and stabilize
CL (Zhao et al., 2004). The administration of an Abcal inducer
or elamipretide (SS-31) reduces CL peroxidation and ameliorates
podocyte injury, indicating that ABCA1 deficiency causes CL
accumulation and peroxidation, eventually leading to
mitochondrial dysfunction (Figure 2; Ducasa et al., 2019b).

Reduction of renal parenchymal lipids ameliorates
mitochondrial dysfunction, thus mitigating kidney injury. FSGS
with podocyte injury and depletion can be mediated by
mitochondrial oxidative damage in adjacent endothelial cells
via endothelin-1 (EDN1) signaling. Podocyte-derived EDN1
can act on endothelial cells, which mediates oxidative stress
and endothelial dysfunction via EDN1 receptor type A (EDNRA)
activation, thus promoting podocyte apoptosis. In support of
this observation, mitochondrial-targeted ROS scavengers and
endothelin antagonists inhibit the release of EDNI, thus
reducing mitochondrial oxidative stress and endothelial cell
dysfunction, thereby preventing glomerulosclerosis (Dachn
et al., 2014). In DKD, glomerular endothelial mitochondrial
dysfunction is also associated with increased glomerular
EDNRA expression and increased circulating EDN1. EDNRA
antagonist treatment prevents mitochondrial oxidative damage
in endothelial cells and ameliorates diabetes-induced glomerular
injury, suggesting a crosstalk between podocytes and glomerular

endothelial cells (Qi et al., 2017). Interestingly, EDN1 promotes
lipid accumulation during the transformation of macrophage
foam cells through the downregulation of ABCG1 and impaired
HDL-mediated cholesterol efflux (Lin et al., 2011). It is
possible that the inhibition of EDN1 signaling could promote
reduced renal lipotoxicity in addition to suppressing oxidative
stress. The farnesoid X receptor (FXR) is a bile acid-activated
nuclear receptor that regulates lipid metabolism by modulating
renal SREBP-1 activity. Since the SREBPs play a critical role
in renal lipid accumulation, the administration of FXR agonists
ameliorates renal triglyceride accumulation and regulates renal
lipid metabolism in HFD-fed mice by modulating FA synthesis
and oxidation, improving proteinuria and kidney injury (Wang
et al.,, 2009). In addition, administration of the dual agonist
of FXR and G protein-coupled membrane receptor Takeda
G protein-coupled receptor 5 (TGR5) to mice decreases
proteinuria and prevents mitochondrial impairments. This
dual agonist modulates renal lipid metabolism and prevents
renal lipid accumulation in mouse models of nephropathy
associated with diabetes and obesity. Dual agonist treatment
prevents inflammation, oxidative stress, and ER stress, as
well as induces mitochondrial biogenesis and metabolism
pathways (Wang et al., 2017, 2018). Similarly, Gai et al.
also reported that FXR activation reduces glomerulosclerosis
and tubulointerstitial injury in mice fed on a HFD. FXR
agonist treated mice showed improved renal function in
association with reduced lipid accumulation and reduced
ROS. Additionally, FXR activation attenuated the decrease
in autophagosomes in obese mice, maintaining effective energy
production (Gai et al., 2016).

CONCLUSION

Lipids are essential sources for mitochondrial energy production.
However, abnormal lipid metabolism in many tissues or cell
types has proven to be detrimental and to contribute to the
pathogenesis and progression of several disorders. We first
summarized glomerular diseases caused by inherited
mitochondrial disparities, as well as by inherited lipid disorders,
thus providing the genetic evidence in humans that both altered
mitochondrial function and lipid metabolism may contribute
to the pathogenesis of kidney diseases. We then elaborated
on the independent impacts of lipotoxicity and mitochondrial
dysfunction on kidney diseases, especially diseases characterized
by glomerular injury. Finally, we reviewed the evidence that
lipotoxicity can be the cause or the consequence of mitochondrial
dysfunction. Lipids form the bilayer membrane structure of
mitochondria. However, the accumulation of lipids induces
excess ROS generation and increased mitochondrial oxidative
stress. Meanwhile, accumulation and peroxidation of CL interrupt
the normal structure of mitochondria and impair mitochondrial
respiration and energy production (Figure 1). On the other
hand, mitochondria utilize lipids as a substrate for FA p-oxidation
in order to meet high energy demand. Increased ROS production,
secondary to stress conditions, inhibits mitochondrial FA
f-oxidation and lipid utilization, which in turn generates more
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ROS (Figure 2). It is clear that ROS play a critical role in
the interplay of mitochondrial dysfunction and glomerular
lipotoxicity. Interweaved by ROS production, a vicious cycle
is formed by down-regulated FA p-oxidation, accumulation of
intracellular lipids and peroxidation of lipids (especially CL).
Therefore, identifying therapeutic targets that break this vicious
cycle may offer novel promising therapeutic interventions for
the cure of glomerular diseases.
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Renal proximal tubular cells are high energy-demanding cells mainly relying on fatty
acid oxidation. In stress conditions, such as transient hypoxia, fatty acid oxidation (FAO)
decreases and carbohydrate catabolism fails to compensate for the energy demand.
In this scenario, the surviving tubular cells exhibit the peculiar phenotype associated
with fibrosis that is the histological manifestation of a process culminating in chronic
and end-stage kidney disease. Genome-wide transcriptome analysis revealed that,
together with inflammation, FAO is the top dysregulated pathway in kidney diseases
with a decreased expression of key FAO enzymes and regulators. Another evidence that
links the derangement of FAQO to fibrosis is the progressive decrease of the expression
of peroxisome proliferator-activated receptor a (PPARa) in aged people, that triggers
the age-associated renal fibrosis. To allow FAO completion, a coordinate network of
enzymes and transport proteins is required. Indeed, the mitochondrial inner membrane
is impermeable to fatty acyl-CoAs and a specialized system, well known as carnitine
shuttle, is needed for translocating fatty acids moieties, conjugated with carnitine,
into mitochondrial matrix for the p-oxidation. The first component of this system is
the carnitine palmitoyltransferase 1 (CPT1) responsible for transfer acyl moieties to
carnitine. Several studies indicated that the stimulation of CPT1 activity and expression
has a protective effect against renal fibrosis. Therefore, the network of enzymes and
transporters linked to FAO may represent potential pharmacological targets deserving
further attention in the development of new drugs to attenuate renal dysfunction.

Keywords: mitochondria, g-oxidation, carnitine, kidney, CPT

INTRODUCTION

The kidney is one of the most energy-demanding organs in the human body, as demonstrated
by Elia (Elia, 1992) in a study performed in 1992 describing the specific resting metabolic rates
of major organs and tissues in adults. The following values expressed as in kcal kg=! d=! were
indeed calculated: 200 for liver, 240 for brain, 440 for heart and kidneys, 13 for skeletal muscle,
4.5 for adipose tissue, and 12 for the other organs (Wang et al., 2010). Accordingly, the kidney
is second only to the heart in terms of mitochondrial abundance (Pagliarini et al., 2008) and
oxygen consumption under resting conditions (O’Connor, 2006). This scenario correlates well with
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Kidney Fatty Acid Oxidation Derangements

the high request of ATP by the kidney to remove waste from
the blood, to reabsorb nutrients, to modulate the balance of
electrolytes and fluid, to maintain the acid-base homeostasis,
and to regulate the blood pressure (Bhargava and Schnellmann,
2017). While all kidney districts have a high request for ATP, the
mechanism of ATP production is cell type-dependent. Podocytes,
endothelial and mesangial cells first use glucose to produce
ATP for basal cell processes (Forbes, 2016). On the contrary,
proximal tubule cells, which constitute 90% of the outer kidney
cortex, are the main ATP consuming cells in the kidney and
use fuels such as lactate, glutamine, and fatty acids (Forbes
and Thorburn, 2018). These cells are completely dependent
on the oxidative phosphorylation, i.e., aerobic respiration, as
the primary mechanism of ATP production (Bhargava and
Schnellmann, 2017). In good agreement with such a metabolic
requirement, non-esterified fatty acids, such as palmitate,
are among the preferred substrates for ATP production via
B-oxidation. Indeed, the efficiency of ATP production from
palmitate is higher than that from glucose. Proximal tubules use
the majority of the generated ATP to perform active transport
and reabsorption of solutes including glucose, amino acids,
phosphate, bicarbonate and various filtered low molecular weight
proteins, as well as to produce the key urinary buffer ammonium
(NH4T). Indeed, all the secondary active transport processes
depend on the Nat-K*-ATPase localized on the basolateral side
of the proximal tubular cell (Bhargava and Schnellmann, 2017).
Another reason to avoid glycolysis for producing ATP is that
proximal tubules harbor a high glucose concentration gradient
from their luminal (urinary filtrate) to basal (blood) side for
glucose reabsorption. Hence, using glucose to derive energy could
be toxic, especially under conditions of metabolic imbalance
such as in diabetes (Forbes, 2016). Although B-oxidation of
fatty acids is the most efficient mechanism for producing
ATP, this pathway implies a high oxygen request; this makes
proximal tubules more susceptible than other cell types to
changes in oxygen levels. Indeed, a lower oxygen supply can
lead to impaired p-oxidation and ATP synthesis which in turn
can trigger kidney injury. In this minireview, the network of
transporters and enzymes responsible for the mitochondrial fatty
acid oxidation will be dealt with focusing on derangements
that underlie kidney injury with special reference to the Acute
Kidney Disease (AKI).

THE MITOCHONDRIAL FATTY ACID
f-OXIDATION AND THE CARNITINE
SHUTTLE FOR ATP PRODUCTION

Fatty acid oxidation mainly occurs in mitochondria and involves
a repeated sequence of reactions that result in the conversion
of fatty acids to acetyl-CoA. Fatty acids are mainly taken up
by proximal tubule cells through CD36. This is a fatty acid
transporter that plays several roles in human lipid metabolism
such as fatty acids storage in adipose tissues and fatty acids
supply to produce ATP by B-oxidation in proximal tubule
cells (Yokoi and Yanagita, 2016; Figure 1). Alternatively, fatty
acids result from the deacylation of cellular phospholipids

mediated by phospholipase A2 (PLA2). Independently from
their origin, fatty acids are then activated in the cytosol by
the long-chain acyl-CoA synthetase producing long-chain acyl-
CoA. Due to the lack of an acyl-CoA transporter in the
mitochondrial inner membrane, the acyl group is transferred
to the shuttle molecule carnitine for translocation into the
matrix (Indiveri et al., 2011; Casals et al., 2016). The shuttling
process starts with the action of CPT1 that catalyzes the
conversion of acyl-CoAs into acylcarnitines (Figure 1). CPT1
was identified as part of a large protein complex of the
mitochondrial outer membrane, protruding toward the cytosol,
which includes long-chain acyl-CoA synthetase (ACSL) and
the voltage-dependent anion channel (VDAC) also known
as porin (Lee et al, 2011). The formed acylcarnitines cross
the inner mitochondrial membrane through the action of
the carnitine acylcarnitine carrier (CAC - SLC25A20). This
transporter mediates an antiport reaction coupling the entry
of acylcarnitine into the matrix with the exit of free carnitine
(Figure 1). It exhibits a higher affinity for acylcarnitines
with longer carbon chains and is located in the inner
mitochondrial membrane where takes contact with CPT2 located
on the matrix side of the inner mitochondrial membrane
(Lee et al, 2011). CPT2 transfers back the acyl groups
from acylcarnitines to the mitochondrial CoA forming the
mitochondrial acyl-CoAs that undergo B-oxidation (Figure 1).
Each round of f-oxidation requires the sequential action
of at least 4 enzymes: the first enzyme is the acyl-CoA
dehydrogenase (ACAD) that catalyzes the a,p-dehydrogenation
of acyl-CoA. Five types of ACADs are known which are
classified according to the substrate specificity; hence, each
isoform has a preference for substrates with different chain
lengths. These redox enzymes use FAD as a cofactor. The protein
expression of medium Acyl-CoA dehydrogenase (MCAD) in
the renal tubule is higher than in glomeruli, confirming the
important role of FAO in this tissue (Uhlen et al., 2015).
The electrons from FADH, are subsequently transferred to
the electron transferring factor (ETF), which in turn releases
the electrons to the ETF dehydrogenase coupled with the
electron transport chain via the Coenzyme Q. The second step
of the B-oxidation is catalyzed by the 2-enoyl-CoA hydratase
(ECH), while the third step is catalyzed by 2 distinct forms
of the NAD"' dependent 3-hydroxyacyl-CoA dehydrogenase
that show different specificities: the long-chain hydroxyacyl-
CoA dehydrogenase (LCHAD) and the short/medium-chain
hydroxyacyl-CoA dehydrogenase (HAD). The fourth step is
catalyzed by the long-chain 3-ketoacyl-CoA thiolase (HADHB)
with a broad chain-length preference. After this first round
of reactions, the two carbon shortened Acyl-CoA is recycled
through subsequent rounds of B-oxidation reactions generating
Acetyl-CoA that enters the TCA cycle allowing the ATP
synthesis by the oxidative phosphorylation (Figure 1). As above
described, the availability of carnitine for fatty acid transport
into mitochondria is crucial for the accomplishment of FAO.
Due to its fundamental role, it is not surprising that the
carnitine homeostasis is strictly regulated (Pochini et al., 2019).
The endogenous carnitine synthesis is insufficient to meet the
human body need, thus, about half of the carnitine pool is
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FIGURE 1 | Involvement of the carnitine shuttle in the mitochondrial B-oxidation pathway. The picture represents a sketch of renal proximal tubule cells. Fatty acids
(FA) enter the cytosol via CD36. FA are converted in acyl-CoA by acetyl-CoA synthetase (ACS) and then transferred to the mitochondrial matrix by the carnitine
carnitine-acylcarnitine carrier (CAC), and carnitine-palmitoyltransferase 2 (CPT2). Acyl-CoA undergoes
B-oxidation (B-ox) with the production of acetyl-CoA that enters the tricarboxylic acid cycle (TCA). NADH and FADH, generated by -oxidation and TCA are the
electron donors for the electron transport chain (ETC). The Organic Cation Transporter Novel 2 (OCTN2) mediates carnitine entry in the cytosol by a sodium
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absorbed from the diet. The plasma membrane Organic Cation
Transporter Novel 2 (OCTN2 - SLC22A5), is the major player
for carnitine absorption and distribution to the various tissues.
The transporter also plays a major role in the renal tubular
reabsorption of carnitine which concurs in maintaining the
homeostasis (Pochini et al., 2019). Kidney diseases are associated
to some extent with carnitine homeostasis derangements. Indeed,
some patients with kidney diseases develop carnitine deficiency
(Hedayati, 2006).

FATTY ACID OXIDATION IMPAIRMENT
AND THE ONSET OF KIDNEY DISEASES

The link between lipid accumulation and kidney disease was
suggested for the first time in 1860 by Rudolf Virchow. In a
lecture at the Pathological Institute of Berlin, he mentioned the
“fatty degeneration of the renal epithelium as a stage of Bright’s
disease,” which is the historical name for glomerulonephritis
indicating a range of immune-mediated disorders that cause
inflammation of glomeruli and other compartments of the kidney

(Chadban and Atkins, 2005). Lipid accumulation reflects an
imbalance between fatty acid utilization and fatty acid supply.
Since triglycerides buffer fatty acid excess, the overload is
often visible as lipid droplets. Several studies suggested that
glomeruli and proximal tubules are the most susceptible to
lipid accumulation and hence linked to kidney dysfunction
(Figure 2; Bobulescu, 2010). A typical example is the diabetic
nephropathy (DN), a life-threatening pathological condition
occurring in the 50% of diabetes mellitus patients with End
Stage Renal Disease (ESRD). The molecular features of DN are
not yet completely understood; however, lipotoxicity caused by
fatty acid deposition and tubule-interstitial fibrosis characterized
by epithelial-to-mesenchymal transition (EMT), seem to be
hallmarks of DN. Interestingly, a study conducted on human
proximal tubular cells, cultured in high glucose medium to
mimic diabetic condition, shed light on the events underlying
DN onset. It seems that the lipotoxicity occurs before the EMT
(Xu et al,, 2014). In line with this, the silencing of a key enzyme
for fatty acid biosynthesis, namely acetyl-CoA carboxylase 2
(ACC2), increased the B-oxidation rate with a reduction of
lipotoxicity and reversion of the EMT morphological changes
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(Xu et al., 2014). The effect on the B-oxidation rescue is due to
reduced production of malonyl-CoA by ACC2 with consequent
activation of CPT1, un upstream enzyme of FAO (Figure 1).
In line with this, another study reported that tubular epithelial
cells treated with the CPT1 inhibitor etomoxir showed an
increase of gene expression typical of fibrosis, such as a-SMA
and Vimentin (Kang et al, 2015); conversely, a model of
induced kidney fibrosis treated with the CPT1 activator C75
showed an improvement of the fibrosis phenotype (Kang et al,,
2015). Another pathological condition characterized by fatty acid
accumulation causing lipotoxicity is one of the most common
forms of acute kidney injury (AKI), which is the ischemic
renal injury (IRI). The mechanism of lipid accumulation in
IRI is not completely understood. Indeed, the accumulation of
triglycerides and cholesterol, following the onset of ischemia,
seems protective due to the buffer effects against fatty acids.
Later, with the progress of the ischemia, the lipid accumulation,
visible as droplets, may cause acute kidney injury (Erpicum
et al., 2018). During ischemia/reperfusion injury, a decline in the
activity of CPT1 has been observed resulting in reduced uptake
of fatty acids in the mitochondrial matrix and, hence, reduced
FAO. Treating kidney with the CPT1 activator C75, the FAO
increased with consequent improvement of renal morphology
(Idrovo et al., 2012b). The IRI is characterized by an increase
in oxidative stress. This has an influence also on the activity of
the central component of the carnitine shuttle, CAC (Figure 1).
This membrane transporter is located in the inner mitochondrial
membrane and possesses six cysteine residues two of which,
namely C155 and C136, constitute a redox sensing centre.

Indeed, H,O, at toxic concentrations, triggers the formation
of a disulfide bridge between C155 and C136 switching off
the transport activity. In this respect, it is interesting that
the gas transmitters NO or H,S as well as GSSG act on the
same cysteines modulating the CAC activity. This, in turn, may
influence the mitochondrial uptake of fatty acids (Giangregorio
et al,, 2013, 2016; Tonazzi et al., 2013, 2017). In line with
this, preconditioning with propionyl-carnitine, to replenish the
carnitine pool for FAO, is protective against IRI damage in a rat
model (Erpicum et al,, 2018). Another event occurring during
IRI and, then, characteristic of AKI pathogenesis, is hypoxia
(Figure 2). In this condition, the NADH: NAD™ ratio in the
mitochondria increases due to the reduction in NADH oxidation
rate in the respiratory chain (Simon and Hertig, 2015). Indeed,
in the absence of adequate oxygen supply, the electron transport
chain is slowed down with the accumulation of NADH which,
in turn, inhibits NADH-producing reactions. These phenomena
have important impacts on lipid metabolism: for example, the
above-mentioned 3-hydroxyacyl-CoA dehydrogenase is one of
the rate-controlling enzymes of FAO and requires NAD™ as a
cofactor; this enzyme is impaired when the NADH: NAD™ ratio
increases with the reduction of FAO and lipid accumulation
(Simon and Hertig, 2015). In good agreement with the existence
of a coordinate network between enzymes and transporters
for accomplishing FAO (Figure 1), the expression of these
proteins is mainly under the control of the same group of
transcription factors, namely peroxisome proliferator-activated
receptors PPAR-a, PPAR-B/3, and PPAR-y. The PPARs are
predominantly expressed in metabolically active cells, such as
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the renal proximal tubules (Varga et al, 2011). PPARs can
recognize a large class of endogenous ligands among which
some w3 and w6-polyunsaturated fatty acids (PUFAs) and some
saturated fatty acids, such as myristic acids. PPARs interact
with the members of another subfamily of nuclear receptors,
namely RXRs (retinoid X receptor), forming heterodimers. Upon
this binding, the heterodimer translocates in the nucleus and
interacts with specific DNA responsive elements with consequent
increased expression of FAO enzymes as well as of the fatty acid
transporter CD36. The plasma membrane transporter OCTN2
and the mitochondrial transporter CAC are also regulated by
some of the PPAR family members, among which PPAR-a
(D’Argenio et al,, 2010; Indiveri et al, 2011; Varga et al,
2011; Qu et al, 2014; Zhou et al, 2014). Interestingly, a
link between lipid accumulation, AKI, and PPARs has been
demonstrated. Indeed, the renal fibrosis and the epithelial-
to-mesenchymal transition, characteristic of AKI are induced
by the secretion of the transforming growth factor p1 (TGF-
B1) from tubular epithelial cells. TGF-p1 is a cytokine that
reduces the expression of PPAR-a and the PPAR-y coactivator-
la (PPARGCI1A) with consequently reduced expression of CPT1
and of the FAO enzyme Peroxisomal acyl-coenzyme A oxidase
1 (Acoxl) which catalyzes the desaturation of acyl-CoAs to 2-
trans-enoyl-CoAs. The effects of TGF-P1 are exerted through the
transcription factor SMAD3 which binds to an intronic region
of PPAR-a gene. This interaction affects the expression of all
the downstream targets causing significant metabolic depression,
low cellular ATP content and, then, lipid accumulation (Kang
et al., 2015). It has also been demonstrated the microRNA-21,
upregulated in different models of renal fibrosis, can silence
PPAR-a expression triggering FAO blockade and lipotoxicity.
Accordingly, miR-21(—/—) mice suffered less interstitial fibrosis
in response to kidney injury (Chau et al., 2012). Therefore, miR-
21 and PPAR-a act coordinately in regulating FAO in renal
injury. Another microRNA, miR-33, seems to have a role in
lipid accumulation and development of fibrosis in the kidney
(Price et al., 2019).

THERAPEUTIC INTERVENTIONS FOR
RESCUING FATTY ACID OXIDATION

As described above, dysfunctions of the mitochondrial
B-oxidation trigger kidney injury, therefore, mitochondria
represent a potential drug target. Several novel compounds
that promote mitochondrial function are currently under
development (Szeto, 2017). A growing number of data suggests
that the activation of PPARa can be protective (Cheng et al.,
2010). The first class of compounds tested to obtain PPAR«a
activation was that of fibrates (Figure 2). In a murine model,
it was demonstrated that the treatment with high-dose of
PPARa agonists worsened the tubular damage; while, pre-
treatment with a low dose of clofibrate prevented acute tubular
injuries without accumulation of metabolites harmful for
renal function. The tubular protective effects appeared to be
associated with the counteraction of PPARa deterioration,
resulting in a maintenance of FAO, a decrease of intracellular

accumulation of undigested FFAs, and attenuation of disease
developmental factors including oxidative stress, apoptosis,
and NFkB activation (Takahashi et al., 2011). These effects are
common to other fibrates, such as fenofibrate, that significantly
attenuated the degree of renal dysfunction and inflammation
caused by ischemia/reperfusion (I/R) injury. Interestingly,
fenofibrate did not protect PPAR-a(—/—) mice against I/R (Patel
et al, 2009). Furthermore, the PPAR- a agonist, WY14643,
seems to reduce the renal dysfunction and injury associated
with I/R (Sivarajah et al, 2002), while benzafibrate inhibits
cisplatin-mediated injury by preventing the proximal tubule
cell death (Nagothu et al., 2005). An alternative to fibrates is
represented by the angiotensin II receptor blocker irbesartan,
which increased PPAR«a signaling in the liver as well as in the
kidney (Figure 2). The effect of irbesartan seems to be safe also
for the patient with CKD (Harada et al., 2016). Peroxisome
proliferator-activated receptor vy coactivator la (PGC-la)
is another key transcriptional regulator of mitochondrial
biogenesis and function (Li and Susztak, 2018). A decrease in
PGC-1a expression is commonly observed in mice and patients
with acute and chronic kidney disease. Increasing PGC-la
expression in renal tubule cells restores energy deficit and has
been shown to protect from acute and chronic kidney disease.
Stimulation of the PGC-1a pathway could provide a potential
intervention strategy, however, endothelial cells and podocytes
are negatively influenced by excessive increased PGC-1a (Li and
Susztak, 2018). Another approach to improve renal function
after IRI is represented by a treatment combining carnitine and
5-aminoimidazole-4-carboxyamide ribonucleoside (AICAR),
which activates CPT1 through the adenosine monophosphate-
activated protein kinase (AMPK). This combined treatment
significantly increased CPT1 activity and ATP levels with
lowered renal malondialdehyde, a marker of oxidative stress,
and serum TNF-a levels (Idrovo et al., 2012a). An additional
strategy for rescuing the ATP level after AKI is the treatment
with the mitochondria-targeted compound SS-31; it belongs
to the Szeto-Schiller (SS) peptides family, discovered by Hazel
H. Szeto and Peter W. Schiller. SS-31 selectively targets and
concentrates in the inner mitochondrial membrane where
binds with a high affinity the anionic phospholipid cardiolipin
(Szeto and Schiller, 2011). Interestingly, cardiolipin plays a
structural role in the cristae formation, in the organization of
the respiratory supercomplexes and is essential for the transport
activity of CAC (Tonazzi et al., 2005). The SS-31/cardiolipin
complex inhibited peroxidase activity of cytochrome ¢, which
catalyzes cardiolipin peroxidation and results in mitochondrial
damage, FAO decrease and lipid accumulation (Birk et al,
2013; Szeto, 2014, 2017). A novel class of therapeutics is
represented by the anti-miR oligonucleotides (Figure 2); indeed,
several advancements have been made in RNA stability in vivo.
Interestingly, the latest generation of anti-miR oligonucleotides
can be delivered by weekly subcutaneous injection without loss
of activity. Recent studies using anti-miR-21 and anti-miR-33
oligonucleotides demonstrated protective renal action (Chau
et al., 2012; Price et al., 2019). In particular treatment with
anti-miR-33 significantly increases protein levels of CPTla
(the kidney and live isoform) as well as Peroxisomal carnitine
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O-octanoyl transferase (CROT) which are involved in FAO,
reducing the development of fibrosis (Price et al., 2019). A great
deal of attention is currently placed on the effects of obesity on the
development of kidney disease. Obesity-induced nephropathy
is linked to the activation of the renal cannabinoid-1 receptor
(CB1R). Inhibition or selective deletion of CBIR in the renal
proximal tubule cells markedly attenuated lipid accumulation,
inflammation, and fibrosis in the kidney (Figure 2). These effects
are associated with enhanced fatty acid -oxidation and increased
activation of the liver kinase B1/AMP-activated protein kinase
signaling pathway (Udi et al., 2017).

CONCLUSION

Mitochondrial dysfunction is commonly observed in many
nephropathies. Renal cell repair is dependent on the ability
of mitochondria to rescue the production of ATP. Thus,
restoring mitochondrial B-oxidation might reverse or attenuate
renal failure. PPAR-a agonists prevent tubule cell death and
intracellular lipid accumulation. In this scenario, a deeper
understanding of the tissue specificity effects and the molecular
mechanisms of PPAR-a is mandatory to develop novel and
safer therapies. The most innovative pharmacological approach
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The mitochondria are a major source of reactive oxygen species (ROS). Superoxide
anion (O»°*7) is produced by the process of oxidative phosphorylation associated with
glucose, amino acid, and fatty acid metabolism, resulting in the production of adenosine
triphosphate (ATP) in the mitochondria. Excess production of reactive oxidants in the
mitochondria, including O.°~, and its by-product, peroxynitrite (ONOO™), which is
generated by a reaction between O»°~ with nitric oxide (NO°®), alters cellular function
via oxidative modification of proteins, lipids, and nucleic acids. Mitochondria maintain
an antioxidant enzyme system that eliminates excess ROS; manganese superoxide
dismutase (Mn-SOD) is one of the major components of this system, as it catalyzes the
first step involved in scavenging ROS. Reduced expression and/or the activity of Mn-
SOD results in diminished mitochondrial antioxidant capacity; this can impair the overall
health of the cell by altering mitochondrial function and may lead to the development and
progression of kidney disease. Targeted therapeutic agents may protect mitochondrial
proteins, including Mn-SOD against oxidative stress-induced dysfunction, and this may
consequently lead to the protection of renal function. Here, we describe the biological
function and regulation of Mn-SOD and review the significance of mitochondrial oxidative
stress concerning the pathogenesis of kidney diseases, including chronic kidney disease
(CKD) and acute kidney injury (AKI), with a focus on Mn-SOD dysfunction.

Keywords: manganese superoxide dismutase, acute kidney injury, chronic kidney disease, mitochondria,
peroxynitrite, posttranslational modification

INTRODUCTION

The prevalence of chronic kidney disease (CKD) has been increasing worldwide (Eckardt et al.,
2013). CKD is characterized by the gradual loss of renal function over a period of months to
years, ultimately leading to end-stage renal disease (ESRD). CKD has also been recognized as an
independent risk factor for cardiovascular disease (CVD) (Go et al., 2004; Gansevoort et al., 2013).
In contrast, acute kidney injury (AKI), also known as acute renal failure, is defined as the sudden
and rapid loss of renal function, often within 48 h (KDIGO, 2012). AKI is closely associated with
the increased risk of developing CKD, and progression is directly dependent on the severity of
AKI (Fiorentino et al., 2018). Therefore, to suppress these outcomes, it will be necessary to have a
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better understanding of the underlying fundamental mechanisms
related to progression and onset of both CKD and AKI.

Reactive oxygen species (ROS) can damage cellular proteins,
lipids, and DNA, ultimately leading to cellular dysfunction
(Wang et al, 2018). Mitochondria are the major source of
endogenous ROS, which depends directly on the metabolic
and redox state of the mitochondria. Metabolic state refers to
the efficiency of electron transfer from nutrients to molecular
oxygen (O3). Electrons that are leaked from the respiratory
chain react with O, to produce superoxide anions (O,°7).
Mitochondria have ROS scavenging systems via which O,°~ is
converted to H,O; by the actions of superoxide dismutase (SOD),
including Cu/Zn-SOD and manganese superoxide dismutase
(Mn-SOD) (Mailloux, 2015; Kim et al., 2017; Wang et al., 2018).
Further decomposition of H,O, to H,O and O, is catalyzed
by other antioxidative enzymes within the mitochondria,
including glutathione peroxidase (GPx) and peroxiredoxin
(PRx)/thioredoxin (TRx) (Mailloux, 2015; Kim et al., 2017; Wang
et al, 2018). At low levels, ROS are second messengers for
signal transduction and may serve to regulate cellular adaptation
against several stressors. However, oxidative stress results when
ROS production exceeds homeostatic levels due to an imbalance
between ROS production and decomposition.

The kidney is a highly metabolic organ with high levels of
oxidation within cellular mitochondria. Renal tissues have a
large energy demand, most notably within the proximal tubular
cells; this is related to their role in reabsorbing critical nutrients
after glomerular filtration. As such, the kidney is particularly
vulnerable to damage caused by oxidative stress. Previous reports
have shown that mitochondrial oxidative stress may be directly
linked to mechanisms underlying the onset and progression of
both CKD and AKI (Che et al., 2014; He et al., 2017). Excess
mitochondrial ROS may promote mitochondrial dysfunction,
ATP depletion, inflammation, and apoptosis in association with
kidney disease (Che et al., 2014; He et al., 2017). Among ROS
scavenging enzymes in the mitochondrial matrix, Mn-SOD has a
primary responsibility for O,°~ scavenging within mitochondria;
as such, dysfunction of Mn-SOD results in mitochondrial
oxidative stress. Collective experimental evidence has suggested a
relationship between Mn-SOD dysfunction and the pathogenesis
of kidney disease. In this review, we consider the significance
of mitochondrial oxidative stress on the pathogenesis of kidney
disease, including CKD and AKI, with a focus on the role of
Mn-SOD dysfunction.

BIOLOGICAL FUNCTION OF
MANGANESE SUPEROXIDE DISMUTASE
ON REACTIONS AND
TRANSFORMATIONS OF SUPEROXIDE
ANION

Human Mn-SOD, encoded by the sod2 gene, is located
on chromosome 6q25.3 (Creagan et al, 1973) (Figure 1).
The sequence of Mn-SOD is highly conserved, with over
40% homology among proteins from human, yeast, and

Escherichia coli (Barra et al., 1984). Mn-SOD is a tetrameric
enzyme with four identical subunits, each harboring a manganese
ion (Mn?T/Mn>T) as a cofactor. Mn-SOD is located primarily
within the mitochondrial matrix (Borgstahl et al., 1992; Karnati
et al, 2013). By contrast, Cu/Zn-SOD is localized to the
mitochondrial inner membrane space.

0,°~ production in mitochondria is closely linked to
mitochondrial production of adenosine triphosphate (ATP),
which takes place via electron transfer linked to nutrient
(glucose, amino acids, and fatty acids) metabolism. Electrons
are by-products of the tricarboxylic acid (TCA) cycle enzymes
and respiratory complexes that promote a univalent reduction
of oxygen (O3) to O,°”. Superoxide anion (O,°7) is an
important signaling molecule but one that can be toxic at
high concentrations. SOD enzymes, including Mn-SOD and
Cu/Zn-SOD, catalyze the dismutation of O,°~ to H,O, in the
mitochondrial matrix and the intermembrane space, respectively
(Kawamata and Manfredi, 2010; Karnati et al., 2013; Mailloux,
2015). The GPx and PRx/TRx systems convert H,O, to H,O
within the mitochondrial matrix. Alternatively, H,O, that has
diffused into the cytoplasm is metabolized by catalase, GPx,
and PRx/TRx. O,°" can also react with nitric oxide (NO®)
to produce peroxynitrite (ONOO™). The decomposition of
ONOO™ gives rise to highly oxidizing intermediates, including
nitrogen dioxide (NO;*), and hydroxyl radical (OH®); eventually,
stable nitrite (NO37) is produced (Tharmalingam et al., 2017;
Radi, 2018). As such, elevated levels of O,°~ may result in
decreased bioavailability of NO and an increased toxic ONOO™
production. Additionally, O,*~ may reduce ferric iron (Fe’T)
to ferrous iron (Fe?>) in iron-sulfur centers in critical proteins,
which may lead to enzyme inactivation and concomitant loss
of Fe>* from the enzymes, thereby promoting production of
H,0, (Imlay, 2003). H,O, may then react with Fe>* to produce
hydroxy radicals (OH®) via the Fenton/Haber-Weiss reaction.
Moreover, protonation of O°~ may promote formation of the
reactive hydroperoxyl radical HO,.

Oxidative stress induced by the imbalance between ROS
production and the scavenging capacity of antioxidant protection
mechanisms in the mitochondria leads to the inactivation of
endogenous antioxidant systems, impairment of the electron
transport, uncoupling of oxidative phosphorylation, and altered
membrane permeability. As such, internal oxidative stress-
mediated damage may be the main cause of mitochondrial
dysfunction. Mn-SOD is the primary antioxidative enzyme that
is responsible for scavenging O,°~ in the mitochondrial matrix.
Therefore, Mn-SOD dysfunction may result in overproduction of
highly reactive oxidants, such as ONOO™ and OH, which may
result in mitochondrial dysfunction and disease development.

TRANSCRIPTIONAL REGULATION OF
MANGANESE SUPEROXIDE DISMUTASE

The sod2 gene has three major regulatory regions, namely,
a proximal promoter, a 5 upstream enhancer region, and
an intronic enhancer region, which promotes activation or
repression of sod2 gene expression (Xu et al., 2002).
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FIGURE 1 | Function of manganese superoxide dismutase (Mn-SOD). Superoxide (O2°~) is produced by the electron transport chain (ETC) during nutrient
metabolism by the tricarboxylic acid (TCA) cycle. Mn-SOD s localized in the mitochondrial matrix, where it catalyzes the dismutation of Oo*~ to H,O». By contrast,
Cu/Zn-SOD, which is located in the inner membrane space of mitochondria, catalyzes the conversion of O»*~ to hydrogen peroxide (H>O»). HoO5 is further
metabolized by the glutathione peroxidase (GPx) and the peroxiredoxin (PRx)/thioredoxin (TRx) system in mitochondrial matrix or by catalase (CAT) GPx and
PRx/TRx in the cytosol. Oo*~ and nitric oxide (NO®) can react to form peroxynitrite (ONOO™), giving rise to nitrogen dioxide (NO2*) and hydroxyl radical (OH®);
eventually, stable nitrite (NOg ™) is produced. H> Oy is converted to OH via the Fenton/Haber-Weiss reaction. O,*~ can reduce ferric iron (Fe®*) to ferrous iron (Fe?+)
in iron—sulfur centers of proteins, ultimately resulting in the production of H,O». Moreover, the protonation of O»*~ generates the hydroperoxyl radical, HO.

Cytosol

Proximal Promotor of the sod2 Gene

The basic proximal promoter of the sod2 gene has no classical
TATA or CAAT box, although it is enriched in CG repeats that
contain binding sites for specificity protein 1 (Sp1l) and activator
protein 2 (AP-2) (Zhu et al., 2001; Xu et al., 2002). Sp1 binding
to the promoter activates sod2 gene transcription, whereas AP-2
suppresses the transcriptional activity via competition with Spl
at its binding site or by limiting its bioavailability via AP-2/Sp1
complex formation. As such, Spl and AP-2 regulate the basal
level of sod2 gene transcription via antagonistic mechanisms at
the proximal promoter region.

5’ Upstream Enhancer Region of the

sod2 Gene

The 5 upstream enhancer region of the sod2 gene includes
binding sites for activating protein 1 (AP-1) (Borrello and
Demple, 1997), cyclic AMP response element-binding protein

(CREB) (Kim et al, 1999), nuclear factor, erythroid 2-like 2
(Nrf2) (Taylor et al., 2008), forkhead box O3 (FoxO3a) (Kops
et al., 2002), nuclear factor-kappa B (NF-kB) (Warner et al,
1996), and hypoxia-inducible factor 1o (HIF-1a) (Gao et al,
2013). Binding of transcription factors at these sites within
the sod2 5 enhancer leads to an interaction with the basal
transcriptional machinery of the proximal promoter, including
Spl. Nrf2 binds to the antioxidant responsive element (ARE)
and acts as a master regulator of ARE-responsive antioxidant
genes, including sod2 at homeostasis and in response to induction
(Taylor et al., 2008; Li et al,, 2015). FoxO-binding elements
were identified upstream of the sod2 transcriptional start site;
however, only the site at position —1,249 mediates FoxO3a-
dependent transcription of sod2 gene in quiescent cells (Kops
et al, 2002). In pathological conditions, activation of Akt
(protein kinase B) promotes nuclear exclusion of FoxO3a via
phosphorylation, thereby downregulating the transcription of
sod2 (Kato et al., 2006; Li et al., 2006). FoxO3 is deacetylated
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by sirtuins, including SIRT1, SIRT2, and SIRT3, resulting in
enhanced DNA binding and sod2 gene transcription (Jacobs et al.,
2008). HIF-1a represses sod2 gene transcription in association
with renal clear cell carcinoma (Gao et al., 2013). High levels of
mitochondrial O,°~ that result from the repression of sod2 gene
expression lead to HIF-1a stabilization. Moreover, peroxisome
proliferator-activated receptor-y coactivator-la. (PGC-1la) also
displays antioxidant defense responses via its role in promoting
upregulated expression of antioxidative enzymes, including
sod2 (Valle et al, 2005; St-Pierre et al., 2006; Lu et al,
2010). PGC-1a also plays an important role in mitochondrial
biogenesis and respiration (Wu et al, 1999; Lin et al,
2005). Ding et al. (2017) reported that knockdown of SIRT3
inhibited osteogenic differentiation via its role in decreasing
the stability of PGC-la by increasing its acetylation and
via downregulated expression of Mn-SOD; this results in
elevated levels of ROS and reduced mitochondrial biogenesis
and function. Cherry et al. (2014) reported that PGC-la
promotes mitochondrial biogenesis and induces expression of
antioxidative enzyme, most notably Nrf2-mediated Mn-SOD
expression in the liver of mice of Staphylococcus aureus-
induced peritonitis.

Binding sites for p53 were identified in the 5" upstream region
of the sod2 gene (Pani et al., 2000; Drane et al., 2001). p53 exerts
its inhibitory action via the prevention of Spl binding to the
proximal promoter of sod2 gene (Dhar et al., 2006). Additionally,
high levels of p53 expression serve to suppress sod2 expression,
whereas low levels of p53 expression promote NF-kB binding
to the enhancer region of the sod2 gene and increasing sod2
transcription (Dhar et al., 2010). In contrast, Hussain et al.
(2004) reported that the promoter of sod2 contains p53 consensus
binding sites, which located at —2,009 to —2,032 bp upstream of
the transcription start site and induction of p53 leads to increased
promoter activity and gene expression.

Intronic Enhancer Region of the sod2

Gene

The intronic enhancer contains a primary binding site for
NF-kB (Jones et al, 1997; Xu et al, 1999). NF-kB positively
regulates transcription via binding to the intronic enhancer
region, which is located in the second intron of the sod2
gene by promoting interactions with CCAAT/enhancer-binding
protein beta (C/EBP-B; Xu et al., 1999; Jones et al, 1997).
NF-kB binding at the intronic enhancer region also enhances
transcriptional activity of Spl in the proximal promoter of sod2
(Ennen et al., 2011).

POSTTRANSLATIONAL REGULATION OF
MANGANESE SUPEROXIDE DISMUTASE
ACTIVITY

In addition to transcriptional regulation, previous reports
indicated that Mn-SOD function is regulated by posttranslational
modifications, including nitration, acetylation, phosphorylation,
and glutathionylation.

Nitration
NO, a ubiquitous intracellular messenger, plays crucial roles
in a variety of biological processes (Beckman and Koppenol,
1996). Overproduction of NO and O,°~ leads to the formation
of the extremely reactive ONOO™, which can result in lipid
peroxidation, DNA damage, and protein nitration. ONOO™ can
generate covalent modifications of tyrosine (Tyr) residues in
proteins, thereby reducing their functionality (Figure 2).
ONOO™ leads to Mn-SOD deactivation via nitration of
the critical active-site Tyr34 residue (MacMillan-Crow et al,
1998; Yamakura et al., 1998; Yamakura and Kawasaki, 2010)
(Figure 2). Mn-SOD protects cells by O,°~ scavenging, thereby
preventing the interaction of O°~ with NO. However, Mn-
SOD deactivation leads to the amplification of oxidative stress
via accumulation of more O,°~ that promotes not just only
ONOO™ formation in the mitochondria but also both the onset
and progression of several diseases.

Acetylation
Ne-lysine acetylation is recognized as a critical posttranslational
modification that regulates protein function, most notably
that of histones (Narita et al., 2019). Non-histone protein
acetylation modulates numerous cellular processes, including
gene transcription, DNA damage and repair, cell division, signal
transduction, protein folding, autophagy, and metabolism.
Sirtuins (SIRTs), which are NAD-dependent protein
deacetylases, play significant roles in the regulation of protein

!ONOO' {@@ HIRI_:, ¢

Inactivation

2
®Q - -

D - 2

@ RT3

FIGURE 2 | Regulation of manganese superoxide dismutase (Mn-SOD)
enzyme activity by translational modifications. ONOO™ promotes Mn-SOD
inactivation by nitrating the critical Tyr34 at the enzyme active site. Acetylation
of Mn-SOD at K68, K122, K53, and K89 residues also induces Mn-SOD
inactivation. Reduced levels of ONOO™ and activation of NAD-dependent
deacetylase sirtuin-3 (SIRT3) lead to Mn-SOD reactivation through
denitrification or deacetylation of the target residues.
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acetylation (Guarente, 2011). SIRT3, SIRT4, and SIRT5 have
been identified in the mitochondria (Guarente, 2011; Kitada
et al., 2019). The deacetylase activity of SIRT3 is substantially
higher than that of SIRT4 or SIRT5; as such, SIRT3 plays a critical
role in mitochondrial biology and pathophysiological processes,
including redox status, via its capacity to regulate acetylation
of lysine (K) residues in mitochondrial proteins (Guarente,
2011; van de Ven et al., 2017; Kitada et al., 2019). Mn-SOD is
among the target proteins of SIRT3. Chen et al. (2011) found
that Mn-SOD K68 is an important site for SIRT3 regulation in
human cells, whereas Tao et al. (2010) identified K122 and Qiu
et al. (2010) identified K53 and K89 in Mn-SOD as the main
sites of Sirt3 deacetylation in mouse cells (Figure 2). Overall,
we conclude that SIRT3 deacetylates Mn-SOD at several lysine
residues. SIRT3-mediated deacetylation results in enhanced Mn-
SOD activity within a given nutrient and redox state and under
various pathophysiological conditions. This results in decreased
mitochondrial oxidative stress and prevents the progression of
cellular aging and aging-related disease.

Other Modifications

Mn-SOD can also be phosphorylated, and this process has a
direct impact on enzyme function. Candas et al. (2013) reported
that the CyclinB1/CDKI1-induced phosphorylation of Mn-SOD
at Serl06 led to Mn-SOD activation and increased stability,
which was associated with improved mitochondrial function and
cellular resistance to apoptosis due to radiation. Additionally,
cyclin-dependent kinase 4 (CDK4) located in mitochondria
directly phosphorylates Mn-SOD at Ser106, resulting in increased
Mn-SOD activity and mitochondrial respiration, notably in skin
tissues of mice receiving whole-body low-dose ionizing radiation
(Jin et al., 2015). The phosphorylation at Ser106 of Mn-SOD
enhances its tetrameric conformation, stability, and enzymatic
activity. By contrast, Hopper et al. (2006) reported an inverse
correlation between phosphorylation and activity of Mn-SOD
in mitochondria isolated from pig heart, and Ca?*-induced
dephosphorylation increased Mn-SOD enzymatic activity. Thus,
further studies are necessary to clarify how the phosphorylation
or dephosphorylation of Mn-SOD is involved in the regulation of
Mn-SOD activity.

Additionally, Zhao et al. (2017) identified Mn-SOD oxidation
at histidine (His54 and His55), tyrosine (Tyr58), tryptophan
(Trp147, Trp149, Trp205, and Trp210), and asparagine (Asn206
and Asn209) residues in human kidney tissues through mass
spectrometry. In renal carcinoma cells, Mn-SOD oxidation at
histidine (His54 and His55), tyrosine (Tyr58), and tryptophan
(Trp147 and Trp149) residues was enhanced and associated with
Mn-SOD deactivation (Zhao et al., 2017). John et al. (2009)
also found that oxidation at His54 and His55 was associated
with Mn-SOD deactivation in human medulloblastoma cells
(John et al., 2009).

S-glutathionylation is the term that describes the addition of
glutathione to cysteine residues of proteins; this process prevents
irreversible oxidation of protein thiols and regulates a diverse
array of cellular processes (Mailloux and Willmore, 2014). Mn-
SOD can undergo S-glutathionylation within the mitochondria.
Hopper et al. (2006) reported S-glutathionylation of recombinant
rat Mn-SOD that was generated in E. coli. Mn-SOD cysteine

(Cys) 196 was identified as a target of S-glutathionylation in
the rat (Castellano et al., 2009). Patil et al. (2013) demonstrated
that diamide, a biochemical that oxidizes glutathione and
thus promotes protein glutathionylation, promoted reversible
reductions in Mn-SOD activity when added to cultured rat renal
tubular cells or when used to perfuse rat kidney in vivo.

PHYSIOLOGICAL SIGNIFICANCE OF
MANGANESE SUPEROXIDE DISMUTASE
ON KIDNEY DISEASE IN ANIMAL
STUDIES

Lessons From Manganese Superoxide

Dismutase Gene-Altered Mice

Studies featuring knockout (KO) of Mn-SOD activity via
inactivating mutations or due to the complete elimination
of Mn-SOD expression have been performed in mice.
These manipulations have resulted in massive oxidative
stress and neonatal death associated with cardiomyopathy,
neurodegeneration, lipid accumulation in the liver and skeletal
muscle, and metabolic acidosis (Li et al., 1995; Holley et al., 2012).
There were no obvious alterations in mitochondrial structure in
Mn-SOD gene-deleted (~/7) mice; however, this gene deletion
had a substantial impact on mitochondrial enzyme activity,
including significant reductions in the activity of both succinate
dehydrogenase and aconitase when compared with wild-type
mice. By contrast, Lebovitz et al. (1996) previously generated
a line of Mn-SOD knockout mice (SOD2™BCEM/SOD2mIBEM),
in which the phenotype of mice is different from Mn-SOD
knockout mice produced by other groups. Their mice survived
longer than other group’s mice and exhibited extensively swollen
and damaged mitochondria within degenerating neurons and
cardiac myocytes. These discrepancies on the phenotype of
Mn-SOD knockout mice possibly depend on differences in the
molecular constructs used to generate the deletions and in the
genetic backgrounds on which the mutations were being bred.
Williams et al. (1998) reported that Mn-SOD heterozygotes
(*) exhibited a 50% decrease in Mn-SOD activity, which was
associated with impaired function and increased oxidative stress
in the mitochondria in liver cells. Van Remmen et al. (2003) also
reported increased and lifelong oxidative damage to DNA in
liver, brain, and heart tissues of the Mn-SOD* mice; oxidative
damage to DNA was associated with an increased incidence of
cancer in these mice.

The physiological and pathological roles of Mn-SOD
concerning renal function have been investigated using the
heterozygous Mn-SOD* mice and with renal-specific Mn-SOD
KO mice. Rodriguez-Iturbe et al. (2007) demonstrated oxidative
stress and renal interstitial inflammation in a cohort of Mn-
SOD* mice. These alterations were found to be compatible
with accelerated renal senescence and the development of salt-
sensitive hypertension. Additionally, Parajuli et al. (2011) created
kidney-specific Mn-SOD KO mice from two different transgenic
mouse lines. Specifically, “floxed” Mn-SOD mice (exon 3 of
Mn-SOD allele flanked with LoxP sites in introns 2 and 3)
were crossed with transgenic Kspl.3/Cre (kidney Cre) mice.
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The Kspl.3/Cre transgenic mice expressed Cre recombinase
specifically in distal tubules, collecting ducts, loops of Henle,
ureteric buds, and the developing genitourinary tract of the
kidney. As such, the impact of the Mn-SOD KO is limited to
these specific parts of the kidney. Kidney-specific Mn-SOD KO
mice exhibited normal renal function; however, the localized
Mn-SOD KO resulted in modest renal damage, including
tubular dilation, epithelial cell enlargement, the formation
of casts within the tubular lumen, and the accumulation of
nitrotyrosine-modified protein. These data indicate that Mn-
SOD plays a crucial role in maintaining redox homeostasis in
kidney mitochondria.

Kidney Disease Animal Model Studies
Mitochondrial oxidative stress associated with Mn-SOD
dysfunction in the kidney is involved in the pathogenesis
of several kidney diseases, including AKI and CKD, as well
as in the AKI to CKD transition. Mn-SOD dysfunction has
been associated with glomerular and tubulointerstitial fibrosis,
inflammation, excess apoptosis of renal cells, and tubular cell
damage, as one of the sources of ROS in the mitochondria
(Figure 3). We focused on the change of Mn-SOD in the kidney,
such as posttranslational modification, activity, and expression
levels, in animal models of kidney disease, and showed the
summary in Table 1.

Ischemia/Reperfusion-Induced Acute Kidney Injury
Increased oxidative stress is a well-known factor that contributes
to renal ischemia/reperfusion (I/R) injury (Noiri et al.,, 2001).

Mitochondria are remarkably sensitive to I/R injury, as
I/R rapidly promotes the generation of O,°” and other
ROS, including ONOO™, within the injured mitochondria
(Walker et al., 2000).

In the kidney of a rodent model of I/R AKI, Cruthirds et al.
(2003) reported an acute increase in oxidative stress associated
with increased levels of mitochondrial protein nitration,
including Mn-SOD and cytochrome ¢, which resulted in Mn-
SOD deactivation and mitochondrial dysfunction. Additionally,
renal SIRT3 activity was reduced in response to I/R-induced
AKI compared with activity observed among those in the
control/sham-operated group. This was also accompanied by
increased acetylation of both Mn-SOD and p53 (Ouyang et al.,
2019). Taken together, these results suggest that inactivation
of Mn-SOD induced by posttranslational modifications, such
as nitration and acetylation, results in accelerated renal
mitochondrial oxidative stress and contributes to the progression
of I/R-induced AKI.

Le Clef et al. (2016) established a unilateral renal I/R model
to study the associated mechanisms and therapies directed
toward inhibiting the AKI to CKD transition in mice. Zhang
et al. (2018) demonstrated that the mitochondrial complex-1
inhibitor, rotenone, slows the progression of AKI to CKD. By the
mitochondrial complex-1 inhibitor, the expression of Mn-SOD
and ATP synthase subunit §, mitochondrial DNA copy number,
were restored, and inflammation and fibrosis were suppressed, in
this model. These data suggest that mitochondrial O,°*~ may play
a crucial role in promoting the pathogenesis associated with the
transition from AKI to CKD.

A
Mitochondrial oxidative stress

Mitochondria-targeted drugs
MitQ
SkQl, SkQR1

//

[ ¢

SS-31
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Glomerular and tubulointerstitial fibrosis, inflammation,
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FIGURE 3 | Mitochondrial oxidative, manganese superoxide dismutase (Mn-SOD) dysfunction, and kidney disease. Mitochondrial oxidative stress associated with
Mn-SOD dysfunction in the kidney is one of the key factors underlying the pathogenesis of kidney disease, including acute kidney injury (AKI), chronic kidney disease
(CKD), as well as the AKI to CKD transition through glomerular and tubulointerstitial fibrosis, inflammation, excessive apoptosis of renal cells, and tubular cell
damage. Several mitochondria-targeted drugs may improve the kidney disease through the improvement of mitochondrial oxidative stress. I/R, Ischemia/reperfusion;
DKD, diabetic kidney disease; HT, hypertension; UUO, unilateral ureteral obstruction.
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TABLE 1 | Change of renal manganese superoxide dismutase (Mn-SOD) in animal models of kidney disease.

Type of kidney disease Animal models of kidney disease

Change of Mn-SOD in the References

kidney

AKI I/R-induced AKI models
I/R mice

Sepsis-associated AKI models
CLP mice

CLP rats

Other AKI models
Glycerol-induced AKI rats
Cisplatin-induced AKI mice
Folic acid-induced AKI mice

AKI to CKD transition Unilateral I/R mice

Cruthirds et al., 2003
QOuyang et al., 2019

Tyrosine nitration of Mn-SOD 4
Acetylated Mn-SOD 4

Mn-SOD activity | Patil et al., 2014
Mn-SOD expression/activity |, Chen G. D. et al., 2018
Acetylated Mn-SOD 4 Xu, 2016

Mn-SOD expression |,
Mn-SOD expression |,
Mn-SOD expression |,
Mn-SOD expression |,

CKD Chronic allograft rejection and associated nephropathy models

Chronic allograft rejection of rats
DKD models
db/db mice

STZ-induced diabetic Apo E~/~ mice

Zucker diabetic fatty rats
STZ-induced diabetic mice

A high-sugar/high-fat or cholesterol diet with
STZ-induced diabetic rats

BTBR ob/ob mice

Diabetic SHRs

KK/Ta-Akita mice

Hypertension-related kidney injury models
Angiotensin ll-induced hypertension rats

SHRs treated with the NOS inhibitor

SHRs fed high-fat diet

Aging-related kidney injury models

24 months old mice (vs. 12 months old mice)
Klotho=/~ mice

16 months old mice (vs. 8 weeks old mice)
20 months old mice (vs. 3 months old mice)
52 weeks old rats (vs. 13 weeks old rats)
Other CKD models

Albumin-overload mice

UUO mice

Tyrosine nitration of Mn-SOD 4

Tyrosine nitration of Mn-SOD 4

Mn-SOD expression |,

Tyrosine nitration of Mn-SOD 4

Mn-SOD expression |,
Acetylated Mn-SOD 4
Mn-SOD expression |,
Mn-SOD expression |,

Mn-SOD expression |,
Mn-SOD expression |,
Mn-SOD expression 1

Tyrosine nitration of Mn-SOD 4

Mn-SOD expression 1,
Mn-SOD activity 1

Mn-SOD expression |,

Mn-SOD expression |,
Mn-SOD expression |,
Mn-SOD expression |,
Mn-SOD expression |,
Mn-SOD expression 1

Mn-SOD expression |,
Mn-SOD expression |,

Homsi et al., 2011
Rattanavich et al., 2013
Zhang et al., 2019
Zhang et al., 2018

MacMillan-Crow et al., 1996, 2001

Kitada et al., 2011

Luetal., 2013; Hou et al., 2018
Xu et al., 2006

Yietal, 2011

Ogura et al., 2018

Spencer et al., 2018; Li et al., 2019

Onozato et al., 2004; Chen P. et al.,
2018; Zayed et al., 2018

Morigi et al., 2020
Tang et al., 1997
Fuijita et al., 2009

Guo et al., 2003
Majzunova et al., 2019

Chung et al., 2012

Lim et al., 2012
Kimura et al., 2018
Hou et al., 2016
Teissier et al., 2019
Gomes et al., 2009

Zhuang et al., 2015; Jia et al., 2016
Lietal., 2017; Liu et al., 2017

AKI, Acute kidney disease; CKD, chronic kidney disease; I/R, ischemic/reperfusion; CLR, cecal ligation and puncture; STZ, streptozotocin; SHRs, spontaneously

hypertensive rats; UUO, unilateral ureteral obstruction.

Sepsis-Associated Acute Kidney Injury

Oxidative stress plays a crucial role in the development of
mitochondrial dysfunction in response to septic AKI (Schrier
and Wang, 2004). Patil et al. (2014) reported a decrease in renal
Mn-SOD activity in association with the experiment in sepsis
mice, which led to mitochondrial oxidative stress. Treatment
with Mito-TEMPO, a mitochondrial-targeted mimetic of SOD,
resulted in improvements in sepsis-induced AKI, which were
directly associated with increased activation of Mn-SOD
and decreased mitochondrial oxidative stress. Additionally,

Chen G. D. et al, 2018 demonstrated that renal Mn-SOD
expression and activity were reduced in sepsis-induced AKI
and that insulin therapy reversed mitochondrial dysfunction
via the suppression of the oxidative stress associated with
upregulation of Mn-SOD. Furthermore, Xu (2016) found
that SIRT1/SIRT3 activity was reduced in the renal tubular
epithelial cells of rats with sepsis-associated AKI. This finding
was accompanied by increasing levels of acetylated Mn-SOD,
swollen mitochondria, and elevated levels of cellular apoptosis.
Interestingly, activation of SIRT1 via treatment with resveratrol
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partially restored SIRT3 activity, which led to improved
mitochondrial function and reduced levels of apoptosis. Taken
together, these data indicate that Mn-SOD dysfunction and
associated mitochondrial oxidative stress are both closely linked
to mechanisms promoting disease pathogenesis in sepsis-
related AKIL

Other Acute Kidney Injury Models

Glycerol-induced AKI results in increased expression of
phosphorylated p53 in renal tissues in association with elevated
levels of tubular cell apoptosis and oxidative stress due to
decreased expression of antioxidative enzymes, including
Mn-SOD (Homsi et al, 2011). Treatment with the p53
inhibitor, pifithrin-a, reversed features of glycerol-induced renal
injury, including tubular cell apoptosis and oxidative stress
via its capacity to restore Mn-SOD expression in the kidney
(Homsi et al., 2011).

Oxidative stress and mitochondrial dysfunction related to
ATP depletion have been observed in response to cisplatin-
induced cellular injury in the kidney (Arany and Safirstein,
2003). Rattanavich et al. (2013) reported that cisplatin treatment
results in diminished expression of renal Mn-SOD via the
enhanced expression of phospho-p66ShcA and phospho-Foxo3A
in studies featuring heterozygous p66ShcA () mice. Specifically,
increased expression of phospho-p66ShcA and phospho-Foxo3A
was detected in the renal tissue of wild-type mice treated with
cisplatin in association with reduced expression of both Mn-
SOD and catalase. By contrast, renal tissue from cisplatin-
treated p66ShcA* mice revealed attenuated phosphorylation of
p66ShcA and Foxo3a, together with a restored expression of
Mn-SOD and catalase.

In the folic acid (FA)-induced AKI model, mitochondrial DNA
copy number and expression of mitochondrial cytochrome c
oxidase subunit 1, mitochondrial NADH dehydrogenase subunit
1, and Mn-SOD in the kidney were all reduced. These findings
implicate mitochondrial dysfunction and oxidative stress in
the pathogenesis of FA-induced AKI (Zhang et al, 2019).
However, pretreatment with rotenone aggravated the renal
injury, mitochondrial damage, and oxidative stress in this
mouse model of AKI.

Chronic Renal Allograft Rejection

Chronic allograft rejection is currently the most important cause
of renal transplant failure (Shrestha and Haylor, 2016). At the
tissue level, increased oxidative stress observed in response to
I/R may contribute to chronic allograft rejection and associated
nephropathy. MacMillan-Crow et al. (1996, 2001) previously
reported that endogenous tyrosine nitration and inactivation
of Mn-SOD were observed in both human recipients and rat
models of chronic renal allograft rejection. These data suggest
that deactivation of Mn-SOD by ONOO™ results in a progressive
increase in the production of ONOO™, leading to irreversible
oxidative injury to mitochondria in the renal allograft.

Diabetic Kidney Disease
Diabetic kidney disease (DKD) is among the main
causes of ESRD and an independent risk factor for CVD

(Ninomiya et al., 2009). Mitochondrial dysfunction has been
linked to the pathogenesis of DKD, and mitochondrial oxidative
stress is closely associated with mitochondrial dysfunction
(Sharma, 2017; Xu et al, 2020). Dysfunction or decreased
expression of Mn-SOD is one of the major factors associated
with mitochondrial oxidative stress in diabetic kidney and, as
such, with the pathogenesis of DKD.

The increased detection of nitrotyrosine in proximal tubules in
renal biopsy samples from diabetic patients compared with non-
diabetic control suggested that oxidant injury within the proximal
tubules may play a critical role in the pathogenesis of DKD
(Thuraisingham et al., 2000). Reduction of Mn-SOD activity in
the kidney due to posttranslational modifications and oxidative
stress has also been shown in several diabetic animal models.
We previously demonstrated that mitochondrial oxidative stress
is enhanced in the kidney of diabetic db/db mice when
compared with kidneys from non-diabetic db/m controls. These
observations were linked to tyrosine nitration of Mn-SOD and
the associated reduction in enzyme activity (Kitada et al., 2011).
Administration of resveratrol reversed the level of mitochondrial
oxidative stress by limiting the extent of nitration, thereby
increasing Mn-SOD activity in the diabetic kidney (Kitada
et al., 2011). Similarly, in the kidneys of STZ-induced diabetic
apolipoprotein E~/~ mice, a decrease in Mn-SOD activity was
associated with an increase in Mn-SOD Tyr-34 nitration (Xu
et al., 2006). Antagonists of thromboxane A receptors limited
diabetes-induced renal injury, which was also accompanied by
a reduction of tyrosine nitration (Xu et al., 2006). Additionally,
we found that mitochondrial oxidative stress was induced by
a reduction in Mn-SOD activity via increased acetylation at
K68; this finding was associated with a decreased intracellular
NAD™/NADH ratio and decreased SIRT3 activity accompanied
by increased expression of CD38, a NAD-degrading enzyme, in
the kidneys of Zucker diabetic fatty rats (Ogura et al., 2018).
Additionally, administration of the CD38 inhibitor, apigenin,
resulted in improved mitochondrial oxidative stress through
SIRT3 activation and Mn-SOD deacetylation (Ogura et al., 2020).

The expression of Mn-SOD is reduced in several diabetic
animal models, including STZ-induced type 1 diabetes
(Spencer et al.,, 2018; Li et al., 2019), a high-sugar/high-fat or
cholesterol diet with STZ-induced diabetes (Onozato et al., 2004;
Chen P. etal., 2018; Zayed et al., 2018), Apo E~/~ mice with
STZ-induced diabetes (Yi et al., 2011), db/db mice (Lu et al.,
2013; Hou et al., 2018), BTBR ob/ob mice (Morigi et al., 2020),
and diabetic spontaneously hypertensive rats (SHR) (Tang et al.,
1997). This has been associated with increased oxidative stress
in kidney mitochondria. However, the diabetic KK/Ta-Akita
mice feature the downregulation of cytosolic Cu/Zn-SOD and
extracellular Cu/Zn-SOD, but not mitochondrial Mn-SOD,
in the kidney (Fujita et al., 2009). Additionally, Dugan et al.
(2013) demonstrated no increased renal disease in STZ-induced
diabetes in heterozygous Mn-SOD* mice over that observed in
STZ-induced WT mice.

Hypertension-Related Kidney Injury
Oxidative stress in blood vessels and the kidney due to chronic
hypertension may result from the dysregulated responses of
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several vasoconstrictor mechanisms, including those associated
with angiotensin II stimulation or with dysfunction of nitric
oxide synthase (eNOS). Angiotensin II-induced hypertension
promotes an increase in O,°” generation via the activation
of NADPH oxidase (Wang et al., 2001; Onozato et al., 2002).
The antioxidant response is impaired in hypertensive animals,
which results in oxidative stress followed by the development
of end-organ damage, including ESRD. Guo et al. (2003)
demonstrated that angiotensin II-induced hypertension in rats
was accompanied by increased tyrosine nitration and thus
deactivation of Mn-SOD that serves to augment oxidative
stress in the kidney. Activation of NADPH oxidase also
induces the production of O,°”, and ONOO~™ also may
induce eNOS uncoupling, leading to overproduction of O,°~
as opposed to NO.

Protein nitration was increased in the renal cortex of SHRs
treated with the NOS inhibitor, L-NAME (Majzunova et al.,
2019). Renal expression of Mn-SOD was increased in SHR
in response to treatment with L-NAME, although total SOD
activity remained unchanged (Majzunova et al.,, 2019). These
data suggest that the impaired antioxidant response combined
with a deficiency in NO may promote oxidative damage of
proteins in the kidney via the production of ONOO™ in SHRs.
By contrast, SHRs that fed a high-fat diet (HFD) developed renal
lipotoxicity, insulin resistance, and hypertension in association
with a decrease in PPARa expression. This leads to Akt
activation, increased FoxO3a phosphorylation, suppression of the
PGC-1a-ERR-1a pathway, reduced expression of Mn-SOD, and
increased oxidative stresses (Chung et al., 2012).

Aging-Related Kidney Dysfunction

Aging-related changes lead to the functional decline of several
organs, including the kidney. Oxidative stress, particularly
mitochondrial oxidative stress, has been recognized as one of
the contributors to the aging process (Vlassara et al., 2009;
Kume et al, 2010). Reduction or dysfunction of Mn-SOD-
mediated mitochondrial oxidative stress may be involved in the
pathogenesis associated with the aging kidney.

Lim et al. (2012) reported increased oxidative stress in the
kidneys of aged (24 months old) mice compared with that
observed among younger mice. This finding was associated with
a reduction in Cu/Zn-SOD and Mn-SOD expression in the
kidney, which may be mediated by decreases in SIRT1, PGC-
la, estrogen-related receptor (ERR)-la, PPARa, and Klotho.
Klotho has been identified as an antiaging gene that is
primarily expressed in the kidney, parathyroid, and choroid
plexus (Kuro-o et al., 1997); decreased Klotho expression has
been correlated with kidney disease. Klotho exerts resistance
against oxidative stress, possibly via the activation of FoxO
transcription factors, which lead to increased expression of
antioxidative enzymes, including Mn-SOD (Yamamoto et al,
2005). Klotho ™/~ mice exhibit enhanced nitrotyrosine levels and
reduced levels of antioxidative enzymes, including Mn-SOD in
the kidney (Kimura et al., 2018). Additionally, Hou et al. (2016)
demonstrated that the production of endogenous hydrogen
sulfide (H,S) in the aging kidney is insufficient. Exogenous

H,S can reduce renal oxidative stress in aging mice via a
mechanism that involves enhanced nuclear translocation of Nrf2
and increased expression of antioxidative enzymes, including
Mn-SOD (Hou et al,, 2016). Moreover, the endogenous advanced
glycated end products (AGEs)/receptor for AGEs (RAGE) axis
mediates factors associated with the aging process in many
tissues and organs, including the kidney. Teissier et al. (2019)
showed that older (20 months old) WT mice exhibited renal
inflammation and oxidative stress with reduced expression of
Mn-SOD compared with 3-month-old counterparts. By contrast,
20-month-old RAGE™/~ mice were characterized by lower
inflammation and elevated expression levels of Mn-SOD and
SIRT1 in the kidney compared with their 20-month-old WT
counterparts (Teissier et al., 2019).

By contrast, Gomes et al. (2009) detected increased levels of
NADPH oxidase subunits and H,O; in aged Wistar-Kyoto rats
(52 weeks old) compared with those in young rats, although aged
rats show no renal functional impairment or marked elevation in
blood pressure. The aged rats did exhibit increased expression of
antioxidative enzymes, including Mn-SOD, extracellular Cu/Zn-
SOD, and catalase (Gomes et al., 2009), and these findings
reveal that increases in antioxidant defenses may be useful for
counteracting the damaging impact of oxidative stress.

Other Chronic Kidney Disease Animal Models
Albumin overload is a well-known model of renal
tubulointerstitial injury caused by inflammation and fibrosis
(Eddy, 1989). In the kidney of albumin-overload mice, Mn-SOD
expression is reduced, thus promoting mitochondrial oxidative
stress and inflammation. This condition can be improved by
treatment with an Mn-SOD mimic [Mn (III)tetrakis(4-benzoic
acid)porphyrin chloride (MnTBAP)] (Zhuang et al., 2015;
Jia et al., 2016).

Unilateral ureteral obstruction (UUQO) in a rodent model
generates progressive renal fibrosis (Chevalier et al., 2009).
Oxidative stress and inflammation are closely associated with
the pathogenesis of UUO-induced renal fibrosis (Chevalier
et al., 2009). In the kidney of UUO mice, the expression of
antioxidative enzymes, including Mn-SOD, is reduced, resulting
in mitochondrial oxidative stress, inflammation, and tubular
epithelial-mesenchymal transition (EMT; Li et al, 2017; Liu
et al., 2017). This condition can be improved by treatment with
MnTBAP (Liet al,, 2017; Liu et al., 2017).

PHYSIOLOGICAL SIGNIFICANCE OF
MANGANESE SUPEROXIDE DISMUTASE
ON KIDNEY DISEASE IN HUMAN
STUDIES

Manganese Superoxide Dismutase Gene
Polymorphisms on Diabetic Kidney

Disease
Alal6Val (rs4880C/T) is a functional Mn-SOD SNP
polymorphism in exon 2 of sod2 gene. The substitution of
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C to T (GCT to GTT), resulting in the conversion from
alanine (A) to valine (V), induces a conformational change
in the mitochondrial targeting sequence. This results in less
efficient transport of Mn-SOD into the mitochondrial matrix
and decreases antioxidant activity within the mitochondria
(Shimoda-Matsubayashi et al., 1996; Sutton et al., 2003). The
relationship of this Mn-SOD gene polymorphism with DKD has
been studied widely.

Previous reports revealed an association between the Mn-
SOD gene polymorphism and the risk for developing DKD.
Mollsten et al. (2007) reported that VV genotype was associated
with an increased risk of diabetic nephropathy among Finnish
and Swedish patients with type 1 diabetes. Nomiyama et al.
(2003) identified the VV genotype with significantly higher
frequency in the diabetic patients with nephropathy compared
with the AA or VA genotype; however, this was unrelated
to the etiology of type 2 diabetes in Japanese patients. By
contrast, Houldsworth et al. (2015) demonstrated that the CC
(alanine/alanine) genotype in type 1 diabetic patients might
protect against diabetic nephropathy. According to another study
on Korean type 2 diabetic patients, the alanine-encoding allele
was detected at significantly lower frequency among patients
with nephropathy who have micro- or macroalbuminuria
compared with those patients without nephropathy (Lee et al,
2006). Liu et al. (2009) showed that the AA and VA
genotypes were independent factors that protected against
the development of nephropathy in Chinese type 2 diabetic
patients. Ascencio-Montiel et al. (2013) demonstrated that
in type 2 diabetes patients from Mexico, the frequency
of the TT (valine/valine) genotype was 6.7% higher in
patients with macroalbuminuria than in those in the normo-
albuminuria group; the CC (alanine/alanine) genotype was
associated with a lower risk of macroalbuminuria than the
TT (valine/valine) genotype (Tian et al, 2011). Moreover, in
a meta-analysis that included five studies focusing on type 2
diabetic patients, the alanine-encoding allele was associated with
a reduced risk of macroalbuminuria (CR 0.65, 95% CI 0.52-
0.80) compared with the valine-encoding allele (Tian et al,
2011). Likewise, a meta-analysis that included 17 published
articles with both type 1 and 2 diabetic patients revealed
a significant association of the alanine-encoding allele with
a reduced risk of diabetic microvascular complications and
nephropathy in the dominant model (OR 0.788, 95% CI
0.680-0.914 and OR 0.801, 95% CI 0.664-0.967, respectively)
(Ascencio-Montiel et al., 2013).

Membranous Nephropathy

Membranous nephropathy (MN) is a leading cause of nephrotic
syndrome in adults. Glomerular damage is induced by
subepithelial immune deposits that consist mainly of IgGy
and complement components C5b-9. Several podocyte proteins,
including aldose reductase (AR) and Mn-SOD, have been
identified as renal antigens associated with the pathogenesis
of MN (Prunotto et al., 2010). Confocal and immunoelectron
microscopy (IEM) displayed co-localization of anti-AR and
anti-Mn-SOD IgGy and C5b-9 in electron-immune deposits in

podocytes. Additionally, Murtas et al. (2012) demonstrated that
the levels of serum IgGy directed against AR and Mn-SOD in
patients with MN are higher in MN than those in any of the
other proteinuria-associated glomerulonephritides, including
focal glomerulonephropathy and IgA nephritis.

MITOCHONDRIA-TARGETED
THERAPIES FOR SCAVENGING O,°~

Mitochondria are both sources and targets of ROS. The
dysfunction of mitochondria due to oxidative stress may be the
causal factor for kidney disease. As such, it will be necessary to
develop pharmacological methods aimed at reducing oxidative
damage to mitochondria and their components, including Mn-
SOD. Several molecules that accumulate within the mitochondria
and can scavenge ROS have been developed to address this
issue. The beneficial effect of mitochondria-targeted drugs for
kidney injury has been shown in several animal models (Table 2).
However, those drugs are not delivered to only the kidney;
therefore, the risk of adverse effects in systemic administration
remains. To address this issue, it is necessary to develop the drugs
that specifically deliver to the kidney.

MitoQ

MitoQ 1is a derivative of ubiquinone conjugated to
triphenylphosphonium (TTP), a lipophilic cation that enables
this molecule to enter and accumulate within the mitochondria
via an electrochemical gradient (Smith et al., 2003; Smith and
Murphy, 2010). In the mitochondrial matrix, MitoQ is reduced
to the active antioxidant form, ubiquinol, by the respiratory
chain, which serves to protect the mitochondria and their
components from oxidative damage (Smith et al.,, 2003; Smith
and Murphy, 2010). Additionally, MitoQ is cleared rapidly from
the plasma after intravenous administration and accumulates
within the kidney (Porteous et al., 2010; Smith and Murphy,
2010). Previous animal studies have revealed the beneficial
effects of MitoQ in association with various kidney disorders,
including I/R-induced AKI (Dare et al., 2015; Kezic et al., 2016),
sepsis-induced AKI (Lowes et al., 2008), cisplatin-induced kidney
injury (Mukhopadhyay et al., 2012), DKD (Chacko et al., 2010;
Xiao et al., 2017; Han et al., 2018), and polycystic kidney disease
(Ishimoto et al., 2017).

SkQ1 and SkQR1

SkQl is a  compound of  plastoquinonyl-decyl-
triphenylphosphonium in which ubiquinone was replaced
by plastoquinone (Antonenko et al, 2008). SkQRI is also a
mitochondria-targeted compound and a conjugate of a positively
charged rhodamine molecule with plastoquinone (Antonenko
et al,, 2008). SkQs, including SkQ1 and SkQR1, penetrate planar
phospholipid membranes, and as such, they can accumulate in
mitochondria (Antonenko et al., 2008). Administration of SkQ1
to mitochondrial DNA mutator mice resulted in diminished renal
oxidative stress and mitochondrial dysfunction (Shabalina et al.,
2017). In experimental rats with I/R injury, SkQR1 treatment
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TABLE 2 | Mitochondria-targeted drugs and animal models of kidney disease.

Mitochondria-targeted
drugs

Antioxidative moiety

Animal models of kidney disease showing
the benefit of mitochondria-targeted drugs

References

MitoQ

SkQ1
SkQR1

SS-31
MnTMPyP

MnTnHex-2-PyP5+
MnTBAP

Ubiquinone

Plastoquinone

Tyr or Dmt (2,6’ -dimethyltyrosine)
residues

Manganese metalloporphyrin

I/R-induced AKI mice
Sepsis-associated AKl rats
Cisplatin-induced AKI mice
INs2(+/)~ (Akitad) mice
db/db mice

ADPKD model mice (Ksp-Cre PKD1f0x/f0x) and
rats (Han:SPRD Cy/+)

mtDNA mutator mice
I/R-induced AKI rats
Gentamicin-induced AKI rats
I/R injury rats

PTRA-induced I/R pig

I/R injury of rats

I/R-induced AKI rats
Albumin-overload model mice

UUO model mice

Dare et al., 2015

Lowes et al., 2008
Mukhopadhyay et al., 2012
Chacko et al., 2010

Xiao et al., 2017; Han et al., 2018
Ishimoto et al., 2017

Shabalina et al., 2017
Plotnikov et al., 2011
Jankauskas et al., 2012
Szeto et al., 2011

Eirin et al., 2012

Liang et al., 2009
Dorai et al., 2011
Zhuang et al., 2015; Jia et al., 2016
Liu et al., 2017

Mito-CP Nitroxide CP

Cisplatin-induced AKI mice

Mukhopadhyay et al., 2012

MnTMPyP, MnP manganese (Ill) tetrakis (1-methyl-4-pyridyl) porphyrin; MnTnHex-2-PyP%+, Mn (lll) meso-tetrakis (N-n-hexylpyridinium-2-yl) porphyrin; MnTBAR Mn (Ill)
tetrakis (4-benzoic acid) porphyrin chloride; CR, carboxy-proxyl; I/R, ischemic/reperfusion; AKI, acute kidney disease; ADPKD, autosomal dominant polycystic kidney
disease; PTRA, percutaneous transluminal renal angioplasty;, UUO, unilateral ureteral obstruction.

normalized the ROS levels in kidney mitochondria, decreased
blood urea nitrogen (BUN) and creatinine levels, and reduced
disease-associated mortality, compared with what was observed
among the rats without treatment (Plotnikov etal,2011).
Additionally, SkQR1 was also effective for the treatment of
gentamicin-induced AKI (Jankauskas et al., 2012).

SS-31

The Szeto-Schiller (SS)-31 peptide, also known as Bendavia,
may optimize the mitochondrial phospholipid cardiolipin
microdomains. This may lead to reduced electron leak from the
inner membrane (Brown et al.,, 2013). In an experimental model
of I/R injury in the kidney, treatment with SS-31 attenuated renal
oxidative stress prevented tubular cell apoptosis and necrosis,
and reduced inflammation (Szeto et al, 2011). Rapid ATP
recovery in mitochondria secondary to administration of SS-
31 led to the protection of microvascular endothelial cells,
reduced microvascular congestion, and, thus, better reflow to the
medulla. In an experimental pig model featuring percutaneous
transluminal renal angioplasty, administration of SS-31 resulted
in decreased microvascular rarefaction, apoptosis, oxidative
stress, tubular injury, and fibrosis, which were all associated
with preserved mitochondrial biogenesis in the kidney after
reperfusion (Eirin et al.,, 2012).

Manganese Superoxide Dismutase

Mimics

Mn-SOD mimics are stoichiometric scavengers of O,°~ and
accumulate in mitochondria depending on their positive charge
and lipophilicity (Miriyala et al., 2012). Among the cationic

metalloporphyrins, the Mn porphyrins (MnP) are the most
potent Mn-SOD mimics; these molecules have been designed
and optimized for accumulation in the mitochondria where
they mimic the action of the Mn-SOD catalytic site (Miriyala
et al, 2012). The MnP manganese (III) tetrakis (1-methyl-4-
pyridyl) porphyrin (MnTMPyP) functions as a peroxynitrite
scavenger. Administration of MnTMPyP resulted in diminished
lipid peroxidation and reduced nitrotyrosine content in the
proximal tubular area in association with reductions in caspase-
3 activation and tubular epithelial cell damage after I/R
injury in rats (Liang et al., 2009). Similarly, administration of
Mn (III) meso-tetrakis (N-n-hexylpyridinium-2-yl) porphyrin
(MnTnHex-2-PyP>*) or Mn (III) tetrakis (4-benzoic acid)
porphyrin chloride (MnTBAP) also resulted in protection against
the deleterious effects associated with I/R-induced AKI (Dorai
et al, 2011) as well as in the albumin-overload kidney injury
(Zhuang et al., 2015; Jia et al., 2016) and the UUO model
(Liu et al, 2017). Moreover, mitochondria-targeted carboxy-
proxyl (Mito-CP) is a five-membered nitroxide CP conjugated
to the TTP cation. Administration of Mito-CP resulted in
improvements in parameters associated with cisplatin-induced
AKI, including kidney dysfunction, renal inflammation, and
tubular cell apoptosis, which were equivalent to those of MitoQ
(Mukhopadhyay et al., 2012).

CONCLUSION AND PERSPECTIVES

Mitochondrial oxidative stress is induced by an imbalance
between ROS production and scavenging; the scavenging
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function may be impaired or destroyed due to dysfunction of
antioxidative defense in mitochondria. Mitochondrial oxidative
stress contributes to the pathogenesis of kidney disease, including
AKI, CKD, and the AKI to CKD transition, and mitochondria-
targeted drugs may suppress the onset or progression of
kidney disease (Figure 3). Mn-SOD-associated dysfunction is
one of the main factors underlying defective antioxidative
defense in mitochondria. Mn-SOD dysfunction results in a
net increase in ROS and generates a vicious cycle in which
mitochondrial oxidative stress is amplified, as Mn-SOD then
becomes a target of dysfunctional oxidative modification.
An agent with the capacity to scavenge excess ROS in
mitochondria would lead to a break in this vicious cycle,
serving to preserve Mn-SOD and mitochondrial function
and consequently suppress kidney disease. Although Mn-
SOD may become dysfunctional in kidney disease, it remains
unclear whether mitochondrial oxidative stress due to only
Mn-SOD dysfunction is the primary contributor to the
pathogenesis of kidney disease. Redox state in mitochondria
is regulated by not only Mn-SOD but also other antioxidative
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Regulation of body fluid homeostasis is a major renal function, occurring largely through
epithelial solute transport in various nephron segments driven by Nat/K™-ATPase
activity. Energy demands are greatest in the proximal tubule and thick ascending
limb where mitochondrial ATP production occurs through oxidative phosphorylation.
Mitochondria contain 20-80% of the cell’s iron, copper, and manganese that are
imported for their redox properties, primarily for electron transport. Redox reactions,
however, also lead to reactive, toxic compounds, hence careful control of redox-
active metal import into mitochondria is necessary. Current dogma claims the outer
mitochondrial membrane (OMM) is freely permeable to metal ions, while the inner
mitochondrial membrane (IMM) is selectively permeable. Yet we recently showed iron
and manganese import at the OMM involves divalent metal transporter 1 (DMT1), an H™ -
coupled metal ion transporter. Thus, iron import is not only regulated by IMM mitoferrins,
but also depends on the OMM to intermembrane space H* gradient. We discuss
how these mitochondrial transport processes contribute to renal injury in systemic
(e.g., hemochromatosis) and local (e.g., hemoglobinuria) iron overload. Furthermore,
the environmental toxicant cadmium selectively damages kidney mitochondria by “ionic
mimicry” utilizing iron and calcium transporters, such as OMM DMT1 or IMM calcium
uniporter, and by disrupting the electron transport chain. Consequently, unraveling
mitochondrial metal ion transport may help develop new strategies to prevent kidney
injury induced by metals.

Keywords: reactive oxygen species, divalent metal transporter 1, ionic mimicry, manganese, copper,
nephrotoxicity, acute kidney injury, chronic kidney disease

INTRODUCTION

Together with the lungs and intestines, the kidneys maintain mammalian body fluid homeostasis
by excreting most metabolic end-products and controlling the concentration of most constituents.
Details of kidney morphology, structure of the functional unit, the nephron, and physiology
are found in handbooks of renal physiology (Windhager, 1992; Brenner, 2008; Alpern et al.,
2013). To prevent critical losses and ensuing deficiencies, nephrons, which form a tubular system,
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actively reabsorb essential nutrients and electrolytes from
primary fluid as well as actively secrete metabolic wastes
since the rate of waste production exceeds their rate of
glomerular filtration. Transport of solutes and water across
tubule membranes occurs via passive transport (diffusive flux
through channels and carrier-mediated facilitated diffusion) and
active transport (primary active pumps/ATPases, secondary or
tertiary active electrochemical potential-driven transporters).
Active transport requires energy from adenosine triphosphate
(ATP) for activation of basolateral Nat/K*-ATPases to maintain
active reabsorption and secretion processes.

NEPHRON TRANSPORT AND
METABOLISM: FOCUSING ON ENERGY

Among other functions, relevant to this review is the role
of the proximal tubule (PT) in taking up filtered proteins
and peptides via an apical multi-ligand receptor complex,
megalin:cubilin:amnionless (Christensen and Birn, 2002),
including metalloproteins, e.g., transferrin (Tf), an iron [Fe
(III)] binding protein, and metallothionein (MT), a cadmium
[Cd (II)] binding protein. The loop of Henle (LOH) establishes
the medullary hyperosmotic interstitium that is required for
reabsorption of water in the collecting duct (CD), to generate
small volumes of concentrated urine (“antidiuresis”), thus
preserving water for the body. From the viewpoint of energetics,
the “motor” of the concentration gradient in the medulla is
active NaCl reabsorption into the interstitium in the thick
ascending limb of the LOH (via apical Na™/K*/2CI~ cotransport
mediated by SLCI2A1, basolateral Nat/K*-ATPase and Cl~
channel CIC-Kb/K2), and resulting in hypo-osmotic tubular fluid
entering the distal tubule (DT) (Windhager, 1992; Brenner, 2008;
Alpern et al., 2013). The DT reabsorbs divalent metal ions from
the hypo-osmotic fluid, including Fe (II) via the divalent metal
transporter (DMT1/SLC11A2), and the luminal fluid is further
ion depleted by active NaCl symport via SLC12A3. Finally, the
CD fine-tunes urine composition through hormonal regulation
of principal (light) CD cells via aldosterone and antidiuretic
hormone by transient, regulated incorporation of epithelial Na™
(ENaC) and aquaporin-2 (AQP2) water channels, respectively,
into the apical membrane.

To drive these transport processes, Nat/K™-ATPase is highly
expressed in the basolateral membrane of renal tubule cells (Katz,
1982). The Na*/K™-ATPase activity profile along the nephron
shows highest activity in the thick ascending limb of the LOH
and DT, followed by the PT, whereas Na*/K™-ATPase is present
in lesser amounts in other segments (Katz et al., 1979). These
differences are paralleled by surface area distribution of the
basolateral membrane (e.g., via infolded plasma membranes), the
mitochondrial density, and IMM surface (Pfaller, 1982; reviewed
in Guder and Ross, 1984), indicating a functional relation
between ATP-forming and ATP-using structures.

Two relevant pathways of ATP production are glycolysis
versus mitochondrial respiration via fatty acid oxidation (FAO)
plus oxidative phosphorylation (OXPHOS), with the latter
predominant in the PT and LOH whereas the former is more

prominent in the distal nephron. All nephron segments except
the PT, utilize glycolysis. Glycolysis can be anaerobic or aerobic.
With oxygen, cytosolic glycolysis drives shuttling of pyruvate
across the IMM, to consumption in the tricarboxylic acid (TCA)
cycle in the mitochondrial matrix (Mccommis and Finck, 2015).
The TCA cycle does not directly produce much ATP, but
NADH and FADH,; feed electrons into the electron transport
chain (ETC) (see section “Electron Transport Chain”) prior to
OXPHOS to drive ATP production (Fernie et al., 2004). In
contrast, gluconeogenesis predominantly takes place in PT and
CD (reviewed in Schmidt and Guder, 1976; Guder and Ross,
1984; Wirthensohn and Guder, 1986). Notably, acute kidney
injury (AKI) induced by hypoxia or ischemia displays impaired
energetics in highly metabolically active nephron segments,
such as PT and thick ascending LOH, and is associated with
mitochondrial dysfunction and ATP depletion (Basile et al,
2012) (see sections “Fe Overload and Renal Injury” and “Fe and
Mitochondrial Damage”). Hence, mitochondria are of crucial
importance for renal function by supplying ATP that is essential
for Na™/K*-ATPase activity.

MITOCHONDRIAL FUNCTIONS:
DETERMINANTS OF LIFE AND DEATH

Electron Transport Chain

The ETC comprises five multimeric complexes (CI-CV) localized
in the IMM. Electrons are shuttled from the multivalent metal
core of one complex to the next via redox reactions, aided by
ubiquinone and cytochrome c (cytC) on either side of CIII, and
generating energy for transfer of protons from the matrix to
the IMS. The electrons ultimately transfer to the final electron
acceptor, oxygen, to form H,O (Letts and Sazanov, 2017).
Protons flow back through complex V, the F;-Fy ATP synthase,
using the energy stored in the two components of the matrix-
directed proton-motive force, a pH differential and an electrical
membrane potential (A{ym), a process called chemiosmosis, to
form ATP. Release of the stored energy initiates two rotary
motors: the ring of ¢ subunits in Fy (around subunit a), along with
subunits v, 8 and ¢ in F;, to which Fj is attached. Protons pass Fy
via subunit a to the c-ring (Wittig and Schagger, 2008). Rotation
of subunit y within the F; o383 hexamer provides energy for
ATP synthesis. This process is called “rotary catalysis” (reviewed
in Jonckheere et al, 2012). During proton translocation, a
steep potential gradient is generated that exerts a force on a
deprotonated glutamate, resulting in net directional rotation,
converted into chemical energy (Klusch et al., 2017). This energy
is stored in phospho-anhydride bonds in the ATP molecule,
and then liberated in exergonic hydrolysis reactions by cellular
ATPases to power energy-dependent cellular processes. A lateral
chemical H' gradient from complex IV of the ETC (lower local
pH) to F;-Fy ATP synthase (higher local pH) resulting from the
proton sink generated by proton transport through the F;-Fy
ATP synthase may necessitate a modification to Peter Mitchell’s
chemiosmotic model (Rieger et al., 2014). Further, some electrons
“leak” back through the membrane as byproducts of single
electron escape from ETC complexes, OXPHOS and matrix
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biochemical reactions, resulting in the production of noxious
reactive oxygen species (ROS), usually superoxide anion (O,e™)
or hydrogen peroxide (H,O;) (Munro and Treberg, 2017), which
can be detoxified (see section “What to Do About/With So
Many Radicals?”).

Mitochondrial ROS Generation

Undoubtedly, the ETC is the major source of mitochondrial ROS
(mtROS) (see section “Electron Transport Chain”) (Figure 1A).
Through their flavin- and quinone-binding sites, CI and CIII are
the largest ETC ROS generators (I > III > II >> IV), mostly
superoxide, that are deposited into the matrix (Yan et al., 2020).
CI and CII generate matrix H,O,, and CIII’s superoxide can also
be found in the cristae lumen and IMS (Brand, 2016) where it
traverses the OMM through the voltage dependent anion channel
(VDAC) into the cytosol (Han et al., 2003) and can impact cellular
signaling pathways following its conversion to H,O,.

Additional sources of mtROS stem from substrate metabolism
and OXPHOS (Quinlan et al., 2014; Brand, 2016; Sies and Jones,
2020). In fact, the 2-oxoacid dehydrogenase complex (2-OADC)
can generate approximately eight times the amount of ROS as CI
(Quinlan et al., 2014)! Superoxide/H, O, generated through these
sources are deposited in the matrix. ROS can also be generated
by more finely controlled activity of NADPH oxidases (NOX)
located in cellular membranes and constitute a physiological
signaling pathway (Bedard and Krause, 2007; Buvelot et al.,
2019). NOX1-3 and NOX5 generate superoxide whereas NOX4
is constitutively active and generates H,O, (Bedard and Krause,
2007; Nisimoto et al., 2014). NOX4 was localized to the IMM
(Block et al., 2009) of renal PT HK-2 cells and was negatively
regulated by ATP (Shanmugasundaram et al., 2017), suggesting
OXPHOS activity uses ROS signals to regulate mitochondrial
activity or signaling.

Notably, mitochondrial superoxide/H,O, production can be
modulated by both intra- and extramitochondrial cues, such as
through proton leak back into the matrix, formation of super-
complexes from one or more ETC complexes, or redox status
(reviewed in Kuksal et al., 2017).

Apoptosis Signaling

Apoptotic stimuli, involving calcium or ROS, induce the
IMM to undergo mitochondrial permeability transition by
triggering formation of a mitochondrial permeability transition
pore (mPTP) (see also section “Cd and Kidney Mitochondrial
Damage”) at contact sites between the IMM and OMM. The
molecular composition of mPTP, once thought to contain OMM
VDAC, IMM ANT, and matrix cyclophilin D, has remained
elusive until now (reviewed in Baines and Gutierrez-Aguilar,
2018; Bonora and Pinton, 2019). Consequently, the IMM is no
longer selective and there is a sudden increase in the permeability
of the IMM to solutes up to 1500 Da, which also dissipates
AV, Uncontrolled flux of solutes and water into the matrix
occurs, concluding with an increase in matrix volume due to
osmotic pressure increase and matrix expansion. The IMM
with its increased surface area disrupts the OMM culminating
in the release of pro-apoptotic factors, like cytC or apoptosis
inducing factor, from the IMS resulting in general mitochondrial

dysfunction (Kroemer et al.,, 2007). Dissociation of cytC from
cardiolipin is promoted by ROS resulting in its transfer from a
tightly- to a loosely-bound pool (Petrosillo et al., 2003) [cytC is
tightly bound to the IMM by electrostatic interactions (Ott et al.,
2002)], triggering apoptosis (Brown and Borutaite, 2008).

METAL DISTRIBUTION IN
MITOCHONDRIA - TO WHAT PURPOSE?

An early study on *®manganese (Mn) flux in rats noted

that metal uptake was enriched in liver, pancreas and kidney
and found ~40% of liver and ~64% of renal uptake in
mitochondria (Maynard and Cotzias, 1955; Sakurai et al., 1985).
In the last decade, development of biophysical methods allows
estimation not only of organelle Fe concentration in situ but
also speciation (Dlouhy and Outten, 2013). Application to yeast
(Holmes-Hampton et al., 2013) yielded quantitative results where
the authors stated “cells contained ~150 wM Fe, distributed
primarily into ... mitochondrial Fe.” Unfortunately, Lindahl’s
group has not yet provided such analyses for renal cells.
Mitochondria in human bronchial epithelial cells contain ~50%
of total Fe content (Ghio et al., 2013; Ghio et al., 2016). In
yeast, published data (Pierrel et al, 2007) suggest that 20%
of cellular copper (Cu) resides in mitochondria. The relative
richness of the mitochondrial endowment with these transition
metals is consistent with the high proportion of redox functions
that remain encoded in the small circular DNA of mitochondria
while apparently many other organellar functions migrated to
nuclear DNA.

The redox ability of Fe, Cu, and Mn to transition from
one to another species accounts for their unusual utility; redox
properties can also generate free radicals leading mostly to
toxic effects for the same group of metals. For Fe, the electron
donor is Fe?T; the acceptor, Fe*T. Many of the roles dependent
on this property have been recently reviewed (Dlouhy and
Outten, 2013). Remarkably many of the processes take place
largely in mitochondria. Heme, as a cofactor, begins and ends
its synthesis there and participates via cytochromes in the
ETC. Biosynthesis of Fe-sulfur cluster proteins also involves
mitochondria and cytosol (Lill et al., 2012) and also results
in multiple proteins that function in the organelle (Dlouhy
and Outten, 2013). While non-heme Fe also participates in
multiple proteins, sorting out which one has mitochondrial
effects is challenging for most of them. Nevertheless, one
critical role for Fe is participating in the reduction of ribo-
to deoxyribonucleotides in mitochondria through nuclear gene
RRM2B (Bourdon et al., 2007). The Rrm2b~/~ mouse exhibited
inactivated ribonucleotide reductase that appeared in all analyzed
tissues, including renal.

A major function of Mn and Cu in mitochondria is their
critical role in metal-dependent superoxide dismutases (SODs)
to detoxify superoxide (Zelko et al., 2002; Baker et al., 2017).
Superoxide generation and SODs are considered below in
sections “ROS/RNS: Double-Edged Swords” and “SODs”. The
IMS is the location where Cu-dependent cytC oxidase matures,
with its function, denoted in its name, mitochondrial. Other
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FIGURE 1 | Effects of Fe and Cd on mitochondrial reactive oxygen species (ROS). (A) Sources of physiological ROS from mitochondria and their release into the
cytosol. (B) Fe increase mitochondrial ROS formation and potentially inhibits antioxidants. (C) Cd inhibits the electron transport chain, binds GSH as well as
decreases antioxidant enzyme activity to augment mitochondrial ROS generation. See text for further details. 2-OADC, 2-oxoacid dehydrogenase complexes; AQP,
aquaporin; CAT, catalase; cytc, cytochrome c¢; ETC, electron transport chain; GSH, glutathione; IMS, intermembrane space; NOX4, NADPH oxidase 4; PDH,
pyruvate dehydrogenase; SOD, superoxide dismutase; SUOX, sulfite oxidase; ubi, ubiquinone; VDAC, voltage-dependent anion channel.

elements of Cu metabolism in the organelle were recently
reviewed (Baker et al., 2017).

ROS/RNS: DOUBLE-EDGED SWORDS

Essential to mammalian life, molecular or diatomic oxygen (O3)
is a diradical with two unpaired electrons that participate in
an unusual three-electron bond between each oxygen atom.
The configuration of these unpaired electrons in each outer
orbital shell makes O, particularly susceptible to free radical
formation (Halliwell, 1991). The acceptance of an electron results
in an anionic form of O, the superoxide anion O,e~, highly
reactive yet short-lived (Hayyan et al., 2016). Other free radicals
include the hydroxyl radical (e¢OH) and (hydrogen) peroxide
[H(020~2)]; henceforth, H,O, (Munro and Treberg, 2017).
Though H,0; itself is not a free radical, «OH can be generated
in the presence of redox metals (Fe, Cu) through the Fenton
reaction. Moreover, superoxide can react with nitric oxide (NOe)
to form peroxynitrite (ONOO™) and NOe with CO; to yield
nitrosoperoxycarbonate (ONOOCO, ™). Similar to ROS, these
reactive nitrogen species (RNS) are highly reactive and can
oxidize thiols and nitrate proteins (Adams et al., 2015). Since RNS
generation is directly dependent on superoxide (Valdez et al.,
2018), focus will be placed on ROS.

ROS as Physiological Signals

Reactive oxygen species have long been regarded as unwanted
and dangerous molecules that elicit cellular damage and cause
mutations but are commonly used by immune cells to kill
pathogens via an oxidative burst. Mounting evidence point to
physiological signaling by ROS (Shadel and Horvath, 2015; Sies
and Jones, 2020). H,O, is favored as a physiological signaling
molecule due to its higher stability, selective reactivity with
cysteine groups and longer half-life. Similar to other second
messengers, ROS can be induced by physiological stimuli,
such as cytokines or mechanical forces (Droge, 2002). ROS
operate in signaling through chemical reactions, which lead
to covalent modifications through redox-sensitive cysteines
(Brigelius-Flohe and Flohe, 2011; Ray et al., 2012; Kalyanaraman
et al., 2018). Indeed, H,O, is involved in engaging a number
of signaling cascades (reviewed in Veal et al., 2007; Holmstrom
and Finkel, 2014), such as tyrosine-protein kinases Lyn and Syk
(Patterson et al., 2015), as well as affecting transcription factors
(Marinho et al., 2014).

These redox-regulated protein switches can only operate in
signaling if they are coupled to reducing enzymatic systems,
such as thioredoxins (TDRXs) or peroxiredoxins (PDRXs) (Cox
et al., 2009) [and possibly glutathione (GSH)]. Termination of
ROS signals occurs through antioxidant enzymes — and probably
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endogenous scavengers — which are likewise compartmentalized,
with specific enzymes for mitochondria, cytosol, peroxisomes,
and the extracellular space (Kaludercic et al., 2014).
Whilst large amounts of wunregulated and
compartmentalized ROS damage cells through oxidation of
encountered proteins, lipids and nucleic acids, it has become
increasingly apparent that ROS have physiological functions,
such as intracellular signal transmission or as a feedback signal
during monitoring of function. Key strategies to differentiate
between sub-toxic and toxic ROS signals are to compartmentalize
ROS, limit their amount, and control their diffusion capacity.

What to Do About/With So Many

Radicals?

Mitochondrial ROS have two discernable fates: neutralization
through antioxidants or release into the extramitochondrial
space (Figure 1). The constant threat of excessive ROS
generation and subsequent potential damage resulted in several
antioxidant defense systems in mitochondria (Mailloux, 2018).
SOD2 and GSH (Mari et al., 2009) are major ROS-inactivating
mechanisms and supplemented with additional antioxidant
machinery including GSH peroxidases (GPXs) (Handy et al,
2009), TRXPs, PRDXs, thioredoxin 2 (TRX2), glutaredoxin 2
(GRX2), and NAD(P)H/NAD(P) . Most antioxidants are located
in the matrix, with the exception of PDRXs, which are located in
the IMS to capture peroxides (such as H,O,) that are directed
there or have escaped the matrix (Herrmann and Riemer, 2010;
Sabharwal et al., 2013).

Reactive oxygen species from the IMS can affect both IMM
and OMM proteins. Of particular consequence is the redox
sensitive open probability of the abundant OMM VDAC that
appears to be indirectly regulated by the OMM-anchored (2Fe-
2S) mitoNEET or CDGSH iron sulfur domain 1 protein (Lipper
et al,, 2019). The phenomenon is central to superoxide-mediated
apoptotic cytC release (Madesh and Hajnoczky, 2001).

SODs

Superoxide dismutases drive the reaction of two superoxide
anions with two HT ions to generate the more stable H,O,
and water (Fukai and Ushio-Fukai, 2011; Hayyan et al., 2016).
Though H,0, can form eOH radicals, it now becomes available
as a substrate for several antioxidant enzyme systems, including
catalase, GPXs and PDRXs, so that it can be more efficiently
removed. In humans, there are three SOD isoforms: SOD1
classically viewed as cytosolic and dependent on copper and zing;
SOD2, mitochondria-targeted and dependent on manganese
(Karnati et al., 2013); SOD3, secreted and localized in the
extracellular space and dependent on copper and zinc (Fukai and
Ushio-Fukai, 2011; Hayyan et al., 2016).

An interrelationship between SOD2 and the ETC prevents
unwarranted ROS generation and potential damage (Figure 1A).
Loss of SOD2 results in decreased activity of CI and CIII, thus
adapting to the availability of antioxidant. This phenomenon
also highlights the importance of the SOD2 defense system, with
losses neither compensated through other existing antioxidant
systems nor via upregulation of cytosolic SOD1 (reviewed in
Holley et al., 2011). Indeed, no change in SOD1 was observed in

non-

a kidney specific SOD2 knockout mouse model, wherein kidney
function was unchanged (Parajuli et al., 2011).

ROS Neutralization by Imported
Glutathione

Glutathione, the most abundant antioxidant, is synthesized
through a two-enzyme reaction catalyzed by glutamate cysteine
ligase and glutathione synthetase. It is a tripeptide nucleophile
with thiol groups capable of accepting electrons in its reduced
state (GSH), thereby becoming oxidized (GSSG), and rendering
ROS to a lesser or non-reactive state (Figure 1B). Mitochondria
cannot synthesize GSH de novo, yet harbor their own GSH pools
(~10 mM) (Kojer et al., 2012; Ribas et al, 2014), imported
from the cytosol (Mckernan et al, 1991). The presence of
mitochondrial glutathione reductase, together with NADPH,
permits reduction of GSSG to GSH and its recycling. Intriguingly,
the IMS GSH pool depends on cytosolic import through porins
in the OMM whereas the matrix GSH pool does not (Kojer
etal, 2012), implying tight regulation by reduction enzymes (e.g.,
glutathione reductase), with little exchange outside of the matrix.

REDOX CONTROL MECHANISMS
THROUGH TRANSPORT AT
MITOCHONDRIAL MEMBRANES

Though short-lived, ROS can exit the mitochondria to limit
ROS accumulation or transmit signals to the extramitochondrial
space. Spatially, ROS generated in the IMS are most likely to
reach the cytosol where they function as signaling molecules
or are degraded by catalases (predominantly in peroxisomes)
to water and oxygen (Figure 1A). How can ROS pass through
up to two lipid bilayer barriers whilst remaining intact and
bypassing potential oxidative reactions? Since superoxide is
charged and membrane diffusion of H,O, is limited (Antunes
and Cadenas, 2000; Cordeiro, 2014), membrane transporters
are necessary and would offer protection from reactions. Anion
channels could permit superoxide anions (Hawkins et al., 2007).
In mitochondria, there are several anion channels (reviewed in
Mackova et al., 2018). Though superoxide affects the activity
of IMAC in the IMM and VDAC in the OMM, definitive
evidence from electrophysiological studies for its conductance
remains elusive.

Rather than direct superoxide conductance, superoxide could
be dismutated to HyO, by SOD2 and leave the matrix to the
IMS by membrane diffusion or through AQP water channels
(Figure 1A), so-called peroxiporins (Bienert et al., 2006; Bienert
and Chaumont, 2014; Wang et al., 2020).

The major ROS species crossing the second membrane barrier
between the IMS and cytosol is H,O, (Figure 1A). The most
obvious candidate for OMM H,O, transfer is VDAC, since
the OMM lacks AQPs, but no experimental evidence exists.
A further consideration is the limited membrane diffusion of
H, 0 that is rate limiting for release of ROS bursts to the cytosolic
compartment, but possibly sufficient for signaling purposes. Why
could H,O, membrane diffusion occur at the OMM but not
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at the IMM? Cytosolic and matrix H,O, concentrations have
been estimated at 80 pM (Lim et al., 2015) and 5-20 nM (Sies
and Jones, 2020), respectively, and H,O, may concentrate at
cristae junctions, similarly to protons, to enhance the diffusion
concentration gradient between IMS and cytosol. Other factors
to take into consideration for influencing increased OMM H, 0,
permeability are differences in molecular makeup of the two
mitochondrial membranes. For instance, lower protein to lipid
ratio of the OMM could increase the diffusion surface area, OMM
lipid composition could affect lipid fluidity, OMM lipid fatty
acid chain length decrease diffusion distance, or looser packing
of OMM lipids permits thoroughfare of small molecules (Comte
et al., 1976; Bienert et al., 2006).

TRANSPORT AT OMM AND IMM AND
PROPERTIES IN RELATION TO METAL
ION MOVEMENT

The OMM and IMM are functionally linked to maintain
intramitochondrial spaces of defined ionic and proteinaceous
composition. Achieving this requires a high degree of control
by various transporters that are mainly expressed in the IMM.
The IMM is structurally and functionally separated into tubular
invaginations called cristae and the inner boundary membrane;
these juxtapose the OMM and form the peripheral space.

It is assumed that OMM permeability is solely governed by the
existence of relatively large pores, partially represented by VDACs
or porins, which constitute approximately 50% of OMM proteins,
allowing unregulated passage of small solutes intended for the
mitochondrial matrix. VDACs permit a variety of negatively and
positively charged ions as well as small organic molecules and
metabolites up to 5 kDa to pass the OMM and traverse the IMS to
reach the matrix (Colombini, 2016). VDAC can switch between
different open or half-open/closed conformations and alternate
between anion and cation conductive states (Tan and Colombini,
2007). Although it is not quite clear how VDAC switches between
these states, some regulatory mechanisms have been recently
described (reviewed in Lee and Thévenod, 2020).

In contrast, the IMM is highly selective due to the presence of
an array of transport proteins that tightly regulate access to the
mitochondrial matrix and in the opposite way to the IMS. Ion
movement across the IMM requires uniporters, symporters and
antiporters. They include the mitochondrial calcium uniporter
(MCU) complex (Kamer and Mootha, 2015; Mammucari et al.,
2017), the mitoferrin (Mfrn) 1/2 uniporters carrying Fe (II), Cu
(IT), and Mn (II), SLC25A37 and SLC25A28 (Paradkar et al.,
2009), the Cu (II) transporter SLC25A3 (Boulet et al., 2018)
and K* channels (Szabo et al., 2012; Augustynek et al., 2017).
Furthermore, a K¥/H* exchanger (Zotova et al., 2010), various
carriers for metabolites, including ANT (Palmieri and Monne,
2016), as well as translocases of the inner membrane (TIMs)
that translocate proteins produced from nuclear DNA through
these membranes for use by mitochondria (Pfanner et al., 2019)
have been described.

The simplified view of OMM permeation involving VDAC has
been challenged and complicated by recent reports identifying

several OMM channel proteins and transporters (reviewed in
Becker and Wagner, 2018), suggesting that the permeability
of the OMM for electrolytes and small organic molecules is
much more selective than previously thought. Moreover, we have
identified the proton-coupled symporter DMT1 as a functioning
OMM protein (Wolff et al., 2014a, 2018) (see section “A Recent,
Versatile Candidate for OMM Import of Divalent Cations”).

Is tight control of ion entry at the OMM level necessary,
considering the selective permeability of the IMM to ions? At
least for redox active essential metal ions, such as Fe (II), Mn (II),
and Cu (I), it would make sense to coordinate their uptake at the
OMM with their rate of entry at the IMM to avoid accumulation
of these potentially harmful Fenton metal ions in the IMS. One
could argue, however, that metal ion-induced oxidative stress in
the IMS space is negligible because ROS are constantly produced
as byproducts of the ETC (Figure 1A). Nevertheless, excessive
ROS formation in the IMS, such as by accumulation of redox
active metal ions, increases cytC release from mitochondria.
Notably, a regulated transport pathway for redox active metal
ions in the OMM, such as DMT1, would minimize that hazard.
Moreover, an electrogenic HT -driven transporter, such as DMT1
(Gunshin et al., 1997), at the OMM would represent an elegant
mechanism to regulate uptake of Fe (II) for synthesis of Fe-sulfur
clusters in the matrix that are required by the ETC complexes.
Hence, the augmented proton-motive force generated by an
increased ETC activity across the IMM would consequently slow
down import of Fe (II) in a negative feedback loop.

A RECENT, VERSATILE CANDIDATE FOR
OMM IMPORT OF DIVALENT CATIONS

To end in heme, Fe must also eventually cross the mitochondrial
IMM, transfer that occurs, at least in part, via Mfrns (Paradkar
et al, 2009), but what about the gap in movement from
endosomes to there? Fe could enter the detectable, but difficult
to define, labile Fe pool next (Cabantchik, 2014); or it might
directly enter the mitochondria. Descriptions of how Fe entered
into mitochondria after DMT1 driven endosomal exit in the
last decade ranged from “not well understood” (Chen and
Paw, 2012) with speculation about roles for two Fe chaperones
designated PCBP1 and PCBP2 (Philpott and Ryu, 2014) to
apparently unconstrained entry through the OMM from an
Fe donor (Lill et al, 2012). They also included an intriguing
docking of the organelles called “kiss and run” (Sheftel et al.,
2007; Richardson et al., 2010; Hamdi et al., 2016), reviewed
recently (Lane et al, 2015; Paul et al.,, 2017). Possibilities for
the large pore that would be needed for entry include the
(actually selective) VDAC or other porins (Colombini, 2016). The
issue for iron can also be placed in the larger context of how
selectively the OMM and IMM perform as barriers — debated
above in section “Transport at OMM and IMM and Properties
in Relation to Metal Ion Movement.” We considered another
mechanism when we detected mitochondrial DMT1 (Wolff et al.,
2014b) closely associated with OMM markers and confirmed
by subcellular fractionation. Additional support quickly followed
(Wolft et al., 2014a), with both works reviewed subsequently
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(Thévenod and Wolff, 2016). Later evidence showed that DMT1
was involved in import of Fe?* and Mn?* across the OMM
(Wolff et al., 2018).

The initial paper (Wolff et al., 2014b) relied on a yeast-
2-hybrid system to show that mitochondrial proteins, Tom6
and COXII, were potential DMT1 interaction partners. Co-
immunoprecipitation of the latter with DMT1, and knowing that
Parkin also did so (Roth et al., 2010), implicated DMT1 as a
mitochondrial protein. DMT1 immuno-reactivity was detected
in rat kidney cortex mitochondria by immunogold labeling
(Wolff et al, 2014a). Mitochondria isolated from cultured
epithelial cells and stably DMT1-transfected cells exhibited
DMT1 immunoreactivity in Western blots that was substantially
reduced or undetectable after stripping of the OMM; while
DMT1 was enriched in OMM over mitochondria in images
(Wolff et al., 2014b).

Experimental data in the latest paper (Wolff et al, 2018)
indicated that increasing OMM DMT1 led to increased Fe uptake
in isolated mitochondria by several criteria. Hence, DMT1 can
alleviate rate-limited entry, ruling out unimpeded diffusion into
mitochondria. Importantly, mitochondria isolated from kidneys
of homozygous (b/b) Belgrade rats with a GI185R mutation
in DMT1 that reduces its transport capabilities had severely
diminished uptake of Mn?* in comparison to mitochondria
from +/+ rats (with ones from +/b, intermediate), indicating that
mitochondrial Mn?* import is mostly dependent on DMT1. Two
inhibitors of DMT1 blocked its activity in isolated mitochondria.
While import of Mn2* exhibited strong DMT1 dependence by
several criteria, Fe>* entry appeared to depend on not only
DMT1 but also another route that currently remains unidentified.

Divalent metal transporter 1 is an HT -cotransporter (Gunshin
et al., 1997), a property that raises the role of pH gradients in
mitochondria. Import of Mn?* exhibited pH dependence (Wolff
et al., 2018) like that found before (Garrick et al., 2006a). DMT1-
dependent Fe?’*-induced quenching of an Fe indicator dye
(Wolff et al., 2018) was stimulated by an inward-directed proton
gradient (pH 6.2, vs. pH 7.0;) relative to an opposite pH gradient
(pH 7.6, vs. pH 7.0;) with quenching unaffected for mitochondria
equilibrated at pH 6.2 or 7.6, excluding an unspecific pH effect.
Interestingly, no such pH gradient dependence has been observed
for the IMM Fe carrier Mfrnl from the cichlid Oreochromis
niloticus reconstituted in proteoliposomes (Christenson et al.,
2018). Moreover, Mfrnl-mediated Fe uptake was substantially
diminished below an external pH of 6.5. Although this value is
lower than what has been determined for the IMS (pH 6.88)
in mitochondria from an endothelial cell line (Porcelli et al.,
2005), IMS pH in cells in vivo may well be lower due to stronger
dependence on mitochondrial energy metabolism (cf. below).
Thus, DMT1 and Mfrns may conceivably cooperate in Fe?*
delivery to the mitochondrial matrix relying on acidic IMS pH.

Although some might consider the descriptions for OMM
entry to be mechanistic alternatives, we note that one (Chen and
Paw, 2012) was really a statement acknowledging the field’s status;
while another (Lill et al., 2012) can be treated as implying that
absent a candidate for a gateway is equivalent to the absence of a
gateway. We regard it as nearly self-evident that an organelle that
manages O, unavoidably generates ROS and needs transition

metals to carry out its functions necessarily regulates entry
of their ions. The third description (Richardson et al., 2010)
clearly includes regulation. Transient docking of endosomes and
mitochondria that allows Fe to move from the Tf-Tf receptor
complex to within the intermembrane space of the mitochondria
without a presence in the cytosol, can also involve DMT1 on the
OMM. One could jokingly in part refer to DMT1, also present
on the endosomal membrane, as potentially the lips of the kiss
by considering the possibility that DMT1 on the surface of the
two organelles associates to help docking occur. This mechanism
would provide a tunnel so that Fe?" does not exist in a state
where it is freely exposed to the cytosol in transit. It is important
to note that participation of DMT1 in import of metal ions into
mitochondria and argument for docking of the two organelles
rely on independent observations and either mechanism could be
validated or challenged without the other hypothesis necessarily
rising or falling as well. For example, “kiss and run” receives
strong support in erythroid precursors where heme biosynthesis
demands high Fe flux (Hamdi et al., 2016) but the strongest
non-erythroid evidence supporting the hypothesis comes from
experiments on MDCK-PTR cells (Das et al., 2016). Blocking
intra-endosomal Fe release increased both duration of the two
organelles’ interactions and motility of Tf-endosomes, which may
provide inspiration for experiments on whether OMM DMT1
participates in the same process. Although this cell line was
derived from a canine kidney, its use is primarily noteworthy for
showing that erythroid commitment to extraordinary Fe flux into
heme need not be a requirement for organelle docking to prevent
ROS. One virtue of coordinating the two hypotheses to make
DMTT1 the lips of the kiss is that the endosome will expel protons
to drive Fe2* or Mn?* across its membrane into the OMM and
perhaps through Mfrn into the mitochondrial matrix.

HOW DOES DMT1 INTEGRATE INTO
MITOCHONDRIAL METAL
HOMEOSTASIS?

The data referenced (Wolff et al., 2014a, 2018) support a role for
DMT1 in import of Fe?* and Mn?* across the OMM; however,
much more needs to be learned to integrate it fully into how the
organelle handles metal ions. While DMT1 probably accounts for
most Mn influx, an unidentified participant adds to Fe influx.
Because DMT1 can handle multiple other metals (Gunshin et al.,
1997; Garrick et al., 2006b; Illing et al., 2012), identifying for
which ones its role is significant at the OMM remains to be
determined. Hence, integration for many metals can only be
speculative. Nevertheless, we must add Cd, a toxic metal with a
high DMT1 affinity as relevant for this review. Presumably, Cd
toxicity derives from its not having Fenton chemistry, with it
usually considered not to be a transition metal.

A substantial portion of metal metabolism occurs within
the IMM after DMT1 transport across the OMM. Mfrn 1/2
clearly take over for Fe?t (Chen and Paw, 2012) at the
IMM with the former involved in Fe crossing erythroid IMMs
while its paralog does this for non-erythroid IMMs. Mfrn 1 is
capable of transporting Mn and some other DMT1 substrates
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FIGURE 2 | A model of DMT1 participating in mitochondrial iron homeostasis.
Keys: DMT1, mitoferrins (Mfrn), ferrous iron (Fe2*), Mn2*, iron-sulfur cluster
proteins (Fe-S-Protein), protoporphyrin IX (PPIX), and heme. Fe?* enters the
OMM via DMT1 and an as-yet unidentified pathway (?); while Mn2+
apparently relies primarily on DMT1 for import. After entry, the two cations
could enter the IMS then pass through Mfrn (lower right) or move directly
through Mfrn (lower left). Adapted and redrawn with permission from Garrick
and Thévenod (2019).

(Christenson et al., 2018) but whether it or its counterpart play
that role at the IMM is not yet known. Another question
that having DMT1 control movement of divalent metals across
the OMM raises relates to the metals’ role in generating and
managing free radicals. DMT1 binds the Fe chaperone PCBP2
(Yanatori et al, 2014), transferring Fe directly to it. Is the
IMS insubstantial in metal homeostasis? Or is there a need for
chaperones like PCBP1 or 2? For Cu the presence of SOD1
and multiple other Cu-related proteins there (Baker et al,
2017) sets a precedent that may well apply to other members
of the metallome.

Selected aspects of how DMT1 could participate in
mitochondrial metal metabolism are represented in Figure 2.
Other aspects, omitted to avoid making the representation
too complicated, include the influence of proton gradients,
possible coordination with endosomal docking to mitochondria
that might create a tunnel from endosomes to mitochondrial
matrix, possible chaperones in the IMS and potential distinctions
between occurrences in renal mitochondria and other specialized
mitochondria like erythroid ones.

SYSTEMIC AND CELLULAR IRON
HOMEOSTASIS

Newly recognized mitochondrial (including renal mitochondria)
acquisition of iron via OMM DMT]1 needs to be set the broader
context of systemic and cellular iron homeostasis (Hentze et al.,
2010; Garrick, 2016; Wang et al., 2019; Yanatori and Kishi,
2019). Systemic iron metabolism in humans begins with uptake
of iron from the diet in the duodenal lumen where it presents
as Fe3T (Figure 3, left). Hence, a ferrireductase must generate
Fe?" with DCYTB, representing Duodenal Cytochrome B, also

known as cytochrome b reductase 1, encoded by CYBRD1. DMT1
is the major Fe?™ importer, acting as a proton symporter. The
inward proton gradient is maintained by NHE3, a Na™/H™
antiporter. Arriving in the enterocyte, a polarized epithelial cell,
Fe?* follows two main pathways: either vectorial for systemic
distribution, i.e., transcellularly to exit (the main iron-related
function as the source of nearly all systemic Fe), or cellular by
entering the mitochondrion or nucleus, storage in ferritin, or
other cell usages. Chaperones like PCBP’s aid in minimizing
ROS. Fe?T exit depends on oxidation to Fe** by Hephaestin
(HEPH) or possibly other ferroxidases coordinated with export
by Ferroportin (FPN1); Fe** then interacts with apo-Tf to load
the Tf to mono- or di-ferric Tf in the circulation, representing
Tf bound Fe (TBI).

Cellular iron homeostasis is well embodied by erythroid
precursors because a substantial majority of iron acquisition leads
to hemoglobin synthesis (Figure 3, right). They incorporate Fe
delivered by Tf from the circulation. Fe-Tf or Fe,-Tf bind to the
ubiquitous Tf-receptor 1 (TfR1) that is present on the surface of
immature erythroid and other cells where the complex undergoes
endocytosis. The endosome formed by this process acidifies due
to the activity of a vacuolar HT-ATPase, supplying protons to
allow the Tf-TfR1 complex to release Fe>T in cooperation with
endosomal reductase. Relieved of its Fe, apo-Tf-TfR1 exocytosis
to the cell surface; at the higher pH there, the complex releases
apo-Tf to the circulation to retrieve more Fe. The H™ also drive
DMT1 as an endosomal exit transporter to supply the iron
to mitochondria as discussed in sections “A Recent, Versatile
Candidate for OMM Import of Divalent Cations” and “How Does
DMT1 Integrate Into Mitochondrial Metal Homeostasis?” The
vast majority of Fe flux in erythroid mitochondria goes into heme
synthesis needed for hemoglobin formation, but non-erythroid
cells have a more even balance between heme synthesis and
non-heme iron utilization such as in iron-sulfur proteins. For
its cellular regulation, iron depends largely on an iron response
element-iron regulatory protein system (IRE-IRP) (reviewed in
Hentze et al., 2010; Papanikolaou and Pantopoulos, 2017).

When mature erythrocytes become effete, nearly all their
iron is recovered by macrophage (or hepatic Kupfter cells) that
may store it temporarily, but ultimately resupply most of it
to erythroid precursors. The liver also serves as a temporary
depot via the portal circulation and TBI constitutes the usual
physiological source of iron for most cells where metabolism
resembles the erythroid cell except that demand for heme
biosynthesis is modest. With no regulated means for iron
depletion, excellent renal recovery (see below) and competent
recycling, the onus is on the duodenum (and recovery systems)
to prevent systemic iron overload and to withhold iron during
inflammation. How hepcidin, a master regulatory peptide,
accomplishes these goals is well covered in reviews (Hentze et al.,
2010; Wang et al., 2019; Camaschella et al., 2020).

Much of the current review concerns renal management
of systemic iron metabolism by recovering nearly all filtered
forms of iron. Indeed, the kidney has emerged as an important
physiological organ that contributes to regulation of systemic
Fe levels (Smith and Thévenod, 2009). In addition to usage of
reabsorbed Fe in cellular homeostasis, polarized epithelial kidney
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cells prevent Fe loss from the body by vectorial transport of
loosely bound Fe and by receptor-mediated endocytosis of high-
and low-affinity Fe-binding proteins (such as Tf or albumin,
respectively) into the blood (Langelueddecke et al., 2012; Smith
etal., 2019) (reviewed in Thévenod and Wolft, 2016). Fe transport
mechanisms have also been identified in the kidney that depend
on systemic and/or locally produced hepcidin levels as well as
on IRE-IRP system dependent and independent transporters
(reviewed in Thévenod and Wolff, 2016; Van Swelm et al., 2020;
see Figure 4A).

Fe OVERLOAD AND RENAL INJURY

Disturbances in cellular and systemic Fe balance contribute
to kidney injury either by initiating oxidative stress and
mitochondrial dysfunction or by modulating inflammatory
processes (Thévenod and Wolff, 2016; Van Swelm et al., 2020).
Fe overload of the kidney occurs by increased filtration of
Fe, in the form of TBI and NTBI, either due to systemic

Fe overload or kidney disorders. Hemochromatoses and
dyserythropoiesis underlie mostly systemic Fe overload of genetic
origin whereas acquired systemic Fe overload usually occurs
through transfusions (Brissot et al., 2019). Renal diseases causing
Fe overload of the kidney involve proteinuria of glomerular
origin, that predominantly causes PT damage, or decreased PT
reabsorption (e.g., as in Fanconi syndrome due to PT damage)
with Fe overload of downstream nephron segments. Overload
occurs because the PT (in particular the SI-segment) (Schuh
etal., 2018) is equipped with both a receptor for (metallo-)protein
endocytosis, megalin:cubilin:amnionless (Kozyraki et al., 2001;
Weyer et al,, 2011) and endo-lysosomal machinery expressing
DMT1 (Abouhamed et al., 2006), promoting Fe accumulation
and damage of PT cells. Distal nephron segments take up Fe
via DMTT1 in their apical membranes (DCT > thick ascending
limb of LOH > CD) (Ferguson et al., 2001). The protein receptor
SLC22A17 [with higher affinity to protein ligands, such as Tf,
neutrophil gelatinase-associated lipocalin (NGAL) / lipocalin-
2 and albumin, than megalin:cubilin:amnionless] engulfs Fe-
protein complexes in DCT and CD (Langelueddecke et al., 2012).
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Increased uptake of Fe via these transporters and receptors
may induce nephrotoxicity (Thévenod and Wolff, 2016; Van
Swelm et al., 2020). Fe overload has been described in the distal
nephron of hemochromatosis mouse models (Moulouel et al.,
2013). Hemolysis or rhabdomyolysis can also lead to increased
glomerular filtration of heme, hemoglobin or myoglobin, which
are taken up by both PT and the distal nephron (Moulouel
et al., 2013) via megalin:cubilin:amnionless (Gburek et al., 2002)
and SLC22A17 (Van Swelm et al., 2018). Interestingly, urinary

tract infection decreases Fe accumulation in the distal nephron
of hemochromatosis mouse models (Houamel et al., 2016)
along with decreased SLC22A17 expression (Betten et al., 2018),
supporting a role for SLC22A17 in mediating Fe uptake in the
distal nephron. In addition to apical exposure, tubular cells
should also be exposed to increased circulating Fe levels at their
basolateral side during Fe overload conditions.

Importantly, alterations of cellular Fe homeostasis pathways
involving accumulation of damaging redox active labile Fe in
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relevant nephron segments may elicit Fe-mediated renal cell
injury or death and play a causative role in the pathogenesis
of AKI (and possibly CKD) (reviewed in Scindia et al., 2015;
Swaminathan, 2018; Van Swelm et al., 2020). Necroptosis (Van
Swelm et al., 2018) and possibly two other forms of regulated
cell death, ferroptosis and pyroptosis, have been implicated
in AKI induced by Fe (reviewed in Van Swelm et al., 2020),
but evidence is weak here, and no data are available for the
mode(s) of cell death involved in CKD. Fe-dependent AKI may
result from increased renal exposure to heme, myoglobin and/or
from ischemia-reperfusion injury because release of catalytic
Fe from damaged renal tubular epithelial cells into the tubule
lumen may result in exposure of neighboring cells. Fe either
initiates oxidative stress with ROS formation and mitochondrial
dysfunction, mainly by inducing the mPTP (see sections
“Apoptosis Signaling” and “Cd and Kidney Mitochondrial
Damage”) or is a potent modulator of inflammation. Persistence
of these harmful pathological processes is thought to drive AKI-
to-CKD progression (Liu et al., 2018), which is supported by
the observation of increased accumulation of Fe in tubular
epithelial cells and infiltrating macrophages in animal models
of CKD and in kidney biopsy samples from patients with CKD
(reviewed in Van Swelm et al., 2020). Moreover, clinical studies
indicate an association between Fe overload and CKD (Slotki and
Cabantchik, 2015) that may involve mitochondrial damage (see
section “Fe and Mitochondrial Damage”).

Fe AND MITOCHONDRIAL DAMAGE

Kidney tubular epithelial cells are vulnerable to oxidative
stress due to their energy demand and high numbers of
mitochondria (Liu et al, 2018). Yet data on damaging
effects of Fe on renal mitochondria are scarce (Figure 1B).
Several models of AKI by acute Fe overload of the kidney
show consistently damaged kidney mitochondria induced
by increased mitochondrial Fe and oxidative stress. Twenty
hours after a single intraperitoneal injection of iron-dextran
(500 mg/kg body weight) into rats, increased mitochondrial
Fe correlated with increased lipid peroxidation and decreased
mitochondrial a-tocopherol content in cortex and medulla
(Galleano et al., 1994), whereas other mitochondrial functions
were unaffected. Thirty minutes to 3 h after intraperitoneal
injection of Fe- nitrilotriacetic acid (10 or 20 mg Fe/kg body
weight), mitochondria of rat kidney PT cells showed increased
oxidative damage, supported by accumulation of 4-hydroxy-2-
nonenal-modified proteins, indicating oxidative breakdown of
polyunsaturated fatty acids and related esters (Zainal et al,
1999). In rat kidneys, myoglobin Fe released into the circulation
by experimental rhabdomyolysis produces oxidative stress and
mitochondrial dysfunction through lipid peroxidation of the
mitochondrial membranes (Plotnikov et al., 2009). Inhibitors
of mPTP, mitochondria-targeted antioxidant (SkQ1), and Fe
chelation with deferoxamine abrogated release of cytC as well
as defective ETC and OXPHOS. In a subsequent study of
myoglobinuric AKI in rats, cell death occurred with sustained
caspase 3 cleavage (Funk and Schnellmann, 2012). Expression of

mitochondrial fission protein Drp1 and the fusion protein Mfrn2
were elevated as well as markers of mitochondrial biogenesis
(PGC-1a and PGC-1-related co-activator). Respiratory proteins
NADH:Ubiquinone Oxidoreductase Subunit B8, ATP synthase
B, cytC oxidase subunit I (COX I), and COX IV were
decreased, indicating persistent disruption of mitochondrial
homeostasis even in the presence of mitochondrial recovery
signals (Funk and Schnellmann, 2012). Postoperative AKI
caused by hemoglobinemia, has also been associated with
an enhanced oxidative stress response and lipid peroxidation
(Billings et al., 2011).

Fe-induced excessive formation of mtROS and lipid
peroxidation inhibit ETC activity (Musatov and Robinson, 2012).
In addition, increased ROS formation depletes mitochondrial
antioxidants, such as GSH, or damage anti-oxidative defense
enzymes, as described in liver mitochondria (Jagetia and Reddy,
2011; Figure 1B). Clinical studies indicate an association
between Fe overload and CKD (Slotki and Cabantchik, 2015).
Mitochondrial damage induced by increased Fe has been
implicated in the pathophysiology of CKD. Damage involves a
decrease in frataxin, a mitochondrial protein possibly involved
in assembly of Fe-sulfur clusters and acting as an Fe-binding
protein (Pastore and Puccio, 2013). Moreover, accumulation
in mitochondria of 5-aminolevulinic acid, a heme precursor
that increases oxidative stress and has direct disruptive effects
on mitochondrial function has been discussed (reviewed in
Nakanishi et al., 2019). Nevertheless, the evidence linking these
molecular pathologies with CKD is correlative.

Interestingly, loss of SOD2 activity culminates in Fe
accumulation in mitochondria accompanied by increases in
regulators of the Fe pool: ferritin, transferrin receptors,
transferrin, hepcidin, and frataxin (reviewed in Holley et al.,
2011). Furthermore, SOD2 knockdown in erythroid cells results
in reduction of the IMM transporter ABCB7 (Martin et al,
2011), which exports Fe-sulfur centers to the cytosol for synthesis
of Fe-sulfur center containing proteins. Moreover, ABCB7
downregulation results in mitochondrial Fe overload as well
as diminished SOD2 activity (Cavadini et al.,, 2007). The main
alterations of mitochondrial structure, function and expression

elicited by increased mitochondrial Fe are summarized in
Table 1 (left).

Cd TOXICITY AND THE KIDNEY

Due to enhanced industrial and agricultural activities, Cd
accumulates in the environment. Hence, Cd is one of the top 20
hazardous substances worldwide and a significant public health
issue (Faroon et al.,, 2012). Further, chronic low Cd exposure
(CLCE) is a health hazard for ~10% of the world population with
increased morbidity and mortality (Jarup and Akesson, 2009;
Moulis and Thévenod, 2010).

Food and cigarette smoking are the prime sources of CLCE
(Satarug and Moore, 2004). For non-smokers, food grown in Cd-
containing rock phosphate fertilizers is the major source of CLCE
(Pan et al.,, 2010). Bioaccumulation of Cd in plants, including
tobacco, is the first step in the human food chain that results
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TABLE 1 | Key alterations of mitochondrial structure, function and expression elicited by increased mitochondrial Fe and Cd transport.

Fe Cd

Oxidative damage (lipids; proteins) + Galleano et al., 1994; Zainal et al., 1999; Plotnikov + Reviewed in Lee and Thévenod, 2020

et al., 2009; Billings et al., 2011; Musatov and

Robinson, 2012
Depletion of antioxidants (GSH; a-tocopherol) + Galleano et al., 1994 + Reviewed in Lee and Thévenod, 2020
Damage of antioxidative enzyme defense (| n.d. + Reviewed in Cuypers et al., 2010
function and/or expression)
Disruption of ETC, OXPHOS and Ay, + Plotnikov et al., 2009; Musatov and Robinson, 2012 + Belyaeva et al., 2004; Wang et al.,

2004; Lee et al., 2005a,b

Mitochondrial permeability transition pore (MPTP) + Plotnikov et al., 2009 Belyaeva et al., 2002, 2004

Activation of apoptotic signaling

Changes in fusion-fission dynamics and biogenesis +
Alterations of mitochondrial DNA levels n.d.
Decreased expression of respiratory proteins

Plotnikov et al., 2009; Funk and Schnellmann, 2012
Funk and Schnellmann, 2012

Funk and Schnellmann, 2012

+
+ Lee et al., 2005a,b; Nair et al., 2015
+ Nair et al., 2015

+ Nair et al., 2015

+ Reviewed in Lee and Thévenod, 2020
d

Decreased heme and Fe-sulfur cluster synthesis + Pastore and Puccio, 2013; reviewed in Nakanishi n.d.
etal., 2019
Structural and membrane defects + Zainal et al., 1999 + Kerek and Prenner, 2016; Reviewed in

Lee and Thévenod, 2020

Observed effects are also dependent on time of exposure and metal ion concentrations used. For additional details and references, see sections “Fe and Mitochondrial

Damage” and “Cd and Kidney Mitochondrial Damage.” n.d., not determined.

in Cd accumulation in the body. Various organs and systems
are affected by CLCE, causing kidney damage, osteoporosis,
genotoxicity, teratogenicity, or endocrine, and reproductive
defects (Jarup and Akesson, 2009). Cd in tobacco smoke is
an independent risk factor in the development of smoking-
associated chronic diseases, such as cardiovascular disorders and
cancer (Abu-Hayyeh et al,, 2001; Huff et al., 2007).

The kidneys contain ~60% of the Cd body burden in the age
range of 30-60 years (Salmela et al., 1983; Jarup and Akesson,
2009). Cd accumulates in the kidneys, in particular the PT,
because intracellular Cd induces the upregulation of the protein
MT, rich in sulthydryl (SH) groups that bind the metal ion
with high affinity and thereby prevent its toxic effects (Freisinger
and Vasak, 2013). Although Cd buffering by MT is initially
protective for the kidneys, it in fact represents a dangling sword
of Damocles because Cd accumulation over time develops into an
endogenous source of high concentrations of potentially toxic Cd
and is associated with chronic kidney disease (Gibb et al., 2019;
Satarug et al., 2020).

The question remains how Cd enters mammalian cells in
general, and particularly kidney cells, because no physiological
process requires the non-essential toxic-only ion Cd. Simply,
Cd imitates essential metal ions such as Fe, Mn, Zn, Ca, and
Cu, and crosses cell membrane barriers by competing for their
transport pathways (Thévenod et al., 2019; see also Figure 4B).
To describe this process, the term “ionic and molecular mimicry”
has been created (Clarkson, 1993; Bridges and Zalups, 2005).
Nevertheless and unfortunately, Cd ionic mimicry does not hold
for the only known cellular Fe efflux transporter FPN1 (Mitchell
et al., 2014) which is expressed basolaterally in kidney PT cells
(Wolff et al., 2011) and does not allow Cd to exit renal cells.
The inability of FPNI1 to transport Cd for vectorial reabsorption
into the circulation (in contrast to Fe, Co, and Zn) may partly
explain major Cd accumulation and toxicity of renal cortical PT
cells (see above).

By binding to essential side groups of biomolecules (e.g., SH
groups) and/or displacing essential metals from macromolecules,
Cd disrupts cellular functions with subsequent death or disease
(Moulis, 2010; Thévenod and Lee, 2013). Cd interacts with
proteins by substituting for zinc ions, as in enzymes or
transcription factors (Maret and Moulis, 2013; Petering, 2017),
or replacing calcium in cellular signal transduction, interfering
with thiol-dependent redox systems, and modifying second
messenger levels, growth and transcription factors (Thévenod,
2009; Thévenod and Lee, 2013). Cd is not a transition-
metal ion undergoing Fenton chemistry, yet in biological
systems, it indirectly increases ROS and RNS. Cd depletes
endogenous anti-oxidative ROS scavengers (such as GSH), affects
ROS-producing/metabolizing anti-oxidative enzymes, disrupts
mitochondrial function, in particular the mitochondrial ETC
(see also Figure 1C), and/or displaces redox active metals, such
as Fe or copper (Cuypers et al., 2010). Cd damages DNA
indirectly by causing increased ROS formation and therefore
has been classified as a class I carcinogen; it also interferes with
major DNA repair systems and inactivates tumor suppressor
functions by targeting zinc-finger proteins. This effect may
cause genomic instability and promote tumor initiation and
progression (Hartwig, 2013).

Cd AND KIDNEY MITOCHONDRIAL
DAMAGE

Mitochondria not only traffic and redistribute within the cell
in response to local energy demands, but are also dynamic
organelles that continuously fuse and divide to maintain
functional mitochondria when cells experience metabolic or
environmental changes (Youle and Van Der Bliek, 2012).
Moreover, chronic stress and high metabolic demand induce
mitochondrial biogenesis, which is partially regulated by the
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transcription factors peroxisome proliferator-activated receptor
(Ppar) and its coactivator 1 (Pgc-1) (Scarpulla, 2012; Dorn, 2019).

Cd damages mitochondrial structures and membranes in
kidney cortex by reducing cristae number, inducing cristae
shortening and reduced expression of COXs (reviewed in Lee and
Thévenod, 2020). Cd interacts with cardiolipin, a mitochondrial
phospholipid localized in the IMM, in artificial liposomes,
increasing membrane rigidity (Kerek and Prenner, 2016), and
thereby possibly enhances cytC release for apoptotic signaling.

Cd affects renal mitochondrial biogenesis concentration
dependently, both in vitro and in vivo (Nair et al., 2015). At 1-
10 .M CdCl, for 24 h, Ppary and mitochondrial DNA (mtDNA)
were augmented in cultured renal PCT cells whereas Ppara and
Pgc-1p were not affected, occurrences correlated with minor or
low loss of GSH and low rates of apoptosis. In contrast, 30 pM
CdCl, attenuated Ppara, Pgc-1p and mtDNA, despite sustained
Ppary increase, and was associated with increased oxidized GSH
GSSG and pro-apoptotic markers. Similarly in sub-chronically
CdCl,-treated rats (1 mg/kg/day, s. c., 2 weeks), Ppara and
mtDNA significantly increased whereas GSH was unchanged
compared to saline-treated controls (Nair et al., 2015), indicating
that mitochondrial biogenesis is part of an adaptive mechanism
to chronic oxidative stress by Cd.

How does Cd permeate mitochondria? Cd may mimic calcium
at binding sites due to their similar hydrated ionic radii (Marcus,
1988). Hence Cd could permeate the OMM via VDAC in its half-
open/closed state, similarly as described for calcium (Colombini,
2016). Alternatively, Cd may cross the OMM through DMT1,
given that it is a known substrate (Thévenod et al, 2019)
(see sections “A Recent, Versatile Candidate for OMM Import
of Divalent Cations” and “How Does DMT1 Integrate Into
Mitochondrial Metal Homeostasis?”). Because Cd permeates
certain types of Ca?* channels, e.g., voltage gated T-type calcium
channels or TRPV5/6 (reviewed in Choong et al., 2014), Cd
permeation of the IMM may occur through the MCU complex,
the major IMM Ca?* channel (Kirichok et al., 2004; Thévenod
et al., 2019). Indeed, as shown in isolated mitochondria from
kidney cortex (as well as from liver) pharmacological MCU
inhibitors ruthenium red, Ru360 or La>* abolished Cd-induced
mitochondrial dysfunction, such as swelling, loss of membrane
potential and pro-apoptotic cytC release, consistent with Cd
transport through the MCU into the matrix (Dorta et al., 2003;
Li et al., 2003; Lee et al., 2005a,b).

To adjust to cellular energetic demands, mitochondria swell,
and contract through monovalent cation cycling to regulate
matrix biochemical reactions, such as B-oxidation, Krebs cycle
activity and respiration that are decreased by mitochondrial
swelling (Lizana et al, 2008; Nowikovsky et al, 2009).
Isolated energized rat kidney cortex mitochondria suspended
in KCI buffer undergo swelling followed by rapid contraction
after addition of 5-20 pM CdCl,, whereas non-energized
mitochondria do not contract (Lee et al, 2005b). Using
pharmacological inhibitors, we showed that Cd entered via the
MCU and elicited A, driven K* influx via a K™ uniporter
to induce matrix swelling, with subsequent activation of a
quinine-sensitive K™/H*-exchanger, resulting in mitochondrial
contraction (prior to dissipation of Av,) (Lee et al, 2005b).

Hence, transient mitochondrial swelling by Cd may be part of
an adaptive stress response, together with a temporary switch in
energy metabolism, that precedes mitochondrial dynamics and
removal of damaged mitochondria by mitophagy.

Once in mitochondria, Cd interferes with the function of
the ETC to dissipate Aym (Belyaeva et al,, 2004; Lee et al,
2005b; Figure 1C). Cd (20 M) inhibited ETC complex activities
from various organs (CIII > CII >CI > CIV), maximally by
~75% (Wang et al., 2004). CIII catalyzes the transfer of electrons
from ubiquinol to cytC, and Cd competes at the zinc-binding
site, preventing electron transfer and resulting in increased
superoxide.

Intriguingly, CI can produce ROS through reverse electron
transfer (RET) during low ATP demand and a large proton-
motive force can drive electrons to flow to CI, leading to
superoxide formation. RET depends on the proton-motive force
and oxidative status of mitochondrial coenzyme Q and NADH
pools (Robb et al., 2018). Could RET be relevant to Cd-induced
oxidative stress? ETC inhibition by Cd will hinder electron
shuttling, increasing NADH oxidation (Cameron et al., 1986) as
well as dissipating A,,. These would result in either loss of
the reduced NADH pool and/or matrix-directed proton-motive
force, and quite plausibly drive RET and superoxide production
through CI. These effects could enhance the loosely bound cytC
pool and result in increased cytC apoptogenicity (Petrosillo et al.,
2003). Loss of ATP generation by Cd through the ETC could be
an important additional step in the transformation progression
of normal cells, ultimately making the switch to glycolysis, also
known as the Warburg effect, which is a hallmark of cancer cells
(Gogvadze et al., 2009).

Similar to other apoptotic stimuli Cd dissipates A, possibly
involving the mPTP, resulting in mitochondrial dysfunction and
apoptosis (see section “Apoptosis Signaling”). Uncertainty about
the molecular signature of mPTP is paralleled by conflicting
studies addressing the question of whether Cd induces mPTP
opening as part of its cell death signaling (Belyaeva et al,
2002; Li et al, 2003; Lee et al, 2005a). No evidence for
Cd induction of mPTP was found in studies on Cd-induced
swelling of isolated mitochondria from rodent kidney monitored
by light scattering measurements in combination with known
pharmacological modulators of the originally postulated mPTP
components (cyclosporin A, bongkrekic acid, atractyloside) (Li
et al., 2003; Lee et al., 2005a). Ineffectiveness of pharmacological
modulators, such as cyclosporin A, in preventing Cd-induced
swelling of isolated kidney and liver mitochondria, indicates
that the mPTP is not “the” ubiquitous mitochondrial swelling
mechanism elicited by Cd (reviewed in Lee and Thévenod,
2006). Indeed, opening of an IMM water channel, AQPS8, by
Cd is a likely entryway of water influx into the matrix to cause
swelling of kidney (and liver) mitochondria (Calamita et al,
2005; Lee et al., 2005a; Lee and Thévenod, 2006). Interestingly,
mammalian AQP8 appears to have the largest H,O, permeability
(Bienert et al., 2007). Genetic manipulation of mitochondrial
AQP8 supports its role in HyO; release to the cytosol (Danielli
et al., 2019a,b), which could contribute to Cd-induced cell death.

Cd could activate mitochondrial AQP8 directly by binding
at calcium binding sites found on AQPs (Fotiadis et al., 2002),
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or indirectly by modulating the biophysical properties of the
IMM lipid bilayer, as demonstrated for other AQPs and cellular
organelles (Tong et al., 2012). Hence, it is attractive to speculate
that an increase in mitochondrial membrane fluidity by Cd could
enhance AQPS activation.

An additional mechanism for Cd-induced mitochondrial
damage due to increased ROS formation may be interference
with mitochondrial antioxidative defense enzymes (Figure 1C),
leading to decreased expression or reduced functional activity
(e.g., by displacement of redox active metal ions from these
enzymes, or by complex formation of Cd with sulfthydryl
groups). It could involve mitochondrial MnSOD, SOD2, Fe (III)-
containing catalase, selenocysteine-containing GPX1 (reviewed
in Cuypers et al.,, 2010), and possibly mitochondrial GSH and
glutathione reductase (Ribas et al., 2014).

Cd and Fe damage are compared in Table 1. Strikingly,
despite the Fe undergoing Fenton chemistry and Cd not, there
is a significant overlap of alterations of mitochondrial structure,
function, and expression elicited by increased mitochondrial Fe
and Cd, possibly because of displacement of Fe by Cd (see above).

THERAPY

The best and paramount therapy of Fe or Cd nephrotoxicity is
its prevention (reviewed in Nawrot et al., 2010; Wish et al., 2018).
Apart from symptomatic treatment, there is currently no effective
clinical therapy for acute Fe or Cd intoxication. Two treatment
approaches found their way in the literature: (1) metal chelating
agents without or (2) with antioxidants. The Fe chelating agents
currently in use for prevention and management of AKI include
deferoxamine, deferasirox and deferiprone, all of which are highly
specific for Fe (Sharma and Leaf, 2019). A combination of Fe
chelators and antioxidant treatment (e.g., N-acetylcysteine or
ascorbic acid) has been proposed for myoglobin-induced AKI
(Panizo et al., 2015). Nevertheless, Fe chelators are nephrotoxic,
limiting their application (Kang et al., 2019).

Despite detailed knowledge of the in vitro molecular
properties of chelating agents and antioxidants and their
interactions with Cd (see Flora et al., 2008; Bjorklund et al., 2019),
their clinical usefulness remains unproven apart from occasional
case reports. Succimer, diethylenetriaminepentaacetate, and
ethylenediaminetetraacetic acid (EDTA) have been considered
as Cd chelating agents for acute Cd intoxication (reviewed
in Smith, 2013). In animals, chelators can reduce acute Cd-
induced mortality, provided treatment started very soon after
Cd ingestion. Zn may exert protective effects against acute
Cd toxicity that are partially MT-mediated, as suggested from
neonatal murine-engineered cardiac tissues (Yu et al., 2020).

There is no recommended treatment for chronic Cd exposure
in humans (reviewed in Smith, 2013), consistent with the Agency
for Toxic Substances and Disease Registry (ATSDR) guidelines
for Cd (Faroon et al., 2012). In particular, EDTA, was of no
benefit in chronic Cd-induced renal dysfunction (Wu et al,
2004). This 14-year follow-up study of 17 patients was important
because it challenges case reports suggesting beneficial effects of
EDTA applied together with antioxidants, such as GSH (e.g., Gil

et al., 2011). No recommended treatment strategy is available
for Fe-induced CKD.

CONCLUSION AND OUTLOOK

Our review has summarized where the science and applications
are currently for Fe and Cd entry into renal mitochondria listed
in the sections of this review although we had to limit coverage.
Still, despite wealth of current knowledge, several burning
issues remain unresolved and require clarification in the near
future. One hopes, for example, that biophysical methods will
reveal Fe concentration and speciation for renal mitochondria.
A largely unsolved issue is mitochondrial DMT1 import where
several hypotheses concurrently prevail. DMT1 import could
originate from the cytosol and involve a (co-translational) import
pathway for mitochondrial proteins encoded in the nucleus.
The “vesicular” hypothesis implies that DMT1 is targeted to the
OMM through transient or permanent interactions with ER or
endosomal vesicles.

Additional studies on isolated b/b vs. +/+ and +/b
mitochondria should reveal whether other DMT1 substrates
like Cd>* or Cu!™ rely mostly on DMT1 to cross the OMM
(as for Mn21) or have additional means for entry (like Fe2 ).
The additional means for entry represents a more challenging
issue because one must propose and test candidates where the
design of the test could depend on the nature of the candidate.
Also, finding the extent to which mitochondrial entry via DMT1
and “kiss and run” overlap also requires more hypothesis driven
tests. Developing in vitro subcellular systems where components
can come from different cells as a source could lead to future
advances. An additional transport aspect concerns the entry
pathways for Fe and Cd at the IMM. Direct proof of Mfrnl-
and Mfrn2- dependent Fe transport at the IMM is missing,
implying that other yet unknown pathways for Fe (and Cd) may
be operative at the IMM as well. Although indirect evidence
suggests Cd entry into the matrix via the MCU (Lee et al., 2005b),
proof is lacking and would require a combination of molecular
biology and electrophysiological approaches, as shown for Ca?*
(Kamer and Mootha, 2015; Mammucari et al., 2017).

Concerning the complicated, reciprocal relationship between
(patho)physiological ROS and mitochondrial dynamics and
plasticity, the role of fusion and fission events in ROS signaling
is attracting much attention, postulating compartmentalization
of damaging ROS through fission or antioxidant sharing
through fusion. Moreover, how does formation of respiratory
supercomplexes affect ROS production and balance between
superoxide and H,0,? Changes in membrane lipids influence
membrane-associated ROS-producing and ROS-metabolizing
systems as well as the ETC and AQPs, therefore the impact of
Fe/Cd on membrane lipid alterations affecting mitochondrial
health warrants further investigation. Lastly, are mitochondria-
derived physiological ROS signals involved in regulating
Nat/K*-ATPase activity, which is indispensable for kidney
function?

Fe overload and Cd accumulation occur in both
kidney cortex and medulla (reviewed in Thévenod, 2010;
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Thévenod and Wolff, 2016; Thévenod et al,, 2019). But why is
Fe and Cd nephrotoxicity less apparent in the distal nephron
although transporters for these metal ions, receptors for metal-
protein complexes and mitochondria prevail in these nephron
segments? The relative resistance of the distal nephron to toxicity
by these metal ions may result from its lower sensitivity to
oxidative stress, an increased potential for adaptive responses
and stress-induced factors (e.g., hypoxia-inducible factor-la,
hepcidin, and NGAL) (reviewed in Thévenod and Wolff, 2016),
and its metabolic profile (see section “Nephron Transport and
Metabolism: Focusing on Energy”). Indeed, all these issues could
also account for the relative resistance of the kidney medulla
to damage elicited by other inducers of AKI (Hall et al., 2013).
A better understanding of differences in kidney cortex and
medulla of transport, metabolism, mitochondrial dynamics, and
stress/adaptive signaling may contribute to the development of
preventive and novel therapeutic strategies for acute and chronic
kidney injury induced by Cd and Fe.
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To excrete body nitrogen waste and regulate electrolyte and fluid balance, the kidney has
developed into an energy factory with only second to the heart in mitochondrial content
in the body to meet the high-energy demand and regulate homeostasis. Energy supply
from the renal mitochondria majorly depends on lipid metabolism, with programed enzyme
systems in fatty acid p-oxidation and Krebs cycle. Renal mitochondria integrate several
metabolic pathways, including AMPK/PGC-1a, PPARs, and CD36 signaling to maintain
energy homeostasis for dynamic and static requirements. The pathobiology of several
kidney disorders, including diabetic nephropathy, acute and chronic kidney injuries, has
been primarily linked to impaired mitochondrial bioenergetics. Such homeostatic disruption
in turn stimulates a pathological adaptation, with mitochondrial enzyme system
reprograming possibly leading to dyslipidemia. However, this alteration, while rescuing
oncotic pressure deficit secondary to albuminuria and dissipating edematous disorder,
also imposes an ominous lipotoxic consequence. Reprograming of lipid metabolism in
kidney injury is essential to preserve the integrity of kidney mitochondria, thereby preventing
massive collateral damage including excessive autophagy and chronic inflammation. Here,
we review dyslipidemia in kidney disorders and the most recent advances on targeting
mitochondrial energy metabolism as a therapeutic strategy to restrict renal lipotoxicity,
achieve salutary anti-edematous effects, and restore mitochondrial homeostasis.

Keywords: fatty acid p-oxidation, energy metabolism, lipotoxicity, podocyte, proximal tubule cells, oxidative stress,
homeostasis, fibrosis

INTRODUCTION

The kidney is characterized by a complex anatomy, with millions of nephrons as the functional
unit to excrete nitrogen waste and secure fluid homeostasis. The kidney is composed of multiple
specialized cell types ensuring vital homeostasis of acid-base and electrolyte balance, blood
pressure regulation, nutrient reabsorption, and hormone secretion (Hoenig and Zeidel, 2014;
Duann and Lin, 2017; Yu et al, 2019). Therefore, it is one of the most metabolically active
organs other than heart and skeletal muscle, with proximal tubules presenting a very high
density of mitochondria required for energy consumption (Meyer et al., 1997; Wang et al., 2000).
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For example, the human proximal convoluted tubules (S1 and
S2 combined) contain abundant large mitochondria, which
occupy about 16.3% cell volume (Moller and Skriver, 1985).
Notably, the mature nephron comprises distinct segments, each
utilizing metabolic pathways to varying degrees depending on
the specific function (Cargill and Sims-Lucas, 2020).

Complete oxidation of fatty acids (FAs), which are high-
energy substrates, to CO, and H,O gives rise to roughly
9 Kcal/g fat, while only 4 Kcal/g are generated from
carbohydrates or proteins. The heart possesses metabolic
flexibility and powerful catabolic capacity to use various energy
substrates, mainly FAs (40-60%) and glucose (20-40%), for
ATP production (Karwi et al., 2018). Instead, most proximal
tubule epithelial cells (PTEC) have low metabolic flexibility
toward glycolysis and rely on FAs as energy source at baseline
(Bonventre and Yang, 2011). This was shown by early in vivo
studies measuring ATP synthesis by tracking isotope-labeled
FAs with NMR in rat kidney, which indicated that FAs are
a preferred fuel (Freeman et al., 1986). However, PTEC are
able to shift to anaerobic glycolysis to produce ATP required
for cellular regeneration after ischemic acute kidney injury
(AKI; Lan et al., 2016). In mice, glomerular podocytes display
much lower mitochondrial density than in PTECs and rely
primarily on anaerobic glycolysis to maintain glomerular
filtration barrier and are relatively insensitive to defect in
mitochondrial biogenesis during ischemia damage (Brinkkoetter
et al, 2019). Instead, as lipid accumulation is commonly
observed in patients with chronic kidney disease, podocytes
are rather sensitive to cellular cholesterol-mediated glomerular
injury (Merscher et al., 2014).

Mitochondria are pivotal for maintaining the health and
function of the metabolically active kidney by providing efficient
energy support through the process of oxidative phosphorylation
(OXPHOS) and aerobic glycolysis. Several factors such as
mitochondria biogenesis, bioenergetics, dynamics, and autophagy
regulate the mitochondrial physiology (Duann and Lin, 2017).
In addition, mitochondria also contribute to production of
reactive oxygen species (ROS) free radicals and transduction
of metabolic and stress signals (Galvan et al., 2017; Flemming
et al., 2018). Persistent mitochondrial damage is a major source
of oxidants. Consequently, mitochondrial fitness translates into
body’s general health. Mitochondrial dysfunction is involved
in various kidney diseases, such as acute kidney injury (AKI),
chronic kidney disease (CKD), diabetic nephropathy (DN), and
glomerulonephritis (GN; Duann and Lin, 2017; Eirin et al., 2017;
Galvan et al, 2017; Flemming et al., 2018).

Dysregulated lipid metabolism with defective cholesterol/
free fatty acid (FFA) metabolism leading to dyslipidemia is
common in patients of several kidney diseases, including acute
kidney disease, CKD, diabetic kidney disease (DKD), nephrotic
syndrome, and uremia (Agrawal et al., 2017; Hager et al., 2017;
Gai et al.,, 2019; Nishi et al., 2019; Nishi and Nangaku, 2019;
Jang et al., 2020b), and may contribute to end-stage kidney
disease. In this review, we summarize the recent advances in
understanding lipid metabolism in the function of kidney
mitochondria and the molecular mechanisms related to
dyslipidemia during kidney disease progression.

BASIC LIPID BIOLOGY

In biological systems, lipids include fats, sterols, phospholipids,
and triacylglycerides (TAG). In the cell, lipids have numerous
functions: they constitute the cell membrane as a protective barrier;
form membranous compartments of intracellular organelles; provide
energy source and storage; provide building blocks for hormones;
and serve as secondary cellular messengers within body. FAs are
carboxylic acids with a long aliphatic tail, which constitute building
blocks for other lipids such as TAG and phospholipids.

Within the body, lipid metabolism comprises several inter-
dependent pathways for the generation, storage, and transport
of lipids, which involves plasma lipoprotein particles
[chylomicrons, high density lipoproteins (HDL), low density
lipoproteins (LDL), intermediate density lipoproteins (IDL),
and very low density lipoproteins (VLDL)] in circulation. Dietary
lipids, mainly (95%) TAG, some FFAs, and cholesterol, carried
by chylomicrons into circulation, are degraded into FFAs and
glycerol by lipoprotein lipase (LPL) activity on the capillaries.
These FFAs are taken up by muscle, heart, and adipose and
peripheral tissues like kidney; remnants of chylomicrons are
subsequently cleared in the liver (Florens et al., 2016; Agrawal
et al., 2017; Kronenberg, 2018). FFAs are transported by serum
albumin to the liver and periphery and could be stored as
TAG in kidney capillaries. Additionally, esterified cholesterol
could be stored as a lipid droplet within the kidney.

TRANSPORT OF CELLULAR FFAs
Lipid Uptake by CD36 in the Kidney

FA uptake from the extracellular milieu is the first step in
their utilization. Multiple cell surface lipid transport proteins,
such as cluster of differentiation 36 (CD36), scavenger receptor
B1 (SR-B1), tissue-specific fatty acid transport proteins (FATPs),
and plasma membrane fatty acid-binding protein (FABP,)
facilitate cellular FFA uptake (Haunerland and Spener, 2004;
Su and Abumrad, 2009; Figure 1).

Long-chain fatty acids (LCFAs, referring to FAs with 12 or
longer carbons chains) primarily enter the cell via FA transporter
CD36 [also known as Fatty acid translocase (FAT) or SR-B2].
CD36 is expressed in multiple cell types and mediates diverse
functions, such as lipid uptake, inflammation, ROS production,
molecular adhesion, and apoptosis. CD36 is a multifunctional
receptor for many ligands, including collagen, native lipoproteins,
LCFA, oxidized phospholipids, oxidized LDL, thrombospondin,
and apoptotic cells (Yang et al., 2017; Wang and Li, 2019). Several
post-translational modifications, including phosphorylation,
palmitoylation, ubiquitylation, and glycosylation regulate CD36
stability and dimerization, and correlate its function to myocellular
FA uptake (Luiken et al, 2016). In adipocytes, two palmitoyl-
acyltransferases (PATs), namely DHHC4/5, modulate CD36
palmitoylation and target it to the plasma membrane lipid rafts,
where it mediates FA adsorption and transport (Wang et al,
2019). Interestingly, in addition to the cell surface, CD36 also
localizes to the ER, endosomes, and mitochondria (Bonen et al., 2000;
Smith et al,, 2011). In response to diverse signaling transduction
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FIGURE 1 | Fatty acid metabolism in renal proximal tubule epithelial cell. Fatty acids (FAs) are the preferred energy substrates for the kidney. Uptake of FAs from
capillaries into kidney cells is facilitated by either FAT/CD36 or FABPs and FATPs. In the cytosol, FAs are activated to acyl-CoA, esterified with carnitine, and
transported into the mitochondrial matrix through the carnitine shuttle, which is composed of CPT-1, CACT, and CPT-2. Medium-chain FAs and short-chain FAs can
permeate the mitochondrial membranes. In the matrix, acyl-CoA undergoes FA p-oxidation (FAQO), thereby generating acetyl-CoA to fuel the TCA cycle, as well as
FADH, and NADH that serve as electron donors to the five ETC complex for ATP production via oxidative phosphorylation. Acetyl-CoA can be shuttled out of
mitochondria through carnitine acetyltransferase (CrAT), while it goes through integrated endogenous lipid conversion to form phospholipids, cholesterol, and
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pathways, rapid mobilization of the vesicular transport system
mediates dynamic intracellular distribution of CD36 to reprogram
energy utilization and control lipid metabolism (Georgiou et al., 2015;
Glatz et al., 2016).

In the kidney, CD36 mediates FA uptake and lipid metabolic
reprograming and functions (Yang et al., 2017). CD36 is highly
expressed in mesangial cells (Ruan et al., 1999), renal proximal
(Susztak et al., 2005) and distal tubular epithelial cells (Okamura
etal., 2007), podocytes (Hua et al., 2015), microvascular endothelial
cells, and interstitial macrophages (Rahman et al., 2008; Kennedy
et al, 2013). Transgenic mice with tubular overexpression of
CD36 demonstrate tubular-specific accumulation of lipids, TAG,
and LCFAs (Kang et al, 2015). Other kidney CD36 substrates
include oxidized phospholipids, advanced oxidation protein products
(AOPPs; Li et al, 2019), and advanced glycation end products
(AGEs), which promote inflammation, ER stress, and renal cells
apoptosis and contribute to renal fibrosis (Okamura et al., 2009;
Ruggiero et al, 2014; Pennathur et al.,, 2015).

Lipid Uptake by Other Transporters in the
Kidney: FABPs and FATPs

FA-binding proteins (FABPs) are low molecular weight (14-15 kDa)
proteins that transport LCFAs through cell membranes, transport
FAs to mitochondria and peroxisomes, and function as chaperones
to mediate intracellular transport. Two major FABP isoforms
are expressed in human kidneys, the proximal tubule-enriched

FABP1 (also known as liver type L-FABP) and the distal tubule-
enriched FABP3 (Maatman et al, 1991). Urinary FABPI level
was proposed as a biomarker of acute tubulointerstitial damage
(Yamamoto et al., 2007; Pelsers, 2008).

Emerging data also support proximal tubular apical expression
of FA transporter-2 (FATP2, encoded by Slc27a2) and its role
in luminal non-esterified FA (NEFA) reabsorption from
glomerular filtrate and NEFA metabolism in mice. Silencing
of FATP2 in human renal PTEC in vitro leads to increased
Oil Red O staining and subsequent apoptosis following FA
exposure. Moreover, tubular lipoapoptosis in lipidated albumin-
injected mice decreases in Slc27a2-deficient mice. These data
suggest that luminal NEFA uptake by FATP2 causes proximal
tubule lipoapoptosis, which may contribute to tubular atrophy
and CKD progression (Khan et al., 2018).

FATTY ACID METABOLISM IN KIDNEY
MITOCHONDRIA

FA p-oxidation (FAO) may occur in both mitochondria and
peroxisomes. While mitochondria majorly oxidize LCFAs, and
medium-chain and short-chain FAs (MCFAs and SCFAs,
referring to FAs with less than 12 carbons chains), peroxisomes
oxidize specific carboxylic acids such as very long-chain FAs
(VLCFAs), branched-chain FAs, fatty dicarboxylic acids, and
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bile acid intermediates (in the liver; Cipolla and Lodhi, 2017).
Interestingly, peroxisomal FAO provides alternative metabolism
of LCFAs and MCFAs in case of mitochondrial long-chain
FAO deficiencies (Violante et al., 2019). Mitochondrial FAO
is thus the major pathway for the degradation of FAs to sustain
cellular energy homeostasis (Houten et al., 2016). This process
includes six tightly-regulated steps: (i) FA esterification to
acyl-CoA; (ii) mitochondrial CPT shuttle (or the carnitine
shuttle); (iii) the FAO pathway; (iv) the OXPHOS pathway;
(v) allosteric control of FAQO; and (vi) integrated nutrient
metabolism in the kidney (Figure 1).

Fatty Acid Esterification to acyl-CoA

FAs must be converted to fatty acyl-CoA by cytosolic acyl-CoA
synthetases in order to enter mitochondria. Once inside the cell,
MCFAs or SCFAs can freely diffuse into mitochondria. However,
LCFAs need to be activated to long-chain acyl-CoA (LC acyl-CoA)
and esterified with carnitine into LC-acylcarnitine to permeate
the outer mitochondrial membrane (OMM) and subsequently
be transported into the mitochondrial matrix (Bremer, 1983).

The Carnitine Shuttle

The carnitine shuttle, mediated by the rate-limiting enzyme carnitine
palmitoyltransferase I (CPT-1, on the OMM) and the two inner
mitochondrial membrane (IMM) proteins carnitine-acylcarnitine
translocase (CACT) and carnitine palmitoyltransferase II (CPT-2),
serves to transport the FA moiety into mitochondria. CPT-2
conducts a reverse reaction to convert LC-acylcarnitine back to
LC acyl-CoA and carnitine. Carnitine is transported back to the
cytoplasm by the same shuttle (Brivet et al., 1999).

The FAO Pathway
FAO is the process of breaking down a LC acyl-CoA into

acetyl-CoA molecules inside the mitochondrial matrix. The term
fB-oxidation refers to the position of the carbon group being
oxidized. The number of acetyl-CoA molecules produced depends
on the initial carbon length of the FA. When LC acyl-CoA
enters FAO, two carbons are cleaved to generate an acetyl-CoA
and an acyl-CoA that is two carbons shorter from each B-oxidation
cycle. This process continues until all of the carbons in the
FA are turned into acetyl-CoA to fuel the tricarboxylic acid
(TCA) cycle and generate ATP. The two redox active coenzymes
- the reduced form of nicotinamide adenine dinucleotide
(NADH) and the hydroquinone form of flavin adenine
dinucleotide (FADH,) - produced during each f-oxidation cycle,
along with those generated from TCA cycle, are used as electron
donors by the electron transport chain (ETC) complex, in the
redox reaction that produces ATP (the OXPHOS pathway).
LCFA oxidation yields high energy: for instance, 137 ATP are
generated from palmitate as opposed to 38 obtained from
glucose oxidation (Nsiah-Sefaa and McKenzie, 2016).

The OXPHOS Pathway

The mitochondrial ETC/OXPHOS respiratory chain contains five
complexes. Complexes I-IV transfer electrons (e) and protons
(H") across IMM to generate an electrochemical gradient for ATP

synthesis in complex V (ATP synthase). Several critical steps regulate
this process. The concentration of NAD constitutes the rate-limiting
process (Canto et al,, 2015; Verdin, 2015). Coenzyme Q10 (CoQ10)
is a component of ETC, which shuttles electrons in the respiratory
chain. Moreover, the reduced form of CoQl0 is also a potent
antioxidant (Ernster and Dallner, 1995; Thomas et al., 1996). CoQ
deficiency could cause nephropathies (Ozaltin, 2014) and mutation
in ADCK4 (CoQ8B), a protein required for stabilizing CoQ complex
in podocyte, is an etiology of steroid-resistant nephrotic syndrome
(SRNS or FSGS; Ashraf et al, 2013; Widmeier et al, 2020).
Cardiolipin, an IMM phospholipid, plays a central structural role
in cristae formation, facilitates ETC supra-complex formation for
optimal OXPHOS activity, and serves as a platform to initiate
apoptosis (Birk et al, 2014; O'Brien et al., 2015).

Allosteric Control of FAO

Mitochondrial bioenergetic homeostasis is subjected to allosteric
regulation by the ratios of the [Acetyl CoA/CoA], [NADH/
NAD'], and [FADH,/FAD"]. Therefore, FAO enzymatic activities
are affected by the levels of the metabolic products of their own
reactions, and a rise in [Acetyl-CoA/CoA] or [NADH/NAD"]
leads to feedback inhibition of FAO (Karwi et al, 2019). For
example, mice with proximal tubule-specific deletion of carnitine
acetyltransferase (CrAT), an enzyme that controls inter-conversion
of Acetyl-CoA/CoA and shuttles excess FA products out of the
mitochondria, develop mitochondrial dysfunction, cellular
apoptosis, and tubular and glomerular fibrosis (Kruger et al,
2019). Interestingly, de novo synthesis of NAD", a central metabolic
coenzyme/co-substrate involved in cellular energy metabolism,
profoundly affects mitochondrial fitness in organ health and
injury, including kidney (Hershberger et al., 2017; Katsyuba et al.,
2018; Poyan Mehr et al.,, 2018; Ralto et al., 2020).

Integrated Nutrient Metabolism in the
Kidney

Acetyl-CoA is a critical metabolite derived from catabolism of
all major nutrient sources, such as glucose, FAs, and amino acids.
Moreover, acetyl-CoA can be diverted from the TCA cycle to
synthesize cholesterol, phospholipids, and TAG in the cell (Pietrocola
et al., 2015; Shi and Tu, 2015). Proper integration and regulation
of energy metabolism during ATP loss or excess are thus key
to maintain mitochondrial health during injury and repair in
renal pathophysiology (Vamecq et al, 2012; Aon et al, 2014;
Fornoni et al, 2014; Szeto, 2017; Jang et al., 2020a).

TRANSCRIPTIONAL, EPIGENETIC, AND
POST-TRANSLATIONAL REGULATION OF
FAO AND MITOCHONDRIA BIOGENESIS

Several transcriptional, epigenetic, and post-translational
regulators are involved in the crosstalk between peroxisomes,
nucleus, and mitochondria to control the expression/functions
of FAO enzymes, mitochondrial biogenesis, and energy
reprograming in health and disease-stressed states (Stallons
et al, 2013; Bhargava and Schnellmann, 2017; Figure 2).
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FIGURE 2 | Organelle crosstalk regulates fatty acids metabolism in renal PTEC under healthy or injury/disease states. Intracellular FA metabolism includes catabolic
and anabolic pathways. FAs are oxidized either in mitochondria or peroxisome to generate ATP (catabolism), or are stored as global triglyceride pool (anabolism).
PGC-1a is the mitochondrial master regulator, which drives mitochondrial biogenesis by co-activating transcriptional factors PPAR-a and RXR to regulate the
expression of target genes affecting biogenesis, OXPHOS, and FAO. PGC-1a is also extensively regulated by post-translational modifications: PGC-1« is activated
via phosphorylation by AMPK; its acetylation state is regulated by the counter-balance between SIRT deacetylase and GCN5L1 acetylase. GCN5L1 activation also
negatively modulates FAO target genes. Translocation of PPARa between nucleus and IMM affects PPARa activity as a transcription factor. (A) In healthy condition.
(B) Under injury/disease state, impaired PGC-1« leads to defective FAO and is associated with reduced FA catabolism, increased FA pool and TAG accumulation,
increased cellular ROS production, and PPARa mitochondrial translocation, which induces PPAR« interaction with CypD, mPTP opening, ETC disruption,
cytochrome C release, and mitochondrial damage.

Frontiers in Physiology | www.frontiersin.org 81 September 2020 | Volume 11 | Article 1050


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Lin and Duann

Dyslipidemia in Kidney Disorders

These key molecules include the nuclear hormone receptor,
peroxisome proliferator-activated receptors (PPARs, PPARa,
and PPARy as examples; Wu et al., 2009; Corrales et al., 2018);
PPARY coactivator 1o (PGC-1a; Weinberg, 2011; Li and Susztak,
2018; Fontecha-Barriuso et al, 2020); the NAD*-dependent
deacetylases sirtuins (SIRTs; Wakino et al., 2015; Hershberger
et al., 2017; Morigi et al., 2018); AMP-activated protein kinase
(AMPK); and nuclear respiratory factors 1 and 2 (NRFI and
NREF2; Akhtar and Siragy, 2019).

PGC-1a, the mitochondrial biogenesis master regulator, is
predominantly expressed in proximal tubules and interacts
directly with multiple transcription factors to integrate upstream
signaling events with mitochondrial biogenesis and functional
capacity. Downstream transcription factors control all aspects
of mitochondrial function, including biogenesis, energy
production, dynamics, and protein homeostasis. PGC-1a regulates
the expression of NRF1 and NRF2 to increase NAD"* biosynthesis
(Tran et al., 2016) and activates genes coding for the OXPHOS
system (Zoja et al., 2014). In obesity-related nephropathy models,
reduced NRF2 along with suppressed expression of the key
FAO enzyme long-chain acyl-CoA synthetase-1 (ACSL1) are
associated with elevated renal lipid deposition, further supporting
the importance of mitochondria in lipid metabolism and energy
homeostasis (Chen et al., 2019).

As the PGC-1a/PPARa axis governs transcriptional regulation
of FAO, it was proposed as therapeutic target in AKI and
CKD (Simon and Hertig, 2015; Stadler et al., 2015). Defects
in the FAO pathway, such as reduced expression of CPT-1
(Kang et al, 2015), CrAT (Kruger et al, 2019), and PPAR«
(Chung et al., 2018) are associated with CKD and renal fibrosis.
PPARa heterodimerizes with its obligate partner, the retinoid-
X-receptor (RXR), to regulate FAO and energy metabolism.
FAs are natural activators of PPAR«, and one of PPAR« target
genes is CD36 (which increases FA uptake; Portilla, 2003).
Moreover, impaired expression of PPARa and specific proteins
in FAO pathway are associated with lipid accumulation and
fibrosis in renal tubular epithelial cells in aging rats (Chung
et al,, 2018). Interestingly, Jang et al. demonstrated that proximal
tubular mitochondrial interaction of PPARa with cyclophilin
D (CypD), a component of the IMM structural protein complex
mitochondrial permeability transition pore (mPTP), could
repress nuclear PPARa activity and negatively modulate FAO
in cisplatin-induced AKI (Jang et al., 2020a). Several PPAR«x
agonists have been shown to enhance FAO activity in kidney
(Konig et al., 2008; Lakhia et al., 2018).

PGC-la is extensively regulated by post-translational
modifications. AMPK and SIRT positively regulate PGC-la
through phosphorylation or deacetylation, respectively (Jager
etal., 2007; Canto and Auwerx, 2009). Interestingly, liver histone
demethylase JMJD3 was identified as a gene-specific
transcriptional partner of SIRT1 that epigenetically activates
mitochondrial p-oxidation during fasting (Seok et al., 2018).
The counterpart of JMJD3 in kidney remains to be uncovered.
General control of amino acid synthesis-5-like 1 (GCN5L1),
a protein acetylase counteracting the function of SIRT3,
was recently shown to negatively modulate hepatic FAO
enzyme activities via acetylation (Thapa et al, 2018).

Similarly, GCN5L1-mediated hyper-acetylation and impairment
of FAO enzymes might be a key pathogenic event underlying
lipid overload-induced kidney injury (Lv et al., 2019).

In summary, the integrated regulation of FA metabolism
at the genetic, epigenetic, and protein level is tightly associated
with mitochondrial homeostasis. Under injury or disease state,
deficiency in PGC-1a and associated transcription factors leads
to defective FAO, enlarged FA pool and TAG accumulation,
massive ROS production, increased PPARa mitochondrial
translocation inducing mPTP opening and loss of mitochondrial
membrane potential, cytochrome C release, and mitochondrial
damage (Figure 2).

DYSLIPIDEMIA AND CELLULAR
LIPOTOXICITY-MEDIATED KIDNEY
INJURY

Dyslipidemia is an abnormal amount of lipids (e.g., TAG,
cholesterol or phospholipids) in the blood. Lipids in excess,
which is delivered to organs beyond their energy demands,
can be stored mainly as TAG in intracellular lipid
droplets (LDs), an ubiquitous organelle that serves as energy
stores, dynamic membrane synthesis, and as a hub for further
metabolic regulation (Walther et al., 2017). Accumulation
of such lipid intermediates or final products in non-adipose
tissues, along with the subsequent multi-factorial disturbance
of intracellular homeostasis, could result in lipotoxicity of
target tissues. Lipotoxicity thus represents a pathologic
phenomenon with hallmarks of aberrant lipid accumulation,
causing metabolic, inflammatory, oxidative stress in
intracellular organelles, and further triggering cell damages
(Su et al., 2017; Opazo-Rios et al., 2020).

Moorhead et al. first hypothesized “lipid nephrotoxicity”
in 1982, proposing that dyslipidemia may contribute to the
progression of renal dysfunction (Moorhead et al., 1982). This
hypothesis had gained supportive evidence in several contexts.
For examples, renal lipid accumulation has been shown with
high clinical prevalence in patients with CKD, including the
insulin resistant obese subjects with diabetic nephropathy
(Herman-Edelstein et al., 2014; Escasany et al., 2019; Opazo-
Rios et al., 2020), in nephrotic syndrome (Vaziri, 2016; Agrawal
et al,, 2017), focal segmental glomerulosclerosis (FSGS; Sasaki
et al, 2018), and also as a consequence of acute ischemic
renal injury (Zager et al., 2011). Significant alterations in
renal lipid metabolism are typified as high TAG, variation
in the composition of apolipoproteins and lipids, the
accumulation of atherogenic particles VLDL and IDL, and
decreased HDL cholesterol (Vaziri, 2006; Stadler et al., 2015;
Florens et al.,, 2016; Kronenberg, 2018; Du and Ruan, 2019;
Gai et al, 2019; Thongnak et al., 2020; Jang et al., 2020b).
As discussed earlier, systematic lipid metabolism involves
multi-organ crosstalk, ultimately also affecting kidney function.
Therefore, dyslipidemia and lipid nephrotoxicity could be not
only a consequence but also a cause of kidney disease (Florens
et al, 2016; Agrawal et al, 2017; Kronenberg, 2018;
Czumaj et al., 2019; Nishi et al., 2019).
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Excess fat could be derived from either dysfunctional
capacity of adipose lipid storage, or from diet-induced
hyperlipidemia (high plasma albumin-bound FFAs and
cholesterol), or in the condition of renal dysfunction (as
commonly exemplified by renal mass reduction in animal
model) and defective insulin signaling. Excess kidney ectopic
fat deposition and lipid overload in intracellular organelles
could lead to ER stress (Zhao et al., 2008), mitochondria
dysfunction (Vamecq et al, 2012; Szeto et al, 2016), and
lysosomal stress (Yamamoto et al., 2017, 2020). These alterations
could change cellular protective mechanisms such as autophagy,
mitophagy, lipophagy and contribute to apoptosis and cell
damage. These observations thus support the notion of
dyslipidemia contributes to the progression of renal injury,
and lipid-lowering therapies or shielding mitochondria could
provide beneficial effects on lipotoxicity-mediated kidney injury
(Izquierdo-Lahuerta et al., 2016; Su et al., 2017).

Dyslipidemia could appear in various forms with different
causes and consequences. In lipid-mediated podocyte damage,
FFAs and their metabolism affect function and survival of
podocytes (Sieber and Jehle, 2014). Dyslipidemia is also a
common feature, rather than a complication, of nephrotic syndrome.
Excessive urinal protein loss results in hypoproteinemia, in
turn leading to low serum oncotic pressure, and even edematous
change in severe cases. To rescue the oncotic pressure deficit,
the body initiates a reactive hepatic protein synthesis, including
lipoproteins (Attman and Alaupovic, 1990; Merscher et al,
2014; Vaziri, 2016; Agrawal et al., 2017). Additionally, reduced
plasma levels of lipoprotein lipase results in decreased lipid
catabolism. Elevated serum levels of LDL and IDL are filtered
through glomeruli and lead to lipiduria, which manifests with
fatty casts containing oval fat bodies in the urine sediment
(Cavanaugh and Perazella, 2019).

Mutations affecting cholesterol metabolism in the process
of lipid trafficking, storage, influx, or efflux, could mediate
glomerular injury (Merscher et al., 2014). For example,
Tangier disease (OMIM #205400) or DKD caused by mutations
in ATP-binding cassette A1 (ABCA1) gene result in reduced
HDL in circulation, albuminuria, podocyte phenotype with
esterified cholesterol accumulation and dysfunctional
mitochondria due to cardiolipin hyperoxidation (Ducasa
et al., 2019a,b). For the topics on glomerular diseases-
related renal lipotoxicity and mitochondrial dysfunction,
please refer to the comprehensive review in the same special
issue (Ge et al., 2020).

Furthermore, excess of FFAs leads to TAG accumulation
and renal tubular toxicity (Johnson et al., 2005; Scerbo et al.,
2017). Increased LCFA-bound albumin induces altered redox
balance, high tubular cell apoptosis, and kidney fibrosis
(Ruggiero et al., 2014). As lipoprotein abnormalities also
correlate with high risk of both cardiovascular and kidney
diseases, these modified lipoproteins could be accounted as
actual mediators of uremic toxicity (Florens et al., 2016).
LDL and oxidized (ox)-LDL uptake by mesangial cells lead
to cell proliferation and glomerular matrix expansion, while
uptake by PTE results in tubulointerstitial lesions with
remarks of heightened expression of extracellular matrix

proteins (Nosadini and Tonolo, 2011). HDL is a key player
in reverse cholesterol transport to shuttle cholesterol from
peripheral cells, such as macrophages, to the liver, therefore
relieving the cholesterol burden of these cells. HDL thus
exerts its anti-oxidant function through preventing LDL
oxidation by ROS and protecting against the adverse effects
of ox-LDL on the endothelium. Reduced levels and dysfunction
of HDL, which could be due to perturbed HDL proteome
composition, are common in CKD patients (Vaziri, 2006;
Yamamoto et al., 2012; Agrawal et al., 2017; Kronenberg,
2018; Rysz et al., 2020).

Deficiency of FA metabolism and lipid overload are the
main drivers in the progression of both glomerular and tubular
kidney diseases. Lipid accumulation, particularly in ischemic
proximal tubules, may result in persistent energy depletion
with FFA-induced mitochondrial dysfunction, which could play
an important role in the AKI to CKD transition (Szeto, 2017).
Conversely, mitochondrial protection prevents high-fat diet-
induced glomerular and tubular lesions (Szeto et al., 2016).

The pathophysiological changes underlying hyperlipidemia
may involve energy shortage from impaired mitochondrial
biogenesis or ATP energetics, and systemic oxidative stress due
to excessive ROS production accompanied by ER stress and
influx of inflammatory cytokines. Without timely intervention,
these changes could eventually lead to apoptosis and kidney
fibrosis (Agrawal et al., 2017; Du and Ruan, 2019). Less is
known about the molecular mechanism of some toxic lipid
intermediates (“metabolic poison”) derived from deficiency or
decreased expression of FAO-related enzymes in kidney disease
development (Stadler et al., 2015; Su et al., 2017); and future
research may elucidate this process.

TARGETING MITOCHONDRIAL ENERGY
METABOLISM AND LIPOTOXICITY IN
KIDNEY DISEASES

Lipid-lowering therapies in kidney diseases have been studied
for many vyears, although statins is still the first choice of
conventional hypolipidemia strategies for its effect on HMGCoA
inhibition to block cholesterol synthesis. Cumulative
pharmacological efforts have advanced the field to develop
classic and novel lipid modifying therapies in kidney diseases,
as extensively reviewed recently (Ferro et al.,, 2018; Sudhakaran
et al, 2018; Filippatos et al, 2019; Rosenson et al., 2019;
Heine et al, 2020; Opazo-Rios et al., 2020). These include
effective and well-tolerated drugs targeting various lipid synthesis,
uptake, trafficking and metabolism pathways. Recent years,
compounds that specifically target mitochondria have emerged
as promising therapeutic options for patients with renal disease.
Here, we discuss molecules targeting mitochondrial lipid
metabolism and mitochondrial dysfunction pathways, including
pharmacological agents promoting mitochondrial FAO,
mitochondrial biogenesis, and ATP synthesis, as well as
mitochondrial antioxidants (regulating ROS metabolism) and
cardiolipin stabilizers.
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Mitochondrial FAO-Promoting Agents
Carnitine and acetyl-L-carnitine are nonessential nutrients, as
kidney of healthy subjects normally produce sufficient carnitine
from daily food intake/metabolism and preserve its excretion
well. However, carnitine could be used as dietary supplements
to help with carnitine shuttle of FAO in conditions of “primary
carnitine deficiency” (children with genetic disorder of carnitine
transporter OCTN2 encoded by the SLC22A5 gene; Frigeni
et al, 2017) or adults with secondary carnitine deficiencies
due to chronic renal failure (Ames, 2010).

PPARa is crucially involved in energy and metabolic
homeostasis. Fibrates (fibric acid derivatives, including fenofibrate
and the enhanced medication-pemafibrate) are a class of PPARa
agonists that lowers blood TAG through decreasing VLDL
production by liver and promoting the removal of TAG from
blood. Fibrates also moderately increase blood HDL cholesterol.
Mechanistically, the PPARa agonists activate PPAR«, promote
peroxisomal and mitochondrial FAO, initiate cellular cascade
to upregulate lipoprotein lipase, and ultimately cause more
efficient catabolism of VLDL and TAG (Lakhia et al, 2018;
Cheng et al,, 2019; Yamashita et al., 2020).

CD36 mediates the internalization of lipids such as LCFAs,
oxLDL, and oxidized phospholipid in both proximal tubule
cells and podocytes. CD36 signaling is involved in FA-induced
glomerular injury (Hua et al., 2015). The ApoA-I mimetic 5A
peptide is a CD36 antagonist, which was shown to reduce
glomerular injury and tubulointerstitial fibrosis in mouse CKD
models of subtotal nephrectomy with angiotensin II infusion
or unilateral ureteral obstruction (Souza et al., 2016). 5A peptide
was shown to form HDL-like particles to promote ABCA1-
dependent cholesterol efflux (Islam et al., 2018) and thus may
effectively treat patients with cardiovascular disease.

The herbal alkaloid Berberine (BBR) is used as a supplemental
medicine and has shown clinical benefit in reduction of LDL
and TAG in diabetic and hypertensive patients (Koppen et al.,
2017). BBR has wide spectrum pharmacological effects through
its various action of mechanisms such as increasing LDL-receptor
mediated hepatic clearance of LDL cholesterol (Wang et al,
2014), protection of lipid-induced apoptosis by promoting FAO
in PTEC (Sun et al, 2018), supporting PGCla-regulated
mitochondrial energy homeostasis in CKD model of db/db
mice and cultured podocytes (Qin et al, 2019a), and
podocyte protection via inhibition of mitochondrial fission
and dysfunction (Qin et al., 2019b).

Mitochondrial Bioenergetics and
Biogenesis-Promoting Agents

Niacin (vitamin B-3) was the first identified lipid-lowering
drug in patients at late 1950s and currently used as an adjunct
therapy to help the control of cholesterol. Niacin, at
pharmacological dose, increases circulating HDL level to improve
cholesterol clearance in peripheral tissues and also changes
the composition and metabolism of ApoA-I and ApoA-II
(Shepherd et al., 1979). The HDL boost effect of niacin is
through different molecular mechanisms. First, niacin
stabilizes surface ABCA1 expression and ApoA-I lipidation.

Second, niacin inhibits surface expression of the hepatic HDL
receptor PB-ATP synthase, and thus increases HDL blood
availability (Zhang et al., 2008). Third, niacin inhibits the
hepatic TAG biosynthesis enzyme “diacylglycerol acyltransferase-2
(DGAT2)” to reduce TAG synthesis and leads to the subsequent
VLDL/LDL destabilization (Ganji et al., 2004). The mechanisms
of DGAT inhibition and TAG metabolism are active research
area as more pharmacological drugs designs centering on the
two DGAT enzymes (DGAT1 and DGAT?2), which apparently
have distinct and overlapping functions (Chitraju et al., 2019).
Niacin was later found to be an important precursor of cofactor
NAD", which promotes SIRT/PGC-1a activity and thus modulates
mitochondrial energy homeostasis, biogenesis, and lipid
metabolism (Kirkland and Meyer-Ficca, 2018; Romani et al.,
2019). Moreover, niacin provides vascular benefits through
NAD*/SIRT mediated mechanism during endothelial lipotoxicity
(Hughes-Large et al., 2014).

The AMPK/SIRT/PGC-1a axis is crucial for mitochondrial
biogenesis (Duann and Lin, 2017). Agents modulating this
process include metformin. Metformin, the most commonly
prescribed drug for the treatment of type 2 diabetes as a
glucose-lowering and insulin-sensitizing agent, is a biguanide
drug that also actives the energy sensor AMPK. In animal
nephropathy models, several pathologies were observed including
reduced phosphorylation of acetyl-CoA carboxylase (ACC), a
target of AMPK and the major enzyme in the control of
FAO rate; decreased expressions of CPT1 and enzymes in
mitochondrial biogenesis; and increased lipid accumulation and
expression of pro-inflammatory cytokines and tubulointerstitial
fibrosis. Metformin reduces renal fibrosis by improving AMPK-
mediated phosphorylation of ACC and FA energy metabolism
(Lee et al., 2018).

Mitochondria-Targeted Anti-oxidants
Lipid-mediated mitochondrial oxidative stress is common in
many kidney diseases. The selective mitochondria-targeted
antioxidants, such as MitoQ and MitoTEMPO, have been
developed to mitigate mitochondrial oxidative stress. These small
molecule agents could be delivered and concentrated at
mitochondria matrix to function as ROS scavenger (Kezic et al.,
2016). They are chimeric molecules of a lipophilic cation
triphenylphosphonium (TPP+) conjugated with an antioxidant
moiety such as ubiquinone (MitoQ; Kelso et al, 2001) or
piperidine nitroxides (TEMPOL and TEMPO; Trnka et al., 2008).
MitoTEMPO could be uptaken and accumulated in energized
mitochondria matrix several 100-fold to modulate coenzyme Q
(CoQ) pool within mitochondria (Trnka et al, 2008). In a
diabetic db/db mouse model, 7-week of CoQ10 (0.1% in food)
oral administration significantly reduced the levels of serum
creatinine and blood glucose and albumin-to-creatinine ratio,
in accordance with renal morphological restoration (Sun et al.,
2019). CoQ10 ameliorates DN-induced mitochondrial dysfunction
and oxidative stress through its activation of mitophagy-mediated
glomerular mitochondria homeostasis both in vivo and in vitro.
In this study, MitoTEMPO (3 mg/kg/day) restored mitophagy
and alleviated kidney dysfunction in glomeruli of db/db mice
in a similar manner as CoQIl0 treatment (Sun et al, 2019).
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In a mouse sub-total nephrectomy-induced renal fibrosis CKD
model, MitoTEMPO rescued impaired renal function and
alleviated renal fibrosis by reducing inflammation cytokines,
mitochondrial dysfunction, ER stress, and profibrotic factors
(Liu et al., 2018).

Additionally, in a clinically relevant murine model of
abdominal sepsis (cecal ligation and puncture, CLP), a single
delayed high dose of MitoTEMPO (10 mg/kg, given at 6 h
post-CLP) could reverse renal mitochondrial dysfunction and
attenuated sepsis-induced AKI by 18 h. MitoTEMPO decreased
mitochondrial superoxide level, protected ETC respiration,
improved renal microcirculation and glomerular filtration rate.
Importantly, MitoTEMPO treatment significantly increased 96-h
survival rate from 40% in untreated mice to 80% (Patil et al.,
2014). The beneficial effect of MitoTEMPO is still under debate
as it failed to exert long-term benefits in a later CLP-AKI
study (Rademann et al.,, 2017). However, in a rat puromycin
aminonucleoside (PAN)-induced glomerular damage model, a
model mimicking children minimal-change nephrotic syndrome
(MCNS), a 10-day MitoTEMPO treatment (1 day prior to
PAN-injury and continued for 9 additional days) reduced the
level of urinary protein, urinary lipid peroxidation and the
expression of oxidative stress markers in glomeruli and plasma;
although the overall renal function seemed not significantly
improved as measure of creatinine clearance (Fujii et al., 2020).
In summary, more research is warranted to validate renoprotective
effects of MitoTEMPO.

MitoQ is a mitochondria targeted antioxidant of CoQ
analogue, which could be accumulated in mitochondria up
to 1,000-fold. In a type 1 monogenic diabetes of the young
[MODY, the Ins2Akita (Akita)] mouse model, oral
administration of MitoQ over a 12-week period prevented
diabetic nephropathy (Chacko et al., 2010). MitoQ treatment
did not alter the glycaemic status of diabetic animals. However,
MitoQ significantly decreased urinary albumin levels in
diabetic mice. MitoQ offered benefits in prevention of diabetes-
induced tubular dysfunction and protection of glomerular
function as measured by radioactive tracer clearance capacity.
Moreover, MitoQ decreased pathogenic glomerular GBM
thickening and reduced interstitial fibrosis through prevention
of EMT (epithelial-to-mesenchymal transition) process in
Akita mice (Chacko et al., 2010). Recently, in a diabetic
db/db mouse model, Ward et al. confirmed the renoprotective
effects of MitoQ treatment through daily intragastric gavage
over a period of 12-week. MitoQ improved renal function,
decreased glomerular hyperfiltration, albuminuria, and
prevented interstitial fibrosis (Ward et al., 2017). In a mouse
ischemia-reperfusion induced AKI (IRI) model, administration
of MitoQ prior to the onset of ischemia was shown to
reduce oxidative damage and severity of renal IRI (Dare
et al., 2015). Despite the great success of mitochondria-
targeting antioxidants in preclinical studies, their clinical
effects on CKD patients remain to be verified. However,
MitoQ supplementation was linked to restoration of endothelial
function and reduces aortic arterial stiffness in aging humans,
thus offers potential promise in vascular treatment in CKD
patients (Rossman et al., 2018).

Cardiolipin-Targeting Peptides

In mice, a long-term (28 weeks) high fat diet (HFD) caused
mitochondrial dysfunction and structural alterations, such as
reduction in size and loss of matrix density and IMM cristae,
in renal cells including proximal tubular cells, podocytes and
glomerular endothelial cells. The mitochondrial injury led to
ER stress, lipid droplets accumulation, autophagy, apoptosis,
and subsequent inflammation, proteinuria, and fibrosis
(Szeto et al,, 2016). The mitochondrial injury could be due
to loss and/or peroxidation of cardiolipin, the major structural
and functional regulator of IMM cristae. Such mitochondrial
injury could be prevented with cardiolipin-stabilizing
tetrapeptide SS31 (namely, Elamipretide, MTP-13, or Bendavia),
which reduces HFD-induced lipid accumulation, toxic ROS
production, regulates cytochrome C activity, and restores
AMPK signaling (Szeto et al., 2016; Szeto, 2017). The
mitochondria protective effect of SS31 after ischemia-AKI
prevents prolonged inflammation and arrests CKD transition
(Szeto et al., 2017). Elamipretide is on a phase 2a clinical
trial in patients with atherosclerotic renal artery stenosis during
stent revascularization, with promising results (NCT01755858;
Saad et al, 2017) and was shown to improve mitochondria
function in the human failing heart (Chatfield et al., 2019).
The clinical effects of Elamipretide on kidney disease, however,
require further investigations.

CONCLUDING REMARKS

Mitochondria are the “powerhouse” of the high-energy
demanding kidney cells. Crosstalk between mitochondria,
nucleus, endoplasmic reticulum, and peroxisomes impacts
numerous cellular functions. Mitochondrial bioenergetics,
adaptation of energy metabolism, and mitochondrial biogenesis
during physiology or stress conditions are tightly linked to
body lipid homeostasis, as well as health and disease states
of kidney. Dysfunctional mitochondria could lead to dyslipidemia,
microvasculature damage, inflammation, kidney fibrosis, or even
kidney failure. The evolving knowledge of the molecular
mechanisms modulating mitochondrial energy homeostasis and
lipid metabolism suggest that normalizing renal cell mitochondrial
function and energy balance could be an important preventative
strategy against dyslipidemia and could provide new drug
targets in kidney diseases.
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Recently, there has been an increased focus on the influences of mitochondrial
dysfunction on various pathologies. Mitochondria are major intracellular organelles
with a variety of critical roles, such as adenosine triphosphate production, metabolic
modulation, generation of reactive oxygen species, maintenance of intracellular calcium
homeostasis, and the regulation of apoptosis. Moreover, mitochondria are attracting
attention as a therapeutic target in several diseases. Additionally, a lot of existing agents
have been found to have pharmacological effects on mitochondria. This review provides
an overview of the mitochondrial change in the kidney and skeletal muscle, which is
often complicated with sarcopenia and chronic kidney disease (CKD). Furthermore, the
pharmacological effects of therapeutics for CKD on mitochondria are explored.

Keywords: mitochondria, CKD - chronic kidney disease, sarcopenia, kidney, skeletal muscle

INTRODUCTION

Mitochondria originated approximately 1.5 billion years ago from a-proteobacterium via symbiosis
within an ancestral eukaryotic host cell. Although mitochondria contain double membrane and
serve as the main producer of adenosine triphosphate (ATP), their form and composition have
evolved, and these organelles have gained a myriad of additional functions. This article reviews
mitochondrial functions, the changes of these organelles in the kidney (Figure 1A) and skeletal
muscle tissues (Figure 1B) in kidney diseases, and the potential effects of therapeutic agents on the
mitochondria in treating kidney diseases and uremic sarcopenia.

MITOCHONDRIA BIOLOGY IN THE KIDNEY

Mitochondrial Structure

Mitochondria are intracellular organelles found in all eukaryotes. The mitochondrial structure
contains a membrane structure of outer and inner mitochondria membrane (IMM) layers, with
one compartment between the intermembrane space and the inner matrix. The mitochondrial
outer mitochondria membrane (OMM) contains a porin that controls the transport of proteins into
mitochondria and allows non-selective permeation of small molecule substances of approximately
1,550 kDa. The IMM contains a complex folded structure, the cristae, that contributes to oxidative
phosphorylation to produce ATP, which is an energy source in the cell.

The renal proximal tubules contain more mitochondria than any other compartments in the
kidney. Renal proximal tubules absorb more than 65% of the filtrate that passes through the
glomerular membrane filter, such as glucose, ions, and albumin (Rector, 1983). Mitochondria often
undergo transformation in both physiological and pathological conditions (Wakabayashi, 2002).
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In a diseased kidney, premorse and gigantic mitochondria are
noted in the cytoplasm of the proximal epithelial cells, as
shown in early studies of human kidney samples using electron
microscopy (Suzuki et al., 1975). The experimental literature also
supports that mitochondria amounts largely diminish and their
structure appears altered after acute kidney injury (AKI) (Lan
et al,, 2016). Although the molecular mechanism underlying the
morphologic alteration has yet to be investigated, mitochondria
represent one of the more vulnerable organelles for various types
of toxic and pathogenic insults.

Mitochondrial Chromosome, Genome,
DNA

Mitochondrial Biogenesis

The mitochondrial mass is increased through the cellular process
called mitochondrial biogenesis to adapt to the ever-changing
energy demand. Mitochondrial biogenesis leads to a greater
mitochondrial metabolic capacity by increasing synthesis
of metabolic enzymes. While the majority of mitochondrial
molecules are encoded by the cell nuclear genes, most
parts of the electron transport chain (ETC) that function
as an energy generator are produced from mitochondrial
genes. Mitochondrial DNA (mtDNA) is transcribed by the
mitochondrial DNA-directed RNA polymerase, POLRMT
(Graziewicz et al.,, 2006) and the essential enhancer is the
mitochondrial transcription factor A (TFAM), which ensures
mtRNA unwinding and flexing required for the POLRMT
binding to the promoters. The expression of TFAM is
regulated by nuclear respiratory factor 1 (Nrfl) binding to
the specific promoter sites (Virbasius and Scarpulla, 1994;
Gureev et al,, 2019), suggesting that Nrfl may be involved the
biogenesis and energy production in the mitochondria (van
Tienen et al., 2010; Benner et al., 2013). Also, researchers
have discovered that peroxisome proliferator-activated
receptor y coactivator la (PGC-la) in brown adipocytes
is a contributing factor for cold-mediated mitochondrial
biogenesis (Puigserver et al., 1998). This transcription coactivator
promotes the transcription of Nrfl although PGC-la acts as
a coactivator for numerous genes including Nrf2 (Wu et al,,
1999). PGC-la also activates mitochondrial biogenesis in
skeletal muscle and enhances the slow-twitch manifestations
of the skeletal muscle, such as fatty acid oxidation and an
increase in type I myosin heavy chain (Wu et al, 1999;
Jornayvaz and Shulman, 2010). Furthermore, this coactivator is
important for skeletal muscle remodeling in physical exercise
(Lira et al., 2010).

In sepsis-associated AKI, the mitochondrial function
deteriorates, and the expression of genes involved in oxidative
phosphorylation is reduced (Parikh et al., 2015). Particularly,
PGC-1a expression decreases as renal function declines, and
renal function was impaired due to prolonged sepsis. The
activation of PGC-la may promote recovery from AKI caused
by sepsis, and this application in therapy is expected. Recently,
our laboratory revealed that mtDNA copy number and PGC-
la expression were reduced in the kidneys of animals with
polycystic kidney disease (Ishimoto et al., 2017). Moreover,

the eradication of mitochondrion-specific oxidants reduced
intracellular superoxide and halted the proliferation of cyst
epithelial cells via extracellular signal-related kinase inactivation
(Ishimoto et al., 2017).

Mitochondrial DNA Leakage

In cells infected with pathogens (e.g., DNA viruses), the
pathogen-derived double-stranded DNA appears in the
cytoplasm. Cyclic GMP-AMP synthase (cGAS) is a pattern
recognition receptor that recognizes double-stranded DNA
in the cytoplasm and then binds to the trans-membrane
protein, a stimulator of interferon genes (STING) localized
on the endoplasmic reticulum (ER). Eventually, this reaction
induces a type I interferon-mediated host defense response to
DNA viruses (Chen et al., 2016). Moreover, the cGAS-STING
pathway activation is involved in autoimmune and inflammatory
reactions, likely resulting from the activation of cGAS by
self-genomic DNA damage (Li and Chen, 2018).

Our group recently clarified the relationship between
mitochondrial damage and the induction of cGAS-STING
pathway in inflamed proximal tubular cells. In cisplatin-induced
AKI, the cGAS-STING pathway was activated in the kidney
(Maekawa et al., 2019). In STING-deficient mice, cisplatin-
induced renal dysfunction and inflammatory responses were
reduced. Additionally, the mitochondrial membrane potential
was reduced in renal proximal tubular cells stimulated with
cisplatin, and mtDNA leaked into the cytosol, thereby causing the
activation of the cGAS-STING pathway (Maekawa et al., 2019).
The inhibition of this pathway is a promising target for future
treatments of AKL

Mitochondrial Dynamics

Although mitochondrial biogenesis promotes new mitochondria
production, mitochondria cannot be generated de novo. Instead,
mitochondria form a dynamic network that can alter the shape
and size and also add new content to pre-existing mitochondria.
In other words, mitochondria actively and frequently undergo
fusion and division (fission), such that long and extended
structures are formed through fusion, and small fragmentation is
induced through the division. Mitochondrial fusion is caused by
several guanosine triphosphate hydrolases (GTPase), including
mitofusin 1 (Mfnl), Mfn2, and optic atrophy 1 (Opal). Both
Mifnl and Mfn2 are considered to contribute to OMM fusion,
whereas Opal splicing contributes to IMM fusion. Conversely,
mitochondrial fission is promoted by fission 1 protein (Fisl),
that is localized on the OMM, and the GTPase, dynamin-
related protein (Drpl). The mutation of Drpl is associated with
lethal neonatal defects in humans (Waterham et al., 2007), and
the mice deficient in Drpl are also embryonic lethal, whereas
brain-specific Drpl ablation causes developmental defects to
the cerebellum (Wakabayashi et al, 2009). These findings
suggest that mitochondrial fission plays an essential role in early
development and differentiation.

In ischemic and cisplatin nephrotoxic AKI, these
mitochondrial dynamics have been analyzed mainly in proximal
tubules that are dependent on oxidative phosphorylation for
the large demand of ATP necessary for solute transportation.
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FIGURE 1 | Mitochondrial damage in CKD and uremic sarcopenia.

(A) Stressors like sepsis, ischemia and toxins induce acute mitochondrial
damage. Pathogenesis such as hypertension, diabetes, and obesity induce
chronic mitochondrial damage. Uremic toxins accumulated in AKI and CKD
also induce mitochondrial damage. On the other hand, mitochondrial damage
itself exacerbates kidney damage, forming a vicious cycle in CKD progression.
(B) In CKD, mitochondrial damage mediates uremic sarcopenia. AKI, acute
kidney injury; CKD, chronic kidney disease; ROS, reactive oxygen species;
ATP, adenosine triphosphate.

Mitochondrial fission initiated by Drpl translocation to the
OMM is often observable immediately after the injury (Brooks
et al., 2009). Intriguingly, treatment with a small molecule that
inhibits Drpl, Mdivil, attenuated both tubular cell apoptosis
and tubular tissue damage. Also, in cultured tubular cells, the
silencing of Drpl or a dominant-negative Drpl induction led
to mitochondrial fragmentation and subsequent apoptosis.
This concept of Drpl to mediate not only mitochondrial
fission but also subsequent ischemic renal tissue damage was
further supported by the murine genetic deletion of Drpl in
the proximal tubule epithelium (Perry et al., 2018). They also
showed that delayed deletion of Drpl in the recovery period
after ischemic-reperfusion injury (IRI) resulted in improved
kidney recovery and reduced fibrosis, implying that tubular
mitochondrial fission and fusion might play a role in progression
of AKI to fibrosis. Moreover, Drpl phosphorylation is also
implicated in diabetic renal tubular cells (Zhan et al., 2015) and
podocytes (Ayanga et al., 2016). The deletion of Drp1 selectively
in podocytes of db/db diabetic mice leads to an attenuated
diabetic phenotype, such as seen through excessive oxygen
consumption (Ayanga et al., 2016).

Mitochondria and ER Crosstalk

Eukaryotic cells organelles besides the
mitochondria. The functions of these individual organelles
and the communication between them are essential for cell
survival, proliferation, and differentiation. Intracellular transfer
of vesicles enables communication between distant organelles
via microtubules and actin along the cytoskeleton (Allan
and Schroer, 1999; Bonifacino and Glick, 2004). Moreover,
different organelles can also communicate with each other
through direct contact and proximity signaling. The ER is
located at the center of the membrane contact site (MCS)
between organelles. Particularly, mitochondria-associated
membranes (MAMs) have been intensively studied as a type
of MCS formed through the ER (Fujimoto and Hayashi,
2011; Inoue et al, 2019). This machinery forms a raft-like
structure rich in cholesterol and sphingolipids similar to caveola
(Hayashi and Su, 2007) and enables molecular communications
between ER and mitochondria via calcium, lipid synthases,
inositol trisphosphate (IP3) receptors, and sarco/endoplasmic
reticulum calcium-ATPases that are abundant and active on
the MAM (Appenzeller-Herzog and Simmen, 2016). Notably,
mitochondrial fission-promoting enzyme Mfn2 is located both
in the mitochondria and partially in the ER. Furthermore, Mfn2
on the ER assembles a molecular complex with Mfnl on the
mitochondria that tightens the connection between ER and
mitochondria (de Brito and Scorrano, 2008).

In the murine diabetic kidney, the MAM is significantly
reduced and resembles the severity of tissue damage (Yang
et al,, 2019). Cultured tubular cells overexpressing the MAM-
uncoupling protein (UCP), FATE-1, are resistant to high-glucose
stimuli and have less cellular apoptosis (Yang et al., 2019).
Although the mitochondrial-ER association has only lately been
highlighted (Inoue et al., 2019; Yang et al., 2020), how this
organelle crosstalk is altered in AKI or chronic kidney disease
(CKD) remains largely unknown.

contain various

Energetics

Glycolysis and Tricarboxylic Acid (TCA) Cycle
Glycolysis is considered the most primitive metabolic system.
This process catabolizes glucose into organic acids, such as
pyruvate, and produces energy for the organism to consume.
Under aerobic conditions, pyruvate produced by glycolysis is
transported from the cytosol to the mitochondrial matrix through
an active transporter. It is next decarboxylated by the pyruvate
dehydrogenase complex (PDHC) and then converted to acetyl-
CoA (Semenza, 2011; Gray et al.,, 2014). The acetyl-CoA enters
the TCA cycle, which oxidizes acetyl-CoA to produce carbon
dioxide. TCA produces coenzymes as three molecules of NADH,
one molecule of FADH,, GTP. Although carbon dioxide is
excreted outside the mitochondria and no ATP is produced in
the TCA cycle, the resulting coenzymes aide ATP production in
the subsequent oxidative phosphorylation.

In ischemic AKI, glucose metabolism is differently altered in
the cortex and the medulla of the kidney. Metabolites pyruvate
and lactate are decreased in the cortex during early onset
of AKI, while the TCA intermediates succinate and malate
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are almost unchanged (Wei et al., 2014). These observations
suggest a transient decrease in the use of glucose for energy
metabolism in the cortex. By contrast, the kidney medulla
showed a slower decrease in glycolysis and TCA cycle activity
over time. Tubular cell glucose uptake and lactate production
were accelerated in fibrotic kidney resembling human CKD,
implying an enhancement of aerobic glycolysis flux (Ding
et al., 2017). Interestingly, induction of aerobic glycolysis led
to myofibroblast activation in vitro. Past research has illustrated
that the metabolism of the renal medulla is primarily glycolysis,
whereas aerobic oxidation of substrates and gluconeogenesis is
prioritized in the renal cortex (Lee et al., 1962; Lee and Peterhm,
1969). This layer-dependent renal energy preference is explained
by local tissue oxygen pressure. Moreover, in the outer medulla,
where slightly less oxygen is available than in the cortex, glucose
fuels the mitochondria (Eveloff et al., 1980), although succinate is
prioritized as an energy source (Baverel et al., 1980). In the inner
medulla, glycolysis plays a more critical role in metabolizing
glucose to produce energy as oxygen consumption is lower
(Baverel et al., 1980).

Fatty Acid Transport and pg-Oxidation

Most fatty acids act as energy sources for peripheral tissues
once they are released into the blood through the hydrolysis
of triacylglycerols in adipose tissue. Circulating triacylglycerol is
degraded by lipase to produce fatty acids and glycerin. Cytosolic
fatty acids are converted to acyl-CoA by acyl-CoA synthetase,
which cannot pass through the IMM of the mitochondria.
First, the fatty acid portion of acyl-CoA is transferred
to carnitine through carnitine acyltransferase to provide
acylcarnitine. Then, acylcarnitine enters the mitochondrial
matrix and reacts with Coenzyme A (CoA) and returns to
acyl-CoA (Bremer, 1983; Brady et al., 1993). Acyl-CoA is then
decomposed into two carbon units to produce acetyl-CoA in
the stepwise sequence of oxidation, hydration, oxidation, and
thiol cleavage. This process, known as p-oxidation, generates
ubiquinol (QH2), NADH, GTP, and a sufficient amount of ATP
(Raskind and El-Chaar, 2000).

As previously mentioned, glucose is a poor energy source
for respiration in the kidney cortex, which contains glomeruli
and proximal tubules. The preferred fuels are short- and long-
chain fatty acids and endogenous lipids, as well as ketone
bodies, lactate, and some amino acids (Weidemann and Krebs,
1969; Klein et al., 1980). Conversely, chronic hyperinsulinemia
enhances degradation of triglycerides in the adipocytes, thus
elevating serum levels of non-esterified fatty acids. These elevated
levels lead to the ectopic accumulation of lipids in organs
outside of the lipid tissue, including the kidney. The excessive
accumulation of lipids results in cellular damage, known as
lipotoxicity (Weinberg, 2006; Ertunc and Hotamisligil, 2016;
Nishi et al., 2019). For instance, fatty acids accumulated in
the mitochondrial matrix are vulnerable to lipid peroxidation
(Schrauwen and Hesselink, 2004; Schrauwen et al., 2010; Sergi
et al., 2019), which can have lipotoxic effects on DNA, RNA, and
proteins of the mitochondrial machinery, leading to organelle
dysfunction. In AKI and diabetic nephropathy, p-oxidation
in the mitochondria is decreased and the formation of lipid

droplets inside the cell are increased, resulting in diminished
ATP production (Simon and Hertig, 2015). Stimulation of
proximal tubular culture cells with the fatty acid palmitate
invokes the accumulation of abnormal organelles because of
poor acidification of lysosomes (Yamamoto et al., 2017), even
promoting lipoapoptosis (Katsoulieris et al., 2010).

Electron Transfer System and Mitochondrial Reactive
Oxygen Species

The ETC is responsible for mitochondrial oxidative
phosphorylation, which produces ATP using the oxygen-based
fatty acids and pyruvate. In this process, five electron-
transporting enzyme complexes (complexes I to V) on the
IMM, as well as the electron transporters ubiquinone and
cytochrome c, excrete protons into the intermembrane space to
drive ATP synthase. Although this process is efficient, insufficient
reactions can produce reactive oxygen species (ROS). Oxidative
stress reduces mitochondrial and cellular function and can even
cause cell death by promoting lipid peroxidation in the IMM.
This lipid peroxidation can change the membrane permeability
and structure (Stewart and Heales, 2003) or disrupting calcium
homeostasis, particularly affecting the oxidation state of
specific thiol groups in proteins (Toescu, 2005). Mitochondria
possess defense systems to scavenge ROS to protect them from
excess radicals. For example, superoxide dismutase 2 (SOD2)
transforms superoxide anions to oxygen and hydrogen peroxide
(Weisiger and Fridovich, 1973). Also, coenzyme Q10 (CoQ10)
can exist in two forms: Ubiquinone, an oxidized form, that acts
as an electron carrier during mitochondrial respiration; and
Ubiquinol, a reduced form, that is an endogenous antioxidant
(Crane, 2001). Mutations in the genes that encode the CoQ10
pathway confer an inherited mitochondriopathy with primary
renal involvement (Diomedi-Camassei et al., 2007).

In chronic hypoxic kidneys of rat, proteomic analysis
identified maladaptive suppression of Cu/Zn-SOD enzymes
as a mediator of a cycle of oxidative stress and subsequent
renal injury (Son et al, 2008). Also, mice with cisplatin-
induced AKI treated with CoQ10 has less depletion of their
antioxidant defense mechanisms (glutathione level and SOD
activity), lipid peroxidation, and renal tissue damage (Fouad
et al, 2010). The significance of mitochondrial ROS levels
has also been implicated in diabetic kidney diseases (DKD).
Mitochondrial superoxide and ATP production were increased
in type 2 diabetic db/db mice in the renal cortex, compared to
control mice (Sourris et al., 2012); however, the excessive renal
mitochondrial hydrogen peroxide production and membrane
potential seen in db/db mice were attenuated with CoQ10
treatment. This normalization of mitochondrial ROS generation
caused by CoQl0 treatment decreases albuminuria (Sourris
et al., 2012). NADPH oxidases (NOX) are the principal
enzymes to generate nitrogen species and ROS, with NOX4
localized within the renal cortex and upregulated under
hyperglycemic conditions within the mitochondria (Block
et al., 2009). Intriguingly, pharmacological inhibition of NOX4
has potential for treatment of renal histopathology and
albuminuria in db/db mice (Sedeek et al., 2013). Also, chemical
inactivation of NOX4 protected ApoE-deficient mice treated
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with streptozotocin from both structural and functional kidney
damage (Jha et al,, 2014).

Electrochemical Gradient and Uncoupling

The pumping of protons into the transmembrane space results
in a difference of proton concentrations between the inside
and outside the IMM (i.e., electrochemical gradient). These
protons can return to the matrix through the ATP synthase
pump, at which uses the potential to generate ATP from
adenosine diphosphate (ADP) and inorganic phosphate (Pi). The
generated ATP is then transported from the mitochondria to
the cytoplasm by ATP/ADP transporters and becomes the active
energy source for cells. Alternatively, proton in the mitochondrial
intermembrane space released by the ETC may also return to
the matrix by diffusing through the IMM without involvement
in ATP synthesis. This flux is known as uncoupling, and the
accumulated electrochemical potential is squandered as heat
(Dlaskova et al., 2006). The transporter protein UCP uses this
proton gradient between membranes to generate energy for
oxidative phosphorylation (Ricquier et al., 1991).

The UCP has isoforms in mammals (UCP1-5). Thermogenin
(UCP1) is present only in brown adipocytes, and contributes to
heat production without movement during hibernation (Palou
et al., 1998). Recently, UCP1 expression was reported in the
ischemic kidneys (Jia et al, 2019) and speculated to protect
the organ from hypoxia, since deletion of UCPI1 worsened both
ischemia or cisplatin induced AKI. Furthermore, peroxisome
proliferator-activator receptor (PPAR) y agonist treatment
increased UCP1 expression, suggesting their close relationship.
Elsewhere, an early work combined immunohistochemistry and
polymerase chain reaction techniques to unravel the UCP2
expression in rat kidneys, specifically the epithelial cells of the
proximal tubules and the medullary thick ascending loop of
Henle (Balaban and Mandel, 1980). Multiple reports suggest
that tubular UCP2 expression is enhanced in kidneys that
are diseased. Higher expression of UCP2 is found in diabetic
kidneys (Balaban and Mandel, 1980). It was demonstrated
that glutamate-stimulated oxygen consumption was increased
in the isolated mitochondria from diabetic animals, and could
be reduced by adding guanosine diphosphate, which inhibits
UCP activity. These results imply that those mitochondria have
increased uncoupling due to increased UCP2 protein expression
(Friederich et al, 2008). In fibrotic kidneys, the expression
of UCP2 in proximal tubular epithelial cells was increased
(Jiang et al., 2013), and mice deficient in UCP2 were protected
from kidney fibrosis induced by unilateral ureter obstruction
(UUO). Intriguingly, UCP2 causes cultured epithelial cells to
transdifferentiate and release cellular matrix. Regarding other
UCP isoforms, UCP3 expression is found in the epithelial cells of
the renal cell carcinoma (Braun et al., 2015). Intriguingly, their
loss-of-function study indicates that UCP3 in carcinoma that
originated from the proximal tubular cells helps resist against
hypoxia/reoxygenation injury of cancer.

Calcium Storage
Intracellular calcium concentration is tightly regulated and
plays a vital role in the signal transduction of cells. Although

the ER stores the highest amount of intracellular calcium,
mitochondria also have temporary capacity to store calcium,
which contributes to the homeostasis of the overall intracellular
calcium concentration (Brookes et al., 2004).

In kidney diseases, mitochondrial calcium uptake is impaired
in tubular epithelia cells. Cation uptake in tubular cells is reduced
per the cytoplasmic glutathione level in cisplatin-induced kidney
damage (Kameyama and Gemba, 1991). Autosomal dominant
polycystic kidney disease (ADPKD) is one of the most common
monogenetic diseases, constituting approximately 5% of all
kidney failure diseases (Levy and Feingold, 2000). Genes PKD1
(The European Polycystic Kidney Disease Consortium, 1994) and
PKD2 (Mochizuki et al., 1996) encode polycystin 1 (PC1) and
polycystin 2 (PC2), respectively, that are responsible for ADPKD;
yet, the biological function of polycystins remains elusive and
controversial (Douguet et al., 2019). Initial studies reported that
PCI and PC2 form a molecular complex configured as a calcium-
permeable channel at the plasma membrane of renal tubular
cells or neurons (Hanaoka et al., 2000; Delmas et al., 2004).
Additionally, these PC1-PC2 complexes located in the primary
cilium of kidney cells work as mechano-sensors to the intra-
tubular shear stress (Nauli et al., 2003; AbouAlaiwi et al., 2009),
but this mechanism has been challenged by subsequent data
showing that stimulation of the primary cilium does not induce
an increase in intraciliary calcium (Delling et al., 2016). Recently,
researchers who focused on localization of the PC complex in
MAMs discovered a novel role of these polycystins to regulate
mitochondrial function (Padovano et al.,, 2017). PC1 interacts
with the prolyl hydroxylase domain-containing protein (PHD3)
to sense local oxygen pressure, and fluctuations in oxygen levels
and the PHD3 activity modulate the subcellular localization
and the calcium channel activity of the PC complex. PC1-
deficient tubular cells had reduced oxygen consumption rate
in vitro, consistent with a reduction in the quantity of oxidative
phosphorylation performed by these cells. Thus, deficiency in the
PCI protein may mimic a relatively low oxygen pressure and lead
to mitochondrial dysfunction.

Mitophagy: Mitochondrial Quality Control

Malfunctioning and defective mitochondria are degraded
through autophagy known as mitophagy. Impaired mitophagy
causes the accumulation of abnormal organelles and severe
mitochondrial dysfunction. The PTEN-induced kinase 1
(PINK1)-Parkin pathway is the most widely studied mechanism
of mitophagy of neuron (Pickrell and Youle, 2015). Initially,
both PINK1 and Parkin were known to be causative mutations
in juvenile Parkinson’s disease. For example, once mitochondria
are damaged and have reduced membrane potential, PINK1
accumulates on the OMM, which recruits the E3 ubiquitin ligase,
Parkin, for ubiquitination of PINKI. Then, light-chain-3 (LC3)
receptors accumulate and invoke the autophagosome to degrade
the dysfunctional mitochondria. In addition, BCL2 Interacting
Protein 3 (BNIP3) and NIX in the OMM also regulate mitophagy
(Zhang and Ney, 2009). In hypoxic cells, hypoxia-inducible
factor-1 (HIF-1) is stabilized and promotes expression of the
target genes that eradicates damaged mitochondria (Zhang
and Ney, 2008). Furthermore, FUN14 Domain Containing 1
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(FUNDC1) in the OMM associates mitophagy with the LC3
receptor through its LC3-interacting region (LIR) domains
under hypoxic conditions (Lv et al., 2017; Zhang et al., 2017).
Under normal conditions, FUNDCI is phosphorylated and this
moiety blocks binding to LC3.

The pathogenic role of mitophagy in kidney disease still
requires further investigation (Bhatia and Choi, 2019; Wanget al.,
2020). Tissue damage induced by renal ischemia is prolonged in
mice deficient in PINK1, PARK2, or both, representing severe
mitochondrial damage and higher ROS production (Tang et al.,
2018). The PINKI1-Parkin pathway expression is increased in
tubular cells stimulated with cisplatin. Interestingly, the silencing
of PINKI or Parkin attenuates mitophagy and promotes cell
apoptosis as visualized with immunofluorescence microscopy
(Zhao et al, 2017). The protective effect of PINK1/PARK2-
dependent mitophagy can also be demonstrated in AKI
induced by contrast media (Yang et al, 2018). The BNIP3
expression in cultured renal tubular cells is enhanced by oxygen-
glucose deprivation/reperfusion. Finally, BNIP3-deficient mice
demonstrate worsened renal ischemic injury due to impaired
mitophagy (Tang et al., 2019). These findings suggest that the
proper coordination of mitophagy is critical for protection
against acute nephrotoxicity, and chronic renal fibrosis is
also regulated by the PINKI1-Parkin pathway in macrophages
(Bhatia et al., 2019).

Apoptosis

Apoptosis is an active and molecular programmed cell death that
requires energy to occur. Oxidant stress, abundant cytokines,
or hypoxia deteriorate the mitochondrial membrane potential
by excreting ROS and cytochrome ¢ from the mitochondria to
trigger apoptosis through the p53 and Bcl-2 family proteins
(Susnow et al., 2009; Redza-Dutordoir and Averill-Bates, 2016).
Cytochrome ¢ binds to the cytoplasmic caspase-9 and forms an
aggregate that activates the caspase-9 and inducing apoptosis
(Bratton and Salvesen, 2010).

In a damaged kidney, epithelial cells (Shimizu and Yamanaka,
1993) and partially podocytes (Shankland, 2006) are the principal
cell types that undergo cell death. The signaling pathway
underlying kidney cell apoptosis is not always p53-mediated.
Cisplatin can induce Bax-mediated apoptosis in primary-
cultured tubular cells isolated from mice deficient in p53 (Jiang
et al,, 2009), suggesting only a partial effect of p53 inhibition on
cisplatin nephrotoxicity. Conversely, apoptosis of the renal cells
may also be beneficial during the recovery phase, and assist in
fine-tuning the number of renal cells created by balancing an
exaggerated proliferative response.

MITOCHONDRIA AND SARCOPENIA IN
CKD

Uremic Sarcopenia

Sarcopenia is the progressive reduction of muscle weight and
strength, leading to poor physical activity and quality of life,
and even increasing the risk of death. Age-related muscle loss
and dysfunction were initially defined as sarcopenia, whereas

degradation from a chronic inflammatory or malnutritional
illness is classified as secondary sarcopenia. CKD is a chronic
illness that exhibits sarcopenia symptoms (Moorthi and Avin,
2017). The muscle mass is reduced in those with a greater amount
of albuminuria or a lower glomerular filtration rate (GFR) (Foley
et al., 2007). Importantly, CKD patients with sarcopenia show
higher rates of mortality and longer hospital stays (Sinkeler
et al,, 2013; Pereira et al., 2015). Epidemiological evidence
suggests that multiple lifestyle and clinical factors contribute to
the progression of sarcopenia in CKD, including malnutrition,
reduced protein intake, insufficient or deficient exercise, chronic
inflammation, metabolic acidosis, atherosclerosis, and a lack
of natural vitamin D (Stenvinkel and Alvestrand, 2002;
Delano and Moldawer, 2006).

Mitochondrial Dysfunction in Skeletal

Muscles With Uremia

Several experiments indicate mitochondrial dysfunction in the
skeletal muscle of patients with CKD (Gamboa et al., 2016; Sato
et al,, 2016; Kikuchi et al., 2019; Thome et al., 2019; Xu et al,,
2020). Both mitochondrial volume density and mtDNA copy
numbers were decreased in skeletal biopsy specimens sampled
from kidney failure patients who underwent HD (Gamboa et al.,
2016) or PD (Xu et al.,, 2020) (Figures 1B, 2). A recent human
study assessed the phosphocreatine recovery time constant to
measure mitochondrial function in the knee extensors using
with 3! P magnetic resonance spectroscopy (Gamboa et al., 2020).
This study demonstrated that the phosphocreatine recovery
was extended in pre-dialysis CKD as well as HD patients,
compared to healthy control participants (Gamboa et al., 2020).
The mitochondrial dysfunction in human skeletal muscle was
also associated with poor physical activity performance when
evaluated with a 6-min walk test. This result indicates that uremic
sarcopenia is already progressing even before CKD advances
(Nishi et al., 2020; Ryan, 2020).

Several studies have recognized the impaired role of the
PDHC at a molecular level in the mitochondria of skeletal
muscle in CKD sarcopenia (Sato et al., 2016; Thome et al., 2019;
Xu et al.,, 2020). The PDHC is essential to energy production
under anaerobic condition, as the enzyme converts pyruvate to
acetyl-CoA for the TCA cycle. Insufficient activation of PDHC
prevents TCA cycle metabolism and reduces ATP production
in the mitochondria, resulting in an energy shortage in the
skeletal muscle. The activity of the PDHC is regulated by the
expression of several kinases and phosphatase via reversible
phosphorylation. Inhibition occurs when phosphorylated at
Ser232, Ser293, and Ser300 of the PDH E1-a subunit by the PDH
kinases PDK-1, PDK-2, PDK-3, and PDK-4, and re-activated
by dephosphorylation by the two PDH phosphatases PDP1
and PDP2. In murine C2C12 myocytes, cell cultures exposed
to a uremic toxin promote glycolysis with excess antioxidative
responses, leading to mitochondrial TCA cycle down-regulation
and ATP shortage (Sato et al., 2016). Moreover, PDHC activity
and phospho-PDH (S293) are decreased in the skeletal muscle
of patients with advanced CKD, whereas PDK4 protein levels
are upregulated (Xu et al., 2020). Treatment of CKD in mice
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FIGURE 2 | Mitochondrial dysfunction in the kidney and the skeletal muscle. Both kidney failure and sarcopenia are associated with mitochondrial damage, and
there are several common findings or processes in the kidney and the skeletal muscle. Mitochondrial damage, usually accompanied with morphological change for
altered dynamics and decreased biogenesis, results in ROS accumulation or deficiency in ATP production. ROS production, which can induce mitochondrial
damage, promote inflammation or cytochrome C release leading to apoptosis. Low efficiency in ATP production also leads to cell injury. CKD progression or uremic
sarcopenia can result from combination of these phenomena. Therapeutics for CKD have various effects on some or all of these processes. At the same time, these
processes can still be a novel therapeutic target. CKD, chronic kidney disease; ROS, reactive oxygen species; ATP, adenosine triphosphate.

with dichloroacetate to activate PDHC improved the treadmill
running test distance (Tamaki et al., 2014). The uremic condition
does not impair the overall activity of mitochondrial enzymes.
Isolated mitochondria from murine skeletal muscle had impaired
malate and glutamate dehydrogenases, as well as ETC complexes
III and IV, by several uremic metabolites (Thome et al., 2019).
Treatment with 5-aminolevulinic acid to transport electrons in
the mitochondrial ETC also increases the skeletal muscle weight
and the mitochondrial amount, thereby improving physical
activity (Fujii et al., 2017). Altogether, the reinforcement of
muscle mitochondria function serves a potential strategy for
eradicating uremic sarcopenia.

DRUGS

Almost no treatments have been approved for slowing or
reversing CKD progression, although various treatments for
CKD and its complications are currently being trialed. These
treatment approaches may potentially have beneficial effects, such
as relieving renal fibrosis (a hallmark of CKD) and minimizing
AKI in patients, who are predisposed to the development
and progression of CKD. This chapter discusses the various
therapeutic agents and potentially protective agents for CKD with

a focus on the pharmacological effects on the mitochondria in the
kidney or skeletal muscle.

Erythropoietin

Erythropoietin (EPO) analogs are a major therapeutic approach
to treating anemia from EPO deficiency in CKD. Erythropoietin
replenishment has been reported to slow CKD progression
(Gouva et al, 2004), as EPO may provide renoprotection
from some factors related to the mitochondria. Erythropoietin
ameliorates lipopolysaccharide-induced AKI (Stoyanoff et al,
2014). Renoprotection is promoted via an anti-apoptotic effect
from the expression of the EPO receptor, the reduction of the
Bax/Bcl-XL ratio, the inhibition of cytochrome-c release into
the cytosol, and the decrease of active caspase-3 expression.
EPO treatment also reduces renal fibrosis in UUO model rats,
and downregulates Drp1 overexpression to reduce mitochondria
fission (Zhao et al., 2015).

Patients with CKD develop impaired mitochondrial
energetics associated with the disease severity in skeletal
muscle (Kestenbaum et al,, 2020). CKD mice with muscle
atrophy have decreased mitochondrial activity and amount,
metabolism related to AMP-activated protein kinase (AMPK)
phosphorylation and Pgclo gene expression (Tamaki et al,
2014). The EPO receptor expression can be seen in skeletal
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muscle (Lamon and Russell, 2013), and EPO treatment increases
the PGC-1la protein and gene expression in combination with
exercise (Pin et al, 2015). Elevated EPO signaling leads to
the activation of mitochondrial biogenesis and metabolism
as indicated by increased AMPK phosphorylation, PGCla
expression, and oxygen consumption rate in both in vitro and
in vivo models (Wang et al., 2013). Thus, EPO treatment may
alleviate mitochondrial dysfunction in skeletal muscle in CKD
and improve muscle amount and performance.

HIF-PH Inhibitor

Hypoxia-inducible factor prolyl hydroxylase (HIF-PH) inhibitors
are another emerging therapeutics for renal anemia, as these
inhibitors have already been effective in treating patients with or
without dialysis (Chen et al., 2019a,b). HIF-PHs stimulates EPO
production in the kidney via the activation of the HIF pathway.
The agents exert non-hematopoietic effects, as HIF up-regulates
the transcription of more than 100 genes involved in hypoxic
adaptation. Moreover, HIF-1a regulates cellular metabolism
against oxidative phosphorylation via LDHA, PDK, and COX4-2
upregulation and encourages mitochondrial autophagy through
BNIP upregulation, resulting in the optimized efficiency of
mitochondrial respiration and ROS production (Semenza et al.,
1996; Kim et al., 2006; Papandreou et al., 2006; Fukuda et al,,
2007; Zhang et al., 2008; Bellot et al., 2009). Moreover, HIF-1a
is crucial in preventing mitochondrial dysfunction and apoptosis
under hypoxic conditions. Cobalt chloride salt is a classical HIF-
PH inhibitor that protects against cisplatin-induced kidney injury
in mice (Tanaka et al., 2005). The emerging HIF-PH inhibitor
enarodustat also suppresses mitochondrial respiration in HK-2
tubular cells and changes energy metabolism in early DKD mice
(Hasegawa et al., 2020).

HIF-1a plays a part in regulation of skeletal muscle function,
since a skeletal muscle-specific HIF-1a knockouts in mice have
increased mitochondrial activity with higher citrate synthase
activity and oxidative metabolism as well as slight increases in
the mitochondrial amount and endurance capacity (Mason et al.,
2004). Moreover, PHDI1 is also associated with mitochondrial
changes in skeletal muscle (Aragones et al., 2008). The silencing
of PHD1 in myofiber cells decreases oxidative metabolism and
less mitochondrial ultrastructural changes compared to ischemia-
exhibiting control myofibers with swollen mitochondria, inner
lucency, and fractured cristae (Aragones et al., 2008). HIF-PH
inhibitors have also been reported to reduce the levels of ROS
with glycolytic metabolic shift and increase cell viability in renal
proximal tubule cells (Ito et al., 2020) and neuronal cells with
glutamate-induced oxytosis (Neitemeier et al, 2016). HIF-PH
inhibitor MK-8617 ameliorates myopathy in 5/6 nephrectomy
CKD mice and corrects abnormalities in the mitochondrial
number and size in skeletal muscle (Qian et al., 2019). Future
HIF-PH inhibitors as novel HIF stabilizers may relieve uremic
sarcopenia, but they require further investigation.

Nrf2 Activator

The progression of CKD leads to oxidative stress and impaired
antioxidant capacity that are associated with the impairment
of Nrf2 activity (Ruiz et al, 2013). Bardoxolone methyl, an

Nrf2-activating triterpenoid, has been reported to improve renal
function in DKD in humans (de Zeeuw et al,, 2013), although
this drug is not yet approved for patient use. Bardoxolone
methyl improved the estimated GFR (eGFR) above baseline in
CKD/type 2 diabetes patients in a BEAM randomized, placebo-
controlled, 52 week trial (Pergola et al., 2011); however, this
trial was prematurely terminated due to as a result of an
increased rate of cardiovascular events leading to hospitalization
or death in the treatment group because of heart failure (de
Zeeuw et al., 2013). Thereafter, the efficacy on DKD was
evaluated in a TSUBAKI clinical study in Japan that payed
careful attention to cardiac events by excluding patients with
risk factors for volume overload or prior history of heart
failure (Nangaku et al., 2020). Nrf2 activation also relieves
renal injury in non-DKD model mice, and the Nrf2-activating
triterpenoid CDDO-imidazolide seems to protect the kidney
from ischemia-reperfusion injury by decreasing ROS production
in mice (Liu et al., 2014). Another Nrf2 activator, dihydro-
CDDO-trifluoroethyl amide (dh404), alleviates proteinuria-
induced tubular damage by stopping mitochondrial structural
changes, such as decreasing size, number, and breakdown of
the cristae structure of mitochondria in vivo (Nagasu et al,
2019). Moreover, activator dh404 also decreased mitochondrial
ROS and the preservation of mitochondrial membrane potential
in vitro (Nagasu et al., 2019).

Nrf2 is important for maintaining mitochondrial function,
muscle mitohormesis, and oxidative stress defense in skeletal
muscle (Coleman et al., 2018; Kitaoka et al., 2019). Moreover,
Nrf2 is involved in uremic sarcopenia, which has reduced
skeletal muscle mitochondrial mass and gene expression related
to mitochondrial biogenesis, including Nrf2 (Liu et al., 2019;
Watson et al, 2020). Genetic Nrf2 activation in skeletal
muscle improves endurance capacity and increased oxygen
consumption without altering mtDNA content (Uruno et al,
2016). Treatment with Nrf2-activating compounds also increases
running endurance in rodents (Uruno et al., 2016). Altogether,
these results indicate that Nrf2 activators could be effective
therapeutic against sarcopenia in CKD patients and require
further investigation.

SGLT2 Inhibitor

Recent research has focused on sodium-glucose transporter 2
(SGLT2) inhibitors as a beneficial treatment for DKD. The
CREDENCE trial assessed the effects of inhibitor canagliflozin on
renal conditions in patients with type 2 diabetes and albuminuric
CKD (Perkovic et al., 2019). Canagliflozin had favorable results
with a 30% risk reduction in the composite outcome of kidney
failure (dialysis, transplantation, or a sustained estimated GFR
of <15 ml per minute per 1.73 m?), a doubling of the
serum creatinine level, or death from renal or cardiovascular
causes, thereby resulting in early cessation of the trial (Perkovic
et al., 2019). Similarly, early cessation of the DAPA-CKD
trial was also announced by AstraZeneka (Heerspink et al,
2020), whereas their EMPA-KIDNEY trial is still under way'.
There are various mechanisms of renoprotection exhibited

' www.empakidney.org; accessed April 24, 2020
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by the SGLT2 inhibitors, including a decrease in blood
glucose levels, tubuloglomerular feedback, upregulation of
HIF and EPO, and subsequent hematocrit elevation and
oxygen supply (Vallon and Thomson, 2020). The inhibitor
ipragliflozin protects tubular cells in the high-fat diet-fed
mice (Takagi et al, 2018). These mice show no longer
abnormal mitochondrial fission associated with increased
oxidative stress, lower gene expression of Opal and Mfn2, and
higher expression of Drpl (Takagi et al., 2018). Ipragliflozin
also reduces ROS and mitochondrial dysfunction in tubular
epithelial cells and glomerular podocytes in diabetic db/db mice
(Kamezaki et al., 2018).

SGLT?2 inhibitors have also been reported to have protective
effects against muscle atrophy and lowered exercise performance
(Hirata et al., 2019). Empaglifrozin improves symptoms for
diabetic sarcopenia in hyperglycemic Akita mice, though it
is unclear whether there are other factors beyond the anti-
diabetic effects and improving muscle mass (Hirata et al., 2019).
Empagliflozin also restores lowered exercise capacity in a murine
heart failure model (Nambu et al, 2020). The drug increases
endurance capacity, but not muscle weight or muscle strength,
by restoring mitochondrial fatty acid oxidation in skeletal muscle
(Nambu et al., 2020).

AST-120

AST-120 is an agent that inhibits the accumulation of uremic
toxins and is often prescribed to CKD patients to slow the
progression of renal failure. The efficacy of AST-120 to slow down
CKD progression is controversial, as various clinical trials have
failed to show renoprotective effects (Schulman et al., 2015; Cha
et al., 2016); however, the drug remains a standard method of
treatment for CKD patients.

AST-120 may have beneficial effects on muscles since uremic
toxins are harmful to them. AST-120 may improve mitochondrial
status by reducing the accumulation of indoxyl sulfate, which
induces mitochondrial dysfunction and ATP shortage in muscle
cells (Sato et al, 2016). As for in vivo models, AST-120
administration improves running endurance reduced in subtotal
nephrectomy mice, and attenuates harmful changes, such as
down-regulated citrate synthase activity, decreased expression
of mitochondrial biogenesis genes like Pgcla, and increased
superoxide production (Nishikawa et al., 2015). There are no
significant reports on the clinical usage of AST-120 against
uremic sarcopenia, so further studies are required to indicate
clinical efficacy.

Carnitine
Patients with pre-dialysis CKD have higher plasma L-carnitine
levels than healthy individuals (Rodriguez-Segade et al., 1986;
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The kidneys utilize roughly 10% of the body’s oxygen supply to produce the energy
required for accomplishing their primary function: the regulation of body fluid composition
through secreting, filtering, and reabsorbing metabolites and nutrients. To ensure an
adequate ATP supply, the kidneys are particularly enriched in mitochondria, having the
second highest mitochondrial content and thus oxygen consumption of our body. The
bulk of the ATP generated in the kidneys is consumed to move solutes toward (reabsorption)
or from (secretion) the peritubular capillaries through the concerted action of an array of
ATP-binding cassette (ABC) pumps and transporters. ABC pumps function upon direct
ATP hydrolysis. Transporters are driven by the ion electrochemical gradients and the
membrane potential generated by the asymmetric transport of ions across the plasma
membrane mediated by the ATPase pumps. Some of these transporters, namely the
polyspecific organic anion transporters (OATs), the organic anion transporting polypeptides
(OATPs), and the organic cation transporters (OCTs) are highly expressed on the proximal
tubular cell membranes and happen to also transport drugs whose levels in the proximal
tubular cells can rapidly rise, thereby damaging the mitochondria and resulting in cell
death and kidney injury. Drug-induced kidney injury (DIKI) is a growing public health
concern and a major cause of drug attrition in drug development and post-marketing
approval. As part of the article collection “Mitochondria in Renal Health and Disease,”
here, we provide a critical overview of the main molecular mechanisms underlying the
mitochondrial damage caused by drugs inducing nephrotoxicity.

Keywords: antibiotic, anticancer, antiviral, drug-induced kidney injury, mitochondria, oxidative stress,
proximal tubular cells

INTRODUCTION

Kidney Disease: Improving Global Outcomes (KDIGO) guidelines define acute kidney injury
in patients with normal renal function (serum creatinine of 1.3-1.5 mg/dl) as: (i) a serum
creatinine increases by 0.3 mg/dl or more within 48 h, (ii) a serum creatinine increases by
50% or more from the baseline within the previous 7 days, and/or (iii) a urine volume is
lower than 0.5 ml/kg/h for 6 h (Palevsky et al,, 2013). It has been estimated that 14-26% of
all acute kidney injury cases are induced by drugs. Drug-induced kidney injury (DIKI) not
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only represents a concerning public health issue but also
substantially contributes to the rate of drug attrition in drug
development and post-marketing approval (Mehta et al., 2004;
Uchino et al, 2005; van der Meer et al, 2010; Moffett and
Goldstein, 2011; Hoste et al., 2015). The incidence of DIKI
seems to rise when we consider new prescription drugs, likely
because (i) some adverse drug reactions can only be observed
in large, genetically heterogeneous populations, only reachable
several years upon marketing authorization, (ii) recognition of
cases of DIKI is particularly challenging for medications not
previously associated with kidney damage, because there is no
consensus on the definition of DIKI, and (iii) some regulatory
agencies have nearly halved the approval review times in the
last 20 years, even in the absence of significant advantages for
patients in comparison to existing medications (Olson, 2004;
van der Meer et al., 2010; Awdishu and Mehta, 2017).

The functional unit of the kidney is the nephron, which is
composed of a glomerulus and a tubule. The glomerulus filters
the blood, retaining cells and large proteins, producing an
ultrafiltrate mainly made of small molecules, from nutrients to
ions. The ultrafiltrate enters the tubule, in which highly specialized
cells at various segments (proximal tubule, Henles loop, and
distal tubule) contribute to modify the nascent urine by removing
substances from the tubular fluid (reabsorption) or adding
substances to the tubular fluid (secretion). For a long time, the
recognition of the primary site of the renal damage induced by
drugs has been complicated because only cases associated with
a change in serum creatinine, which is a sign of extended tissue
damage to the point of renal dysfunction, were recognized. With
the introduction in preclinical and clinical development of a
panel of segment-specific markers such as neutrophil gelatinase-
associated lipocalin (Ngal; Mishra et al., 2003) and urinary kidney
injury molecule-1 (Kim-1; Ichimura et al., 1998; Han et al., 2002),
thereby more explicitly addressing the etiology of the renal insult
and identifying the injury before the serum creatinine elevates,
it could be established that the majority of the DIKI cases have
a tubular etiology with primary glomerular injury being relatively
uncommon (Mehta et al., 2015). DIKI can be idiosyncratic or
intrinsic. Idiosyncratic DIKI is unpredictable and it often stems
from a T cell response against the drug triggered by haptens
presented by the human leukocyte antigen (HLA) molecules to
the T cells (e.g., abacavir). Intrinsic DIKI is the result of a
dose-dependent toxic effect of a drug and/or the metabolites
thereof, often at the expense of mitochondria, which is followed
by cell death and renal dysfunction (Mehta et al, 2015).

Tubular cells are highly enriched in mitochondria to meet
the high ATP demand to sustain the activity of the ATPase
pumps and the transmembrane electrochemical gradients that
drive the secretion and reabsorption of solutes (Soltoff, 1986).
Mitochondrial ATP production is strictly oxygen-dependent as
the oxidation reaction terminates with the reduction of an oxygen
molecule to a water molecule in the final step of the mitochondrial
electron transfer. Cytosolic ATP production is instead oxygen-
independent and it is exclusively derived from the oxidation of
carbohydrates that enter the anaerobic glycolytic pathway. Due
to the decreasing corticomedullary oxygen gradient, energy
metabolism is quite heterogeneous throughout the tubule.

The loop of Henle, which lies in the medullary tract, relies
primarily on anaerobic glycolysis, whereas the proximal and
distal tubular cells, which resides in the cortex, are enriched in
mitochondria and produce ATP primarily from the $-oxidation
of fatty acids in the mitochondrial matrix (Clark and Parikh,
2020). Besides being the power plant of the proximal and distal
tubular cells, mitochondria are also the hub of reactive oxygen
species (ROS) production, which are harmless at low
concentrations, but toxic to the mitochondria and the cell at
high concentrations (Soltoff, 1986). The proximal segment of
the tubule, which is the site of the secretion and the reabsorption
of roughly 80% of the glomerular filtrate, is the most enriched
in mitochondria (Soltoff, 1986). Another distinctive feature of
the proximal tubular cells is the relatively high expression level
of a series of polyspecific solute transporters, which can
be occasionally hijacked to transport drugs from the peritubular
blood into the urine or vice versa (Table 1; Fisel et al., 2014).
Transport proteins participating in tubular drug secretion and
reabsorption are solute carriers (SLCs) and ATP binding cassette
(ABC) pumps. The SLCs include organic anion transporters
(OATs), organic cation transporters (OCTs), organic anion
transporting polypeptides (OATPs), multidrug and toxic compound
extrusion (MATE) proteins, and a variety of amino acids and
vitamin transporters, such as the folate carriers reduced folate
carrier (RFC) and the proton-coupled folate transporter (PCFT).
These transporters are passive or secondary active transporters
that facilitate the movement of substrates toward or against their
electrochemical gradient (Verrey et al., 2009; Zhao et al,, 2011;
Hagenbuch and Stieger, 2013; Koepsell, 2013; Motohashi and
Inui, 2013; Samodelov et al., 2019). The ABC pumps are active
transporters with bifunctional features: ATP hydrolysis and
transport of the substrate. In the kidneys, the multidrug resistance
proteins (MRPs) 2 and 4 and the breast cancer resistance protein
(BCRP) appear to be particularly relevant in the elimination of
drugs (Leier et al., 2000; Smeets et al., 2004; Huls et al., 2008).

The high expression level of these polyspecific transporters
on the membranes of proximal tubular cells and their unique
mitochondrial enrichment set the conditions for the “perfect
storm,” resulting in exposure of mitochondria to high concentration
of drugs, massive ATP depletion, intolerable oxidative stress,
and proximal tubular cell death. The resulting kidney injury
usually manifests as Fanconi’s syndrome, a general malabsorption
of electrolytes and substances due to proximal tubule
malfunctioning that can progress to renal insufficiency (Heidari,
2019). As part of the article collection “Mitochondria in Renal
Health and Disease;” this article provides an overview of the
molecular mechanisms underlying drug-induced mitochondrial
damage in DIKI. Sources for this review were obtained through
extensive literature searches of publications browsing PubMed.
Only papers published in the English language were considered.

MITOCHONDRIAL MEMBRANES

The mitochondrion is made of two membranes, known as the
outer mitochondrial membrane and the inner mitochondrial
membrane. The outer membrane is smooth and relatively
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TABLE 1 | List of drugs associated with acute kidney injury and mitochondrial damage.

Class Name Transporter Target References
. ) Mitochondrial membrane (Teuber and Bader, 1976; Suzuki et al., 2013; Deris et al.,
Colistin Megalin, PEPT2, and OCTNZ AMID* 2014: Lu et al., 2016 Visentin et al., 2017)
) . o (Clark-Walker and Linnane, 1966; Babu et al., 2002;
o Doxycycline OATs Mitochondrial ribosome Houtkooper et al. 2013; Moullan et al., 2015)
Gentamicin Megalin and OCT2 Mitochondrial ribosome (Prezant et al., 1993; Moestrup et al., 1995; Qian and Guan,
& Complex Il 2009; Gai et al., 2016; O'reilly et al., 2019)
. (Sokol, 1991; Arimura et al., 2012; Fujiwara et al., 2012;
Vancomycin OCTs Complex | Sakamoto et al., 2017)
Cisplatin OCTs Mitochondrial DNA VDAG (Y.ang et al., 2006; Garrido et al., 2008; Filipski et al., 2009;
Ciarimboli et al., 2010)
Gemcitabine CNTs and ENTs DNA polimerase y (Mackey et al., 1998; Fowler et al., 2008)
. lfosfamide ocT2 Complex | (Nissim et al., 2006; Knouzy et al., 2010; Ciarimboli et al.,
Anticancer 2011)
H Dimnik, 1 ;B i I, 2 ; Zh I
Methotrexate FRa, RFC, PCFT, OATs, and OATPs Mitochondrial TS (Hoar arjd mm , 1985; Badagnani et al., 2006; Zhao et al.,
2011; Visentin et al., 2012)
Nitrosourea derivatives  OCTs Mitochondrial DNA g/g/(u):;jerhch etal., 1970; Pettepher et al., 1991; Chen et al.,
Antifungal  Amphotericin B Unknown Mitochondrial membrane (Shekhova et al., 2017)
Antiviral Zalcﬂapme, I?Idano;lne, CNTs and ENTs DNA polimerase y (Birkus et al., 2002; Pinti et al., 2006)
Stavudine, Zidovudine
Others Avristolochic acid OATs ANT (Qi et al., 2007; Bakhiya et al., 2009; Xue et al., 2011)
Carboxy-atractyloside ~ Unknown ANT (Klingenberg, 2008)

AMID, apoptosis-inducing factor-homologous mitochondrion associated inducer of death; ANT, adenine nucleotide translocase; CNT, concentrative nucleoside transporter; ENT,
equilibrative nucleoside transporter; FR, folate receptor; OAT, organic anion transporter; OATPS, organic anion transporting polypeptide; OCT, organic cation transporter; PCFT,
proton-coupled folate transporter; RFC, reduced folate carrier; TS, thymidylate synthase; VDAC, voltage-dependent anion channel. "Based on phylogenetic analysis.

permeable to solutes smaller than 5 kDa. It has a low protein
density and is considered important for the physical and
signaling interaction between the mitochondrion and the other
subcellular compartments. The inner mitochondrial membrane
is relatively impermeable to solutes and has a high protein:lipid
ratio allowed by its deeply convoluted shape (Giacomello et al.,
2020). The other distinctive feature of the inner membrane is
the presence of cardiolipin, a lipid that is also found in bacterial
membranes. Cardiolipin appears to be essential for the
mitochondrial respiration and pathological changes in cardiolipin
amount or species composition have been shown to alter
mitochondrial respiration, boosting the production of reactive
oxygen species (Horvath and Daum, 2013; Dudek, 2017).
Experiments in which the polymyxin-resistant Acholeplasma
laidlawii B bacteria, lacking the cell wall, were fused with vesicles
loaded with different lipid species, revealed that cardiolipin and
phosphatidylglycerol might represent the polymyxin receptor
molecules in the prokaryotic membranes (Teuber and Bader,
1976). Polymyxins are cyclic heptapeptide with an acylated
tripeptide side chain, which disrupts the cell membrane integrity
of the Gram-negative bacteria (Deris et al., 2014; Yu et al,
2015). Polymyxins are reabsorbed at the level of the proximal
tubule by endocytosis and facilitated diffusion. The endocytic
uptake seems to involve the glycoprotein megalin (Suzuki et al.,
2013). In contrast, the human peptide transporter 2 (PEPT2)
and the carnitine/organic cation transporter novel 2 (OCTN2),
both highly expressed on the brush border membrane of proximal
tubular cells, have been shown to facilitate the transport of
polymyxins in overexpressing in vitro systems (Horvath and
Daum, 2013; Lu et al, 2016; Visentin et al., 2017). Though
destabilization of the plasma membrane is considered the primary

mechanism of polymyxin toxicity, there are growing evidence
that polymyxins induce also mitochondrial damage. The target
of polymyxins in mitochondria is not known; however, it might
be speculated that the interaction with cardiolipin might trigger
mitochondrial membrane depolarization and apoptosis observed
in proximal tubular cells (Dai et al., 2013, 2014).
Amphotericin B is an antifungal agent widely administered
against invasive fungal infections; however, its clinical application
is limited by the frequent onset of nephrotoxicity (Heidari, 2019).
The mechanism by which amphotericin B accumulates in the
proximal tubular cells is unclear. In vitro experiments showed
that amphotericin B is a strong inhibitor of the human OCT2
but not its substrate (Trejtnar et al, 2014). Experiments in
Aspergillus fumigatus showed that amphotericin B binds to the
membrane lipids of the mitochondrial membranes, inducing loss
of integrity, ROS production, oxidative stress, and lipid peroxidation
(Shekhova et al., 2017). Notably, amphotericin B-induced oxidative
stress can be markedly reduced by inhibiting the complex I of
the electron transport chain, the major site of ROS formation
(Mesa-Arango et al., 2014; Shekhova et al.,, 2017).

MITOCHONDRIAL DNA REPLICATION,
TRANSCRIPTION, AND TRANSLATION

Mitochondrial DNA is double stranded like the nuclear DNA,
but circular instead of linear. The mitochondrial genome encodes
exclusively for two ribosomal RNAs (rRNAs), 22 transfer RNAs
(tRNAs), and the messenger RNA (mRNA) of 13 protein
subunits that are assembled with nuclear-encoded proteins to
form the four enzymatic complexes constituting the mitochondrial
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electron transport chain. Mitochondrial genes are transcribed
in a polycistronic manner, whereas nuclear genes are usually
transcribed as individual mRNAs. Mitoribosomes, mitochondrial
tRNAs, and mRNAs form the translation apparatus; however,
the translation process is completely dependent on various
nuclear-encoded regulatory proteins (D’souza and Minczuk,
2018). Inhibition of mitochondrial DNA replication and/or
protein synthesis, described for multiple classes of drugs
associated with acute kidney injury (Table 1), results in the
reduction of the steady-state level of mitochondrion-encoded
proteins, a phenomenon known as mitonuclear protein imbalance,
which causes reduced cellular respiration and altered
mitochondria dynamics (Houtkooper et al., 2013).

DNA Replication

The replication of the mitochondrial genome relies on the
expression and activity of the DNA polymerase y, which is
encoded by the nuclear gene POLG. The DNA polymerase y
has two domains: a catalytic one with polymerase activity and
an exonuclease one that corrects misincorporations during DNA
replication (Kaguni, 2004). Direct inhibition of the DNA
polymerase y activity is considered the mechanism underlying
acyclic nucleotide analogue-induced acute kidney injury
(Leowattana, 2019). Acyclic nucleotide analogues are widely used
to prevent the replication of viruses, such as hepatitis B virus
(e.g., lamivudine), hepatitis C virus (e.g., ribavirin), herpes simplex
(e.g., acyclovir), and human immunodeficiency virus (HIV; e.g.,
zidovudine). The uptake and accumulation of acyclic nucleotide
analogues are mainly mediated by concentrative nucleoside
transporters (CNTs) and equilibrative nucleoside transporters
(ENTs) transporters, which are expressed throughout the body
and at relatively high levels in the proximal tubular cells. Once
inside the cell, acyclic nucleotide analogues must be phosphorylated
through three consecutive phosphorylation steps to be able to
interact with the viral DNA polymerase. Of crucial importance
is the first phosphorylation step, which is the only one ensured
by the viral machinery, whereas the other two reactions are
mediated by the host kinases. In the triphosphate form, the
drugs interact, as competitive inhibitors or alternate substrates,
with the dNTPs, and if they are incorporated into the DNA
strand, they terminate its extension (De Clercq, 2003). Such
interaction is not specific for the viral polymerase. Experiments
in different mammalian cells, including human primary renal
proximal tubule epithelial cells, with zalcitabine, didanosine,
stavudine, and zidovudine suggest that acyclic nucleotide analogues
directly interfere with mitochondrial DNA replication catalyzed
by the DNA polymerase y. The ratio between mitochondrial
DNA and chromosomal DNA, and the expression of mitochondrial
proteins is markedly reduced by the exposure to acyclic nucleotide
analogues, leading to mitonuclear protein imbalance. In line
with a reduced oxygen-dependent ATP production, the treatment
with acyclic nucleotide analogues has been shown to induce
the production of lactate in vitro, likely as a result of a glycolytic
boost (Birkus et al., 2002; Pinti et al., 2006). The inhibition of
the DNA polymerase y by acyclic nucleotide analogues can occur
through four different mechanisms: (i) replication is halted, (ii)
competitive inhibition with natural nucleotides, (iii) increased

error rate in the mitochondrial DNA replication inhibiting the
exonucleolytic proofreading function of polymerase y, and (iv)
decreased exonuclease activity (Lewis et al, 2003). It has been
found that the extension of the nucleotide moiety through a
stable phosphate-carbon bond (phosphonate) results in a markedly
reduced mitochondrial and renal toxicity (Verhelst et al., 2002;
Izzedine et al., 2005; Fernandez-Fernandez et al., 2011). This
chemical modification leads to a profound alteration of the
cellular pharmacology and toxicology of acyclic nucleotides: (i)
due to their negative charge, the uptake of acyclic nucleotide
phosphonates in the kidney cortex is primarily mediated by the
organic anion transporter 1 (OAT1) and not by CTNs and ENTs,
(i) acyclic nucleotide phosphonates are direct substrates of the
cellular kinases, bypassing the virus-dependent phosphorylation,
being effective in the treatment of kinase deficient viruses, (iii)
in contrast to the phosphate group (attached through a P-O-C
bond), the phosphonate group cannot be cleaved off by cellular
hydrolases, facilitating the cellular retention of the drug (Cihlar
et al, 1999; Ho et al, 2000; Uwai et al., 2007), and (iv) acyclic
nucleotide phosphonates, unlike acyclic nucleotide analogues, are
weak inhibitors of the DNA polymerase y. Though swollen and
dysmorphic mitochondria and depletion of mitochondrial DNA
have been described in patients who experienced nephrotoxicity
upon treatment with acyclic nucleotide phosphonates (Tanji et al.,
2001; Saumoy et al., 2004), in vitro experiments demonstrated
that acyclic nucleotide phosphonates do not interfere with
mitochondrial DNA synthesis and do not induce mitochondrial
toxicity and renal toxicity in mammalian cells (Birkus et al,
2002). Likely, the mitochondrial toxicity observed in those patients
was not related to the exposure to the acyclic nucleotide
phosphonates but rather to the co-treatment with acyclic nucleotide
analogues and hydroxyurea, both highly nephrotoxic (Tanji et al.,
2001; Saumoy et al,, 2004; Singh and Xu, 2016). The inhibition
of the DNA polymerase y has been also reported for gemcitabine,
a pyrimidine nucleoside analog employed in the treatment of
a number of cancers. Though peripheral neuropathy and
hematological dysfunction are the most common side effects of
this drug, several cases of kidney injury have been reported
(Heidari, 2019). Like acyclic nucleotide analogues, gemcitabine
is taken up by CNTs and ENTs (Mackey et al, 1998) and
accumulates in the cytoplasm and in the mitochondria, inducing
swelling of the mitochondria and function alteration (Heidari,
2019). Pre-steady state kinetic experiments showed that gemcitabine
directly inhibits the activity of the human DNA polymerase y
(Fowler et al., 2008).

The inhibition of mitochondrial DNA replication can also
occur as a consequence of DNA covalent modifications, which
are a probable mechanism underlying alkylating agent-induced
mitochondrial damage such as platinum and nitrosourea
derivatives. Cisplatin, used as first-line treatment of various
types of cancer, is a first-generation platinum-based drug
and the most nephrotoxic among the platinum derivatives
(Miller et al., 2010). The uptake of cisplatin in the proximal
tubular cells is primarily mediated by the OCT2, which is
highly expressed on the basolateral membrane, thus it is
likely to mediate the entry step of cisplatin tubular secretion.
After treatment with cisplatin, the double knockout mouse
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Oct1/27~ displayed a milder nephrotoxicity as compared with
the wild-type animal. Moreover, patients carrying the
nonsynonymous single-nucleotide polymorphism (SNP) in
the OCT2 gene SLC22A2 (rs316019), causing a reduction in
the transport activity, have been associated with a reduced
risk of cisplatin-induced nephrotoxicity (Filipski et al., 2009;
Ciarimboli et al., 2010). There is a large body of evidence
that the toxic effects of cisplatin are primarily the result of
inter- and intra-strand covalent adduct formation between
platinum complexes and DNA. Interestingly, dissociation-
enhanced lanthanide fluoroimmunoassay studies performed
in Chinese hamster ovary (CHO) cells demonstrated that
the rate of cisplatin-DNA adduct incorporation was much
higher in mitochondrial DNA than in genomic DNA (Olivero
et al., 1995), which leads to inhibition of the DNA amplification
by polymerase chain reaction (PCR) and impairment of
mitochondrial DNA stability and RNA synthesis (Garrido
et al., 2008). Using a panel of cancer cell lines, it has been
observed that, unlike the complex I inhibitor rotenone and
the uncoupler carbonyl cyanide 3-chlorophenylhydrazone
(CCCP), which instantaneously alter cellular oxygen
consumption, cisplatin inhibited mitochondrial respiration
only after hours of exposure, a timeframe that is consistent
with a mitonuclear protein imbalance-dependent effect
(Gerschenson et al., 2001; Alborzinia et al., 2011). Noteworthy,
it has been shown that there is a positive correlation between
the cellular density of mitochondria and cisplatin-induced
toxicity (Qian et al., 2005), an observation that provides
another explanation for the sensitivity of proximal tubular
cells to cisplatin. Damage at the level of the mitochondrial
DNA is likely to be also the primary mechanism of
nephrotoxicity induced by antineoplastic nitrosourea derivatives
(Perry and Weiss, 1982; Narins et al., 1990). After incubation
of isolated mitochondria or cell nuclei with radiolabeled
methyl-N-nitrosourea, the incorporation into the mitochondrial
DNA was 3-7 times that of the nuclear DNA (Wunderlich
et al.,, 1970). Likewise, after intraperitoneal injection in rats
of nitrosourea derivatives, the extent of the DNA damage
was much higher in the mitochondria than in the nuclei
(Wunderlich et al., 1970; Pettepher et al., 1991). The mechanism
of accumulation of nitrosourea derivatives in the proximal
tubular cells is not fully understood, though association
studies have indicated that the expression of organic cation
transporters correlated with the cytotoxic effect of nitrosourea
derivatives in vitro (Noe et al,, 1996; Chen et al., 2001).
The mitochondrial selectivity of alkylating agents might
be explained by a higher accumulation of these drugs in
the mitochondria as compared with the nuclei and the lack
of histones, which could make the mitochondrial DNA more
vulnerable than the genomic DNA to the attack of these
alkylating agents (Wunderlich et al., 1970).

Mitochondrial mutations have been observed upon treatment
with methotrexate in vitro. Methotrexate belongs to the antifolates,
the first class of antimetabolites to enter the clinics in the
1950s. Methotrexate inhibits the dihydrofolate reductase, rapidly
depleting the cells of tetrahydrofolate derivatives that are key
cofactors for the synthesis of thymidylate and purines, the

building blocks of DNA and RNA synthesis. The uptake of
methotrexate in the proximal tubular cells is mediated by the
glycosylphosphatidylinositol (GPI) anchored high-affinity folate
receptor o (FRa), by the specific folate transporters RFC and
PCFT, and by OATs and OATPs (Badagnani et al., 2006; Zhao
et al.,, 2011; Visentin et al., 2012; Samodelov et al., 2019). The
etiology of methotrexate-induced renal dysfunction is believed
to be primarily the consequence of the precipitation of the
drug in the renal tubules because of its poor solubility at
acidic pH (Jacobs et al,, 1976; Smeland et al., 1996). Yet, it
has been proposed that methotrexate can exert its toxic effect
by accumulating in the mitochondrial matrix via the
mitochondrial folate transporter (MFT; Titus and Moran, 2000).
In vitro experiments indicated that the mutagenesis induced
by methotrexate in non-proliferating cells seems to occur solely
at the level of the mitochondrial DNA, sparing the nuclear
genome. Because similar results were obtained with
5-fluorodeoxyuridine, the deoxyribonucleoside derivative of
5-fluorouracil, another thymidylate synthase inhibitor widely
used in cancer treatment, it is likely that the alteration in the
mitochondrial thymidylate pool underlies methotrexate-induced
mitochondrial DNA mutations (Hoar and Dimnik, 1985).
Notably, though 5-fluorouracil has been shown to cause
nephrotoxicity in rats, it is not nephrotoxic in patients at
clinically relevant doses (Rashid et al., 2014). The basis for
the mitochondrial DNA selectivity of these drugs may be due
to the difference in the origin of the thymidylate pool that
are incorporated in the mitochondrial DNA and in the nuclear
DNA. The de novo synthesis of thymidine triphosphate relies
on the thymidylate synthase enzyme, which catalyzes the
methylation of deoxyuridine monophosphate to thymidine
monophosphate. Alternatively, thymidine monophosphate can
also synthesize from a salvage pathway catalyzed by the cytosolic
thymidine kinase 1. The expression level of thymidylate synthase
and thymidine kinase 1 is cell cycle-dependent; thus, it is
found in trivial amount in quiescent cells (Ke and Chang,
2004; Le Francois et al., 2007). Mitochondrial thymidine kinase
2 plays a pivotal role in thymidine triphosphate synthesis for
mitochondrial DNA replication, which occurs also in
non-dividing cells. Because of their differential expression in
quiescent cells, such as proximal tubular cells, the inhibition
of mitochondrial thymidine kinase 2, rather than thymidylate
synthase and thymidine kinase 1, is likely to contribute to
methotrexate-induced renal toxicity.

Protein Synthesis
Eukaryotic cells arose from the endosymbiosis of a
a-proteobacterium with a host cell with no mitochondria.
Mitochondria still harbor remnants of the ancestral bacterial
genome and have retained their own transcriptional and
translational machinery (Gray et al, 1999). Thus, it is not
surprising that mitochondrial protein synthesis is often the
target of antibiotics initially developed to inhibit bacterial
protein synthesis.

Aminoglycosides are potent inhibitors of the bacterial protein
synthesis, whose clinical use is limited by the rapid onset of
nephrotoxicity (and ototoxicity). The tropism of aminoglycosides
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for the kidneys (and the inner ear) is likely due to the preferential
accumulation of this class of antibiotics in these tissues mediated
by the low-density lipoprotein receptor-related protein megalin
(Moestrup et al., 1995) and the OCT2 (Gai et al., 2016), both
highly expressed in these tissues. The relevance of OCT2 in
aminoglycoside-induced kidney injury is supported by the
clinical observation that male and obese individuals, both
characterized by a high expression level of OCT2, carry a
higher risk than women or lean individuals of developing
toxicity during aminoglycoside therapy (Corcoran et al., 1988;
Urakami et al., 2000). Aminoglycosides interfere with bacterial
protein synthesis by binding to the internal loop in helix44
of the 16S ribosomal RNA in the 30S subunit of bacterial
ribosomes and to the terminal hairpin of helix69 of the bacterial
large ribosomal subunit (Borovinskaya et al., 2007), which plays
a critical role in ribosomal recycling and translocation (Woodcock
et al., 1991; Wang et al.,, 2012). The aminoglycosides also cause
a miscoding of mRNA codons, and, consequently, incorrect
amino acids are incorporated into growing peptide chains
producing faulty bacterial proteins (Davis, 1987). However,
aminoglycosides also bind with lower affinity to mitochondrial
ribosomes, exerting a toxic effect also on host cells in the
event of high intracellular drug concentrations. By studying
the mitochondrial 12S rRNA A1555G mutation, a well-known
susceptibility factor in aminoglycoside-induced hearing loss, it
was observed that the GI1555 variant has higher affinity
for aminoglycosides, directly demonstrating that human
mitochondrial 12S rRNA is a target of aminoglycosides (Prezant
etal,, 1993; Qian and Guan, 2009). Moreover, the aminoglycosides
exhibit similar binding affinities to the mitochondrial helix69.
The interaction enhances the conformational stability of
mitochondrial helix69 and increases the structural stability of
the rRNA, hindering ribosomal recycling (Hong et al., 2015).

Tetracycline antibiotics are used for the treatment of a broad
range of microorganism infections, including those induced by
Gram-positive and Gram-negative bacteria. Though they have
been primarily associated with liver-induced steatosis, tetracyclines
can also induce nephrotoxicity (Lew and French, 1966; Phillips
et al., 1974). In the 1960s, several case reports linked the onset
of an acquired and usually reversible Fanconi’s syndrome with
the use of tetracyclines. The authors ascribed the toxic effect
to the degradation product epi-anhydrotetracycline, which induced
proximal tubular necrosis in rats and dogs (Benitz and Diermeier,
1964; Tapp et al., 1965). Uptake of tetracyclines in the proximal
tubular cells is likely mediated by the OATI1, OAT2, OATS3,
and OAT4, which are highly expressed on the brush border
and the basolateral membranes of the proximal tubular cells
(Babu et al.,, 2002). By exploiting their intrinsic fluorescence,
it was demonstrated that tetracyclines rapidly accumulate in
the mitochondria (Du Buy and Showacre, 1961). Like
aminoglycosides, tetracyclines inhibit bacterial protein synthesis
by binding to the ribosomal 30S subunit, preventing the association
of aminoacyl-tRNA with the bacterial ribosome (Chopra and
Roberts, 2001). Tetracyclines inhibit the translation of proteins
encoded by the mitochondrial DNA, but not by the nuclear
DNA, leading to mitonuclear protein imbalance (Clark-Walker
and Linnane, 1966; Houtkooper et al., 2013; Moullan et al., 2015).

Indeed, the gene expression profile of the human bladder cancer
cell line RT'112 exposed to doxycycline indicated a global repression
of the mitochondrial protein synthesis and function (Moullan
et al.,, 2015). Also, mitochondria isolated from the liver of mice
treated with doxycycline were characterized by decreased
mitochondrial respiration and ATP content, and repression of
several mitochondrial genes (Moullan et al., 2015). The extensive
experimental evidence on the impact of tetracyclines on mitochondria
not only shed light on the molecular mechanisms of tetracycline-
induced toxicity but also raised awareness within the scientific
community on the use of these antibiotics for inducible gene
expression in the Tet-ON/Tet-OFF system. The mitochondrial
dysregulation associated with the use of these antibiotics may
be a relevant pitfall in the study of mitochondrial-related disorders
(Chatzispyrou et al., 2015; Moullan et al., 2015; Luger et al., 2018).

ELECTRON TRANSPORT CHAIN

Reducing equivalents generated from the metabolism of glucose,
lipids and amino acids flow into the tricarboxylic acid cycle
and the electron transport chain to ultimately produce ATP.
The tricarboxylic acid cycle is characterized by eight enzymatic
steps, which generate flavin adenine dinucleotide (FADH,)
and nicotinamide adenine dinucleotide (NADH) from FAD
and NAD*. These reduction-oxidation reactions feeds the
electron transport chain, a series of multi-subunit proteins,
prosthetic groups, and cofactors embedded in the inner
mitochondrial membrane. A second series of reduction-
oxidation reactions catalyzed by the electron transport chain
generates the inward proton gradient required to drive the
synthesis of ATP mediated by the F,F,-ATP synthase. Five
complexes constitute the electron transport chain with complex
V being F(F,-ATP synthase. Especially, complex I and complex
II appear to be the target of a number of widely prescribed
drugs (Alberts et al., 2002).

NADH:Ubiquinone

Oxidoreductase — Complex |

Complex I oxidizes NADH, transferring two electrons to
ubiquinone (Coenzyme Q, CoQ), a lipophilic electron carrier,
and four protons into the intermembrane space. Complex I,
together with complex II, is the primary source of ROS
production in the cell. The most common complex I inhibitor
is rotenone though 60 different families of compounds with
inhibitory effect at the level of complex I have been identified
thus far (Lenaz et al, 2006). Examples of complex I-related
DIKI are the anticancer chemotherapeutic ifosfamide and the
antibiotic vancomycin.

Ifosfamide is an alkylating agent used in anticancer
chemotherapeutic protocols for treating several malignancies,
including testicular cancer, soft tissue sarcoma, osteosarcoma,
and bladder cancer. The treatment with ifosfamide but not
with its structural isomer cyclophosphamide has been associated
with tubular dysfunction. The uptake of ifosfamide in proximal
tubular cells is mediated primarily by OCT2 and coadministration
of cimetidine, another OCT2 substrate, completely prevented
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ifosfamide-induced toxicity in isolated mouse proximal tubules.
Notably OCT2 does not transport cyclophosphamide (Ciarimboli
et al., 2011). The mitochondria of the renal cortex from rats
treated with ifosfamide showed a 50% decrease in State 3
respiration with complex I substrates but not with complex
IT substrates, suggesting that complex I inhibition might underlie
ifosfamide-mitochondrial toxicity. Moreover, it has been shown
that chloroacetaldehyde, an ifosfamide metabolite, inhibits
complex I in rat renal cortical slices as well (Nissim et al.,
2006; Knouzy et al, 2010). Co-injection with agmatine, a
stimulator of fatty acid P-oxidation, sustained oxidative
phosphorylation in the presence of ifosfamide. The authors
suggested that agmatine might bypass the block of
chloroacetaldehyde at the level of the complex I by feeding
the complex II. However, it is worth to mention that agmatine
is also a substrate of OCT2, hence the co-administration of
agmatine might as well reduce OCT2-mediated uptake of
ifosfamide in proximal tubular cells (Nissim et al., 2006; Winter
et al,, 2011). In patients treated with carboplatin and ifosfamide,
who developed Fanconi-like syndrome, decreased expression
of the complex III and IV and deletions in mitochondrial
DNA were observed (Di Cataldo et al., 1999). However, this
finding might be the result of the interaction of carboplatin
with mitochondrial and nuclear DNA rather than that of
ifosfamide with complex I.

Vancomycin is an amphoteric glycopeptide antibiotic used
to treat Gram-positive bacterial infections that do not respond
to other antibiotics. Though not fully characterized, vancomycin
selectively accumulates in the proximal tubular cells by active
tubular secretion from the peritubular blood likely mediated
by organic cation transporters (Sokol, 1991; Fujiwara et al,
2012). The only known biological target of vancomycin is the
bacterial cell wall. Vancomycin inhibits the biosynthesis of
bacterial cell wall peptidoglycan by binding C-terminal acyl-
D-alanyl-D-alanine (acyl-d-Ala-d-Ala)-containing residues in
peptidoglycan precursors (Reynolds, 1989), a prokaryotic
structure. Such selectivity is difficult to reconcile with any
off-target effect in the proximal tubular cells, suggesting that,
perhaps at very high intracellular concentrations, the vancomycin
antibacterial effect might be pleiotropic and most probably less
specific. Experiments with LLC-PK1 cells showed that vancomycin
binds to and inhibit complex I activity, stimulating the production
of superoxide, leading to peroxidation of the mitochondrial
phospholipid  cardiolipin and mitochondrial membrane
depolarization followed by activation of the intrinsic apoptotic
pathway. Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone
(FCCP), a protonophore that dissipates the proton gradient of
the mitochondrial membrane, thereby inhibiting superoxide
production and reducing cardiolipin peroxidation, and ameliorates
vancomycin mitochondrial toxicity, suggesting that the ROS
generated upon complex I inhibition promotes cardiolipin
peroxidation followed by mitochondrial membrane depolarization
and apoptosis (Orrenius, 2007; Arimura et al, 2012;
Hanske et al., 2012; Sakamoto et al., 2017).

There is evidence that polymyxins might inhibit bacterial
cellular respiration not only by interacting with the mitochondrial
membrane lipids but also by binding to the complex I

(Tochikubo et al., 1986; Mogi et al., 2009). The prokaryotic
respiratory chain consists of three complexes that move electrons
and protons between large protein complexes (Kim and Kim,
2004; Kerscher et al., 2008). Complex I consists of three inner
membrane respiratory enzymes: the proton-translocating
NADH-quinone (Q) oxidoreductase (NDH-1), the NADH-Q
oxidoreductase (NDH-2), and the sodium-translocating NADH-Q
oxidoreductase (Yagi et al., 1998). Polymyxins have been shown
to inhibit the NDH-2 activity in a non-competitive manner
(Deris et al,, 2014). Phylogenetic comparisons clustered the
human  protein  apoptosis-inducing  factor-homologous
mitochondrion associated inducer of death, AMID (AIF-M2)
with the prokaryotic NDH-2 family and not in the group
containing the canonic AIF proteins, mitochondrial flavoproteins
with  oxidoreductase activity (Marshall et al, 2005;
Elguindy and Nakamaru-Ogiso, 2015; Marreiros et al., 2016).

Succinate-Coenzyme Q

Reductase - Complex Il

Complex II is the succinate dehydrogenase, an enzyme also
involved in the oxidation of succinate to fumarate as part of
the tricarboxylic acid cycle. As part of the electron transport
chain, succinate dehydrogenase, like complex I, transfers electrons
from succinate to ubiquinone (Bezawork-Geleta et al., 2017).
Complex II-mediated ROS production is considered key in
ischemia/reperfusion injury (Ralph et al, 2011). It has been
shown that the antibiotic gentamicin, the most commonly
prescribed aminoglycoside, is not only an inhibitor of
mitochondrial protein synthesis but can also directly interact
with complex II. In cochlear sensory hair cells, gentamicin
stimulates state 4 and inhibits state 3u respiratory rates by
inhibiting complex II of the electron transport chain, thereby
reducing the respiratory control ratio and collapsing the
mitochondrial membrane potential as an uncoupler of the
electron transport chain. As already known for other uncouplers,
gentamicin reduced ROS production in isolated mitochondria
(O'reilly et al,, 2019). By contrast, intact cells and animals
treated with aminoglycosides overproduce ROS (Cuzzocrea
et al,, 2002; Kalghatgi et al., 2013), perhaps in a mitochondrion-
independent manner. In fact, it has been shown that gentamicin
can also form ternary complexes with iron and lipid and
catalyze ROS formation (Lesniak et al., 2005).

MITOCHONDRIAL PERMEABILITY
TRANSITION PORE

The permeability transition represents a sudden increase of
the inner mitochondrial membrane permeability to solutes with
a molecular weight lower than 1.5 kDa. Short-term openings
of the permeability transition pore represent physiological
adjustments to regulate Ca** and ROS homeostasis, providing
mitochondria with a fast mechanism to release Ca** when this
reaches a harmful concentration inside the mitochondrial matrix.
Conversely, long-term opening of the pore is linked to
mitochondrial dysfunction because its occurrence leads to
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mitochondrial depolarization, cessation of ATP synthesis, Ca*
release, pyridine nucleotide depletion, and inhibition of
respiration. In vitro, long-term opening of the pore lead to
matrix swelling, which, in turn, causes the mobilization of
cytochrome c, the outer mitochondrial membrane rupture, and
eventually the release of proapoptotic proteins such as cytochrome
c. The precise molecular composition and identity of the
mitochondrial permeability transition pore are still controversial.
Candidate components of the pore are the adenine nucleotide
translocase (ANT), the voltage dependent anion channel (VDAC),
the phosphate carrier (PiC), and components of the ATP
synthase (Bernardi and Di Lisa, 2015).

It has been suggested that taxane-induced and platinum-
induced mitochondrial injury might be associated to a direct
interaction with the permeability transition pore. Though
there is a large body of evidence that therapeutic and toxic
effects of cisplatin on cells is primarily a consequence of
inter-strand and intra-strand covalent adduct formation
with nucleic acids, it has been shown that platinum can
also crosslink with proteins. Experiments in intact cells
suggest that cisplatin, perhaps conjugated to glutathione,
accumulates in mitochondria, rapidly impairs the oxygen
consumption, and induces oxidative stress (Dzamitika et al.,
2006; Garrido et al., 2008). Depending on the source,
oxidative stress not only can originate from mitochondria
but also from other organelles, especially endoplasmic
reticulum (ER) and peroxisomes (Kaludercic et al., 2014).
Co-localization experiments in Human Kidney-2 (HK-2) cells
demonstrated that cisplatin-induced ROS is of mitochondrial
origin (Choi et al., 2015). It has been shown that cisplatin
can form crosslinks with the VDAC, facilitating mitochondrial
membrane permeabilization, release of cytochrome ¢, and
apoptosis (Yang et al,, 2006). Short exposure to paclitaxel
produces marked loss of renal tubules epithelial lining and
damage of the brush border membranes with signs of both
oncotic necrosis and apoptosis (Rabah, 2010). Paclitaxel induces
an abrupt fall of the mitochondrial membrane potential and
a loss of mitochondrial Ca*. Because cyclosporin A, a
de-sensitizer of the mitochondrial permeability transition pore,
blocked paclitaxel-induced loss of mitochondrial Ca*, the
authors concluded that paclitaxel induced the opening of the
mitochondrial permeability transition pore (Kidd et al., 2002).

The opening of the transition pore has also been associated
with nephrotoxicity induced by some natural products very
popular in traditional medicine. Xanthium strumarium, used
in traditional Chinese medicine to treat nasal and sinus
congestion, has been linked to several cases of poisoning with
renal proximal tubular necrosis features which upon
X. strumarium ingestion have been reported in the literature
(Turgut et al., 2005). The seeds of this plant are enriched in
carboxyatractyloside, a well-characterized inhibitor of the ANT.
The binding of carboxyatractyloside to the ANT triggers the
opening of the mitochondrial transition pore (Obatomi et al.,
1998; Klingenberg, 2008). In 1992, a high prevalence of kidney
disease in female patients ingesting slimming pills raised
attention to the nephrotoxicity of aristolochic acids. Ever since,
aristolochic acids are considered a group of toxins that can

cause end-stage renal failure associated with urothelial
carcinomas (Han et al., 2019). Aristolochic acid is transported
into the proximal tubular cells by the OATs (Bakhiya et al,
2009; Xue et al., 2011). Studies in HK-2 cells showed that
aristolochic acid exposure caused ATP depletion, mitochondrial
membrane depolarization, cytochrome c release, and increase
of caspase 3 activity. These toxic effects were attenuated by
cyclosporin A, a known “desensitizer” of the opening of the
pore (Bernardi, 1996). Experiments in isolated mitochondria
showed that aristolochic acid inhibited the activity of the
mitochondrial ANT (Qi et al., 2007).

PROTECTIVE STRATEGIES

In principle, there are two approaches to protect the kidneys
from drug toxicity. The first approach is reducing the intracellular
accumulation of the drug by selectively inhibiting its uptake.
A number of works have focused on the pharmacological
inhibition of OCT2. It has been shown that the inhibition of
OCT?2 activity with cimetidine or agmatine, two OCT2 substrates,
prevents nephrotoxicity induced by drugs that are OCT2
substrates such as cisplatin and ifosfamide (Nissim et al., 2006;
Ciarimboli et al., 2010, 2011). It remains unclear how metformin
protects from gentamicin-induced kidney injury. Metformin,
a well-known OCT2 substrate, prevents gentamicin-induced
nephropathy in rats (Morales et al., 2010; Nasri, 2012). Because
at that time a role for OCT2 in gentamicin transport was
not considered, the effect of metformin on the renal uptake
of gentamicin was not explored. Later on, it was shown that
gentamicin is an OCT2 substrate as well, and that gentamicin
uptake in primary cultured proximal tubular cells was suppressed
by co-incubation with metformin (Gai et al, 2016). To sort
out what is the prevalent protective mechanism exerted by
metformin, experiments with other mitotoxic drugs that are
not substrates of OCT?2 and experiments in isolated mitochondria
are required. The other protective approach that attracted
several research groups is promoting the anti-oxidant activity
of the cell, thereby coping better with the high level of oxidative
stress subsequent to the mitochondrial injury. There is a plethora
of in vitro and animal studies showing the nephroprotective
effect of different types of antioxidant supplementation in DIKI,
yet the subsequent human studies were not just as much
practical (Heidari, 2019). Ascorbic acid, a potent reducing
agent and radical scavenger, was effective against kidney injury
induced by several drugs causing mitochondrial damage,
including gentamicin, colistin, and cisplatin (Niki, 1991; May
et al., 1995; Antunes et al., 2000; Sharma and Mongan, 2001;
Yousef et al., 2012; Moreira et al.,, 2014). In a small clinical
trial, ascorbic acid failed to protect the kidneys of patients
taking colistin (Sirijatuphat et al., 2015). Supplementation with
N-acetylcysteine, a sulthydryl-donor with well-known antioxidant
properties, hindered the glomerular filtration deterioration in
rats treated with amphotericin B (Feldman et al, 2005).
Conversely, oral N-acetylcysteine administration to patients
under amphotericin B treatment did not prevent the onset of
the nephrotoxicity (Karimzadeh et al., 2014).
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CONCLUSIONS

Mitochondrial injury is a common event in drug-induced
toxicity. The renal liability of some drugs is likely to be the
result of the high mitochondrial density in the cytoplasm of
tubular cells coupled to the vast array of drug 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 cellular and subcellular transport and the molecular target(s)
of nephrotoxic 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 nephroprotective 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
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Mitochondrion is a pivotal intracellular organelle that plays crucial roles in regulation of
energy production, oxidative stress, calcium homeostasis, and apoptosis. Kidney stone
disease (nephrolithiasis/urolithiasis), particularly calcium oxalate (CaOx; the most common
type), has been shown to be associated with oxidative stress and tissue inflammation/
injury. Recent evidence has demonstrated the involvement of mitochondrial dysfunction
in CaOx crystal retention and aggregation as well as Randall’s plaque formation, all of
which are the essential mechanisms for kidney stone formation. This review highlights the
important roles of mitochondria in renal cell functions and provides the data obtained from
previous investigations of mitochondria related to kidney stone disease. In addition,
mechanisms for the involvement of mitochondrial dysfunction in the pathophysiology of
kidney stone disease are summarized. Finally, future perspectives on the novel approach
to prevent kidney stone formation by mitochondrial preservation are discussed.

Keywords: antioxidant, calcium, calcium oxalate, mitochondria, nephrolithiasis, oxidative stress, reactive oxygen
species, urolithiasis

INTRODUCTION

Mitochondrion is a unique and dynamic intracellular organelle that varies in shape, size, and
number among various cell types. It is the only subcellular organelle that has double membranes
and contains its own genome. Unlike nuclear DNA, mitochondrial DNA (mtDNA) is circular
double-stranded DNA that is not protected by histones (Sharma and Sampath, 2019; Yan
et al,, 2019). Generally, mitochondria are the foremost generator of cellular energy in human
cells by converting oxygen and nutritional elements to adenosine triphosphate (ATP) via
oxidative phosphorylation pathway. Tricarboxylic acid (TCA) cycle (Krebs cycle or citric acid
cycle) and electron transport chain (ETC) are the two major metabolic processes that play
pivotal roles in this energy production mechanism (Brookes et al., 2004; Pieczenik and Neustadt,
2007). Additionally, mitochondria also involve regulation of cellular oxidative stress, calcium
homeostasis, apoptosis-signaling pathway, and aging processes in all cells and tissues (Bhargava
and Schnellmann, 2017; Duann and Lin, 2017). Mitochondrial dysfunction, therefore, can lead
to development of various metabolic diseases and other disorders, such as diabetes (Forbes
and Thorburn, 2018; Ducasa et al, 2019), obesity (Song et al, 2017; Schottl et al., 2020),
aging (Wojtovich et al., 2012; Giorgi et al., 2018; Jang et al., 2018; Son and Lee, 2019), cancers
(Anderson et al., 2018; Neagu et al., 2019; Missiroli et al., 2020), myopathies (Walters et al.,
2012; Apostolopoulou et al., 2015), and neurodegenerative disorders (Muller et al, 2018;
Rango and Bresolin, 2018; Takahashi and Takahashi, 2019). Interestingly, kidney stone disease
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(nephrolithiasis or urolithiasis) has been shown to be associated,
either directly or indirectly, with mitochondrial dysfunction
(Cao et al., 2004; Williams et al., 2016; Patel et al., 2018;
Dominguez-Gutierrez et al., 2020).

This review highlights the important roles of mitochondria
in renal cell functions and emphasizes associations between
mitochondrial dysfunction and the pathophysiology of kidney
stone disease as well as the potential for the novel approach
to prevent kidney stone formation by preservation of
mitochondrial functions.

ROLES OF MITOCHONDRIA IN RENAL
CELL FUNCTIONS

The kidney is the second organ after the heart that contains
the largest number of mitochondria per cell (Wang et al., 2010;
Forbes, 2016). This organ and its related urinary tract system
require sufficient energy for body homeostasis, blood filtration,
nutrient reabsorption, regulation of body fluid and electrolyte,
acid-base balance, and blood pressure regulation (Bhargava
and Schnellmann, 2017). The most important source of cellular
energy is generated by mitochondria, which are the crucial
intracellular organelles to support the renal cell functions. In
particular, proximal renal tubular cells are the mitochondria-
rich cells that have higher density of mitochondria than other
cells lining along the nephron because they require much more
energy for their functions, including but not limited to
reabsorption of water, glucose, ions, and nutrients (Forbes,
2016). Also, intercalated cells of the collecting ducts are the
other mitochondria-rich cells playing roles in acid-base balance
and regulation of sodium, chloride, and potassium transports
(Roy et al, 2015).

Energy Production

ATP molecules are generated mainly by electron transfer across
the mitochondrial inner membrane (MIM) via ETC during
oxidative phosphorylation. In addition, TCA cycle also plays
pivotal roles in mitochondrial energy production (Forbes, 2016).
The TCA cycle produces the following coenzymes in
mitochondrial matrix, including three molecules of nicotine
adenine dinucleotide (NADH) and one molecule of flavin adenine
dinucleotide (FADH,), from acetate in the form or acetyl
coenzyme A (acetyl CoA), which is converted from pyruvate
via pyruvate dehydrogenase after glycolysis of one molecule of
glucose (Pieczenik and Neustadt, 2007; Ralto et al, 2020).
In addition to glycolysis, fatty acid oxidation is another mechanism
that can produce even more acetyl CoA molecules for entering

Abbreviations: Acetyl CoA, acetyl coenzyme A; ADP, adenosine diphosphate;
ATP, adenosine triphosphate; BNIP3, Bcl-2 interacting protein 3; CaOx, calcium
oxalate; CypD, cyclophilin D; ETC, electron transport chain; FADH,, flavin adenine
dinucleotide; GSSG, glutathione disulfide; H,0,, hydrogen peroxide; mGSH,
mitochondrial glutathione; MIM, mitochondrial inner membrane; MOM,
mitochondrial outer membrane; mtDNA, mitochondrial DNA; NADH, nicotine
adenine dinucleotide; O,7, superoxide; ROS, reactive oxygen species; TCA,
tricarboxylic acid.

into the TCA cycle. As a result, fatty acid oxidation generates
more NADH and FADH, molecules compared to glycolysis
(Sharpe and McKenzie, 2018). Electrons from NADH and FADH,
are transferred to NADH dehydrogenase (complex I) and succinate
dehydrogenase (complex II), respectively, of ETC in the MIM.
The electrons were then shuttled to ubiquinol-cytochrome ¢
reductase (complex III) by ubiquinone (coenzyme Q10; CoQ10)
and transferred to cytochrome c oxidase (COX; complex IV)
by cytochrome ¢ (Bhargava and Schnellmann, 2017). During
electron transfer through the ETC in the MIM, protons are
actively pumped by complexes I, I1I, and IV through mitochondrial
intermembrane space. Finally, ATP synthase (complex V) uses
excess protons in mitochondrial intermembrane space to
phosphorylate adenosine diphosphate (ADP) to ATP (Bhargava
and Schnellmann, 2017). The requirement for ATP in the kidney
is cell type-specific as tubular cells need high energy to mediate
the active transport function inside the renal cortex. In contrast,
cells in the glomerular segment require lower energy for filtration
and other passive processes. Overall, a large number of
mitochondria and their high activities are required by renal
tubular cells to maintain several renal functions.

Regulation of Oxidative Stress

Oxidative stress is mostly induced by excessive cytoplasmic
and mitochondrial reactive oxygen species (ROS) emission
(Khand et al., 2002; Duann and Lin, 2017). Electron transfer
at complexes I and III has been proposed as the main source
of ROS overproduction (Ray et al., 2012). Mitochondria can
consume oxygen for ATP production, leading to generation
of ROS such as superoxide (O,") and hydrogen peroxide (H,0,).
These ROS are important for cellular signaling pathways as
well as cell cycles (Deng et al., 2003; Chang et al., 2005; An
et al.,, 2013), apoptosis (An et al., 2013), protein kinases, and
protein phosphatase (Brookes et al.,, 2002). Under physiologic
condition, mitochondria have highly efficient antioxidant systems
to keep the balance with ROS (Stowe and Camara, 2009). For
example, superoxide dismutase rapidly reduces O, to H,0,
faster than the rate of O, production (Bhargava and Schnellmann,
2017). Subsequently, glutathione peroxidase completes the
reduction processes by converting H,O, to water (Fernandez-
Checa et al, 1998; Ribas et al., 2014). During oxidative stress
(pathological condition), excessive ROS emission occurs because
the mitochondrial scavenging system is overwhelmed by the
perpetual increase in ROS production, the so-called ROS-induced
ROS release (RIRR; Zorov et al., 2014). As a result, mitochondrial
functions are altered, leading to mtDNA damage and oxidative
modifications of mitochondrial proteins and enzymes in TCA
cycle and ETC (Khand et al, 2002; Bhargava
and Schnellmann, 2017; Duann and Lin, 2017).

In oxidative stress condition, the nuclear factor erythroid
2-related factor 2 (NRF2) can trigger transcription factors of
genes encoding antioxidant enzymes to cope with the ROS
overproduction (Ruiz et al., 2013). This underscores the important
regulatory roles of the mitochondrial antioxidant systems to
maintain intracellular ATP production for all cellular events
and to preserve mitochondrial functions. In particular, glutathione
redox cycle is the critical antioxidant mechanism found in

Frontiers in Physiology | www.frontiersin.org

October 2020 | Volume 11 | Article 566506


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Chaiyarit and Thongboonkerd

Mitochondria and Kidney Stone Disease

cytoplasm and intracellular organelles, such as nucleus,
endoplasmic reticulum, and mitochondria (Ribas et al., 2014;
Reiter et al., 2018). Mitochondrial glutathione (mGSH) is the
reduced form of glutathione found in mitochondrial matrix
and can be oxidized to glutathione disulfide (GSSG) by superoxide
anions (Fernandez-Checa et al., 1998; Ribas et al., 2014). GSSG
can be reversed to mGSH by glutathione reductase that requires
NADPH from the pentose phosphate pathway (Baudouin-Cornu
et al, 2012; Lushchak, 2012; Bajic et al., 2019). These two
mechanisms are the pivotal processes for preventing oxidative
stress and preserving mitochondrial functions.

Regulation of Apoptosis

Mitochondria have been found to also involve program cell
death or apoptosis (Scatena, 2012). The apoptotic cell death
is considered when the cell morphology/biology is changed
with membrane blebbing, cell shrinkage, and nuclear DNA
fragments (Indran et al., 2011). Eventually, apoptotic cells are
eliminated by neighboring and/or immune cells to avoid tissue
inflammation and damage. Apoptotic cell death mechanism
has two main pathways, intrinsic (via mitochondria) and
extrinsic (via death receptors) pathways (Grancara et al., 2016;
Abate et al, 2020). However, activation of caspases is the
common and key final process that both pathways share together.
Caspases are classified into two groups, based on their activities,
as the initiator caspases (caspase-2, -8, -9, and -10) and the
effector caspases (caspase-3, -6, and -7).

In the intrinsic pathway, mitochondrial cytochrome c is
released to the cytoplasm and binds with apoptotic protease
activating factor 1 (APAF-1) and ATP, resulting in recruitment
of procaspase-9 to form an apoptosome, in which procaspase-9
is cleaved to caspase-9. The caspase-9 then converts procaspase-3
to effector caspase-3, resulting in the completion of cellular
apoptosis (Pradelli et al., 2010). For the extrinsic pathway,
extracellular ligands bind to the death receptors, leading to
formation of death-inducing signaling complex that then cleaves
procaspase-8 to caspase-8 (Franklin, 2011). The caspase-8 can
directly stimulate the effector caspase-3 that subsequently
degrades a variety of proteins during apoptosis. Moreover, the
effector caspase-8 has been reported to induce cytochrome c
release from mitochondria by increasing permeability of
mitochondrial outer membrane (MOM) (Elmore, 2007; Indran
et al, 2011). Using both intrinsic and extrinsic pathways,
mitochondria thus serve as the important intracellular organelles
for regulation of the apoptotic cell death.

PREVIOUS INVESTIGATIONS OF
MITOCHONDRIA IN KIDNEY STONE
DISEASE

Previous studies have shown that the pathogenic processes of
kidney stone disease are associated with oxidative stress condition
(Hirose et al., 2010; Niimi et al., 2012). The involvement of
oxidative stress in kidney stone disease has been found in
various in vitro studies (Chaiyarit and Thongboonkerd, 2012;

Peerapen et al.,, 2018) and animal models (Hirose et al., 2010;
Niimi et al., 2014) as well as stone formers (patients with
kidney stones) (Ma et al, 2014; Ceban et al., 2016). Such
oxidative induction leads to several downstream cascades,
particularly inflammatory response and tissue injury (Williams
et al., 2016; Yasui et al., 2017; Dominguez-Gutierrez et al.,
2020). More importantly, there is increasing evidence
demonstrating that the tissue injury induced by oxidative stress
enhances retention of the causative crystals [especially calcium
oxalate (CaOx)] inside renal tubules and/or kidney interstitium
(parenchyma) that is one of the crucial steps for kidney stone
formation (Cao et al., 2004; Khan, 2013, 2014). While a number
of reports have shown overproduction of ROS in renal tubular
epithelial cells followed by cellular injury, many antioxidant
compounds have been introduced to cope with such oxidative
stress, to reduce cellular/tissue injury, and to inhibit kidney
stone formation (Muthukumar and Selvam, 1998; Itoh et al,
2005; Holoch and Tracy, 2011; Fishman et al, 2013; Zhai
et al, 2013; Yang et al, 2016; Zeng et al, 2019). Because
cellular oxidation is mostly associated with mitochondrial
activities, mitochondria are thus directly involved in such
cellular oxidative stress.

Calcium is the most common cation that is precipitated in
the urine as the crystalline forms with other anions, especially
oxalate and phosphate. Such calcium-containing crystals are
commonly found in the urine of kidney stone formers (Yasui
et al., 2017). Among all chemical types of kidney stones, CaOx
is the most common one found worldwide (Vinaiphat et al.,
2017; Vinaiphat and Thongboonkerd, 2017). After crystallization,
CaOx crystals can adhere on the surface of renal tubular cells
and are then internalized into the cells via macropinocytosis
(Kanlaya et al, 2013) for subsequent elimination through
degradation and/or dissolution (Chaiyarit et al., 2016). The
end products of such elimination processes are free calcium
and oxalate ions. When the intracellular calcium level is changed,
mitochondria play role as one among other mechanisms to
regulate intracellular calcium homeostasis. Normally, calcium
can promote mitochondrial energy production. On the other
hand, calcium overload may cause mitochondrial dysfunction
and ROS overproduction (Brookes et al., 2004; Muller et al.,
2018). The excess ROS can cause mtDNA damage followed
by alterations in mitochondrial fission/fusion process, leading
to cellular injury, apoptosis, inflammatory response, and finally
the disease progression (Brookes et al., 2004; Suarez-Rivero
et al, 2016; Srinivasan et al., 2017; Muller et al, 2018;
Yan et al., 2019).

Mitochondrial dysfunction has been recognized as one of
the important keys in the etiology of kidney stone disease
nearly four decades ago (Laxmanan et al., 1986; Harrison et al.,
1988). Calcium dense deposits have been demonstrated inside
the enlarged mitochondria in renal tubular cells of the stone
formers by electron microscopy without crystalline structure
observed (Harrison et al., 1988). Several other investigations
have also provided evidence showing the ability of mitochondria
to bind with oxalate and CaOx crystals (Laxmanan et al., 1986;
Govindaraj and Selvam, 2001, 2002; Selvam and Kalaiselvi,
2003; Hirose et al., 2012; Kohri et al., 2012; Roop-Ngam et al.,
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2012). The binding mechanism between mitochondria and
CaOx crystals has been suggested to be mediated through
peroxidation of mitochondrial proteins and lipids, which further
promote nucleation and aggregation of CaOx crystals (Govindaraj
and Selvam, 2001). The involvement of mitochondria in early
phase of kidney stone formation has gained a wide attention
because mitochondrial proteins have been found in stone
matrices (Govindaraj and Selvam, 2001, 2002) and the
mitochondrial fragments have been found together with the
crystals along distal renal tubular lumens, suggesting their roles
in crystal nucleation (Hirose et al., 2012).

Although mitochondria have been found to directly interact
with oxalate ion and CaOx crystals, previous investigations of
mitochondria have focused only to their roles in regulation
of oxidative stress and tissue injury that commonly occur in
kidney stone disease. CaOx crystals have been found to induce
oxidative stress in renal tubular cells leading to mitochondrial
dysfunction and renal cell injury (Khan, 2013, 2014). Renal
tubular cell injury and the defective mitochondria and other
intracellular organelles are evidence of aggravated CaOx crystal
retention inside the renal tissue, which is considered as one
of the important steps for kidney stone development (Govindaraj
and Selvam, 2002; Yasui et al, 2017). Following this line of
investigations, several previous studies on kidney stone disease
thus explored the effects of mitochondrial injury, ROS
overproduction, loss of the mitochondrial membrane potential,
and mitochondrial swelling (Jonassen et al., 2005; Mcmartin,
2009; Chaiyarit and Thongboonkerd, 2012; Niimi et al., 2012;
Yasui et al., 2017; Peng et al., 2019; Wu et al., 2019). Moreover,
CaOx crystals can induce production of mitochondrial O, that
further activates cyclophilin D (CypD), which is a component
of mitochondrial permeability transition pore (mPTP) (Niimi
et al, 2012). CypD plays a role in opening such pore and
thus affects the permeability of mitochondria at MIM and
MOM (Niimi et al, 2012). Additionally, CaOx induces
cytochrome c release to cytoplasm for further activation of
caspases and related signaling pathways, resulting in apoptosis
of renal tubular cells (Jonassen et al., 2003; Niimi et al., 2012).
On the other hand, mGSH maintains the mitochondrial integrity
and functions, and can also reduce oxalate deposition in
hyperoxaluria condition (Muthukumar and Selvam, 1998). Vice
versa, mGSH reduction can induce mitochondrial dysfunction
and may contribute to the development of CaOx kidney stones
(Muthukumar and Selvam, 1998).

Our previous mitochondrial proteome study has highlighted
the response of renal tubular epithelial cells of the distal nephron
segment to CaOx crystals (Chaiyarit and Thongboonkerd, 2012).
Using two-dimensional gel electrophoresis followed by
quadrupole time-of-flight tandem mass spectrometry (Q-TOF
MS/MS), a total of 15 mitochondrial proteins were identified
to have differential expression levels after the distal renal tubular
cells were exposed to CaOx crystals. Among these, proteins
that played roles in maintaining mitochondrial functions (i.e.,
pyruvate dehydrogenase, ATP synthase, and NADH
dehydrogenase) and cell death (ezrin) were increased (Chaiyarit
and Thongboonkerd, 2012). In combination with comprehensive
bioinformatics analysis of other large proteome datasets together

with functional validation, the additional results indicate the
association between mitochondrial dysfunction and oxidative
stress-induced renal tubular cell injury (Peerapen et al., 2018).
Mitochondria have also been investigated in Randall’s plaque
model of kidney stone pathogenesis. Mitochondrial dysfunction
has been found to be related not only to renal tubular injury
but also to the impaired immune response and inflammation
by decreasing monocytes’ mitochondrial functions in the CaOx
stone formers, leading to the decline of crystal elimination
that further enhances tissue inflammation (Williams et al,
2016; Patel et al, 2018; Dominguez-Gutierrez et al., 2020).
Progressive tissue inflammation together with supersaturation
of calcium phosphate then induces Randall’s plaque formation
and finally kidney stone development (Williams et al., 2016;
Patel et al., 2018; Dominguez-Gutierrez et al., 2020). To cope
with the impaired immune response and tissue inflammation
as well as the interstitial plaque development, various antioxidants
or free radical scavengers (Muthukumar and Selvam, 1998;
Kohri et al, 2012; Zhai et al, 2013; Aggarwal et al., 2016;
Chhiber et al., 2016) and polysaccharide compounds (Veena
et al.,, 2007; Sun et al., 2016; Guo et al., 2018; Sun et al,
2019) have been shown to serve as the therapeutic/preventive
strategies to rescue/prevent kidney stone formation.

MECHANISMS FOR THE INVOLVEMENT
OF MITOCHONDRIAL DYSFUNCTION IN
PATHOPHYSIOLOGY OF KIDNEY STONE
DISEASE

Oxalate and calcium can alter mitochondrial activities, leading
to changes in metabolic status that may induce loss or alterations
of mitochondrial functions on energy production, ROS regulation,
and intracellular calcium homeostasis, all of which affect
mitochondrial biogenesis (Veena et al, 2008; Hirose et al,
2010; Niimi et al., 2012; Sun et al., 2017). The dynamic processes
between mitochondrial fusion and fission generate various
by-products, most of which are mitochondrial fragments and
ROS (Aparicio-Trejo et al., 2018; Janikiewicz et al., 2018; Geto
et al., 2020). As aforementioned, several lines of evidence have
suggested the involvement of mitochondrial dysfunction in the
initial phase of kidney stone disease. There are three main
mechanisms proposed for the involvement of mitochondrial
dysfunction in the pathophysiology of kidney stone disease.

Mechanism |

Mitochondrial dysfunction can increase retention of CaOx
crystals inside renal tubular lumens of the distal nephron
segment. These stagnant crystals subsequently form the stone
nidus, which is the central part of the stone generated from
crystal aggregates that finally become the macroscopic stone.
The loss or defect of mitochondrial energy production can
enhance metabolic process in TCA cycle and ETC, resulting
in the increase of ROS production and reduction of antioxidant
enzymes (Brookes et al., 2004; Chaiyarit and Thongboonkerd, 2012;
Peerapen et al.,, 2018). Consequently, the excess mitochondrial
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free radicals can damage mitochondrial membranes (MIM and
MOM). As a result, mitochondrial ROS, cytochrome ¢, calcium,
and other proinflammatory factors are further released to the
cytoplasm (Cao et al, 2016; Fong-Ngern et al,, 2017). High
level of cytoplasmic ROS can induce lipid peroxidation, which
damages cell membranes and further enhances crystal deposition
on apical surfaces of renal tubular cells (Cao et al., 2016; Fong-
Ngern et al., 2017). Additionally, apoptotic signaling cascades
are activated by cytochrome c that also upsurges renal tubular
cell injury, leading to crystal adhesion and intrarenal crystal
retention (Cao et al, 2016; Fong-Ngern et al., 2017). The
accumulated crystals can be further enlarged and self-aggregated,
leading to the stone formation (Figure 1).

Mechanism Il

Mitochondrial dysfunction causes the release of cytochrome
¢ and induces apoptotic cell death, associated with cell
shrinkage, blebbing of plasma membranes, organelle
condensation, and fragmentation. Thereafter, apoptotic bodies,
cell debris, and fragmented subcellular organelles are released
into tubular lumen and then bind with oxalate and CaOx
crystals as shown by several studies (Govindaraj and Selvam,
2001, 2002; Selvam and Kalaiselvi, 2003; Hirose et al., 2012;
Kohri et al., 2012). Also, fragmented mitochondria and
mitochondrial proteins (i.e., 48-kDa protein) have been
found in the stone core matrices and thus may get involved
in the stone nidus formation (Govindaraj and Selvam, 2001,
2002). These mitochondrial components, membrane
fragments, and other cellular debris can directly serve as
the raw materials for the stone nidus formation in the
distal nephron segment and further promote crystal
nucleation, growth, and aggregation. The large aggregates
may obstruct tubular lumen and/or migrate (by renal tubular
fluid flow) to the calyx and pelvis to form the stone
(Evan, 2010; Khan et al., 2016) (Figure 2).

Mechanism Il

Mitochondrial dysfunction can initiate interstitial stone formation
(Randall's plaque model). In oxidative stress condition,
mitochondrial damage can lead to disruption of mitochondrial
membrane integrity followed by the release of ROS, mtDNA,
ATP, and fragmented mitochondria to the cytoplasm. These
components can then induce secretion of the proinflammatory
cytokines and trigger the inflammatory cascades (West, 2017).
The proinflammatory cytokines that are secreted in response
to mitochondrial damage also recruit various immune cells,
including tissue macrophages, to this interstitial locale. Migration
of these inflammatory cells can cause tissue inflammation
(Singhto et al,, 2013, 2018). Moreover, the renal interstitium
is commonly supersaturated with calcium phosphate, which is
another common crystalline compound found in kidney stones.
Together with tissue inflammation, Randall’s plaque rich with
calcium phosphate starts to form (Khan, 2013, 2014). Some
of these plaques can erode into the urinary space or renal
pelvis, where supersaturation of CaOx is very common in the
stone formers. At this locale (mostly lateral to the renal papilla),
Randall’s plaque can serve as the nidus or stem for further
development or growth of CaOx stone (Khan et al., 2016;
Bird and Khan, 2017; Wiener et al., 2018) (Figure 3).

CONCLUSIONS AND PERSPECTIVES

In summary, mitochondria may be considered as the central
intracellular organelles that play pivotal roles in kidney stone
pathophysiology. Alterations in their main functions, including
energy production and regulation of oxidative stress and
intracellular calcium homeostasis, are associated with kidney
tissue injury and inflammatory response, leading to CaOx crystal
nucleation, growth, aggregation, and deposition that are the key
processes for kidney stone formation. Furthermore, mitochondrial
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formation by enhancing tissue inflammation and interstitial
deposition of calcium phosphate (hydroxyapatite).

It should be noted that mitochondrial dysfunction alone
is not sufficient to induce kidney stone formation, of which

fragmented products and proteins can bind directly with CaOx
crystals and thus play roles in the stone nidus formation. In
addition to the intratubular crystal deposition and nidus formation,
mitochondrial dysfunction is also associated with Randall’s plaque
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mechanisms are multifactorial. For example, mtDNA mutations
or defective nuclear-encoded mitochondrial proteins have
been extensively studied in several mitochondrial disorders,
e.g., Alzheimer’s disease, epilepsy, mitochondrial myopathy,
encephalopathy, lactic acidosis and stroke-like episodes (MELAS
syndrome), etc. (El-Hattab et al., 2015; Annesley and Fisher,
2019). Nevertheless, there is no evidence that link between
these mitochondrial disorders and kidney stone disease.
Although, MELAS syndrome also affects acid-base balanced
regulated by kidney cells, the main target of this mitochondrial
disorder is the neurological system, whereas kidney stone
formation requires the intrarenal microenvironment involving
several factors, e.g., supersaturation of CaOx, calcium
phosphate, and other causative crystalline compounds, low
urinary flow, imbalance of stone inhibitors and promoters,
tubular cells injury, oxidative stress, inflammatory cascades,
etc. (Bird and Khan, 2017).

Based on the aforementioned pathogenic mechanisms,
recovering the mitochondrial functions by antioxidants may
be the effective approach for prevention of new or recurrent
kidney stone formation. Although antioxidant agents have been
recommended to preserve mitochondrial activities and to
antagonize ROS overproduction in various diseases, their efficacy
and adverse events are still ambiguous and need to be further
elucidated. Additionally, previous evidence has demonstrated
that CypD (Duann and Lin, 2017) and Bcl-2 interacting protein 3
(BNIP3) (Chaanine et al.,, 2016; Peng et al.,, 2019) are related
to mitochondrial dysfunction via alterations of mitochondrial
membrane activities and death signaling release, respectively.
To recover the mitochondrial functions and to reduce oxidative
stress, inhibition of CypD activation using cyclosporin A (Duann
and Lin, 2017) and N-methyl-4-isoleucine cyclosporine (Niimi
et al, 2014) has been reported. In addition, expression and
translocation of BNIP3 to mitochondria have been reported
as the cell death regulatory factors for mitochondrial dysfunction
(Zhang and Ney, 2009). This protein also involves mitochondrial
membrane potential, mitochondrial transition pore forming,
oxidative stress, calcium homeostasis, and inflammation in
various cell types (Gao et al, 2020). Therefore, therapeutic
application should be considered to combine antioxidants with
other promising compounds (i.e., to inhibit activation of CypD,
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