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Mitochondria in acute kidney injury
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Abstract

Acute kidney injury (AKI) continues to be a significant contributor to morbidity, mortality and
healthcare expenditure. In the United States alone, it is estimated that over $10 billion is spent on
AKI every yearl. Currently, there are no available therapies to treat established AKI. The
mitochondrion is positioned to be a critical player in AKI with its dual role as the primary source
of energy for each cell and as a key regulator of cell death. This review aims to cover the current
state of research on the role of mitochondria in AKI while also proposing potential therapeutic
targets and future therapies.
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B. Historical Perspective

Intracellular structures that likely represented mitochondria were initially identified by
microscopists starting in the 1840s, shortly after the discovery of the nucleus (reviewed in?).
Altmann termed these structures “bioblasts” in 1890 and was perhaps the first to recognize
their ubiquitous occurrence in eukaryotic cells, even noting a resemblance to intracellular
bacteria (Figure 1). Functional evidence for a role in bioenergetic processes emerged more
than two decades later. In 1913, Otto Warburg reported that respiration in live extracts of
guinea pig liver was related to subcellular particles he termed “grana3.” And in 1925, Keilin
described the cytochrome-containing enzymes, leading to the concept of a chain of catalysts
that sequentially oxidize substrates®. Cellular fractionation studies in the ensuing years
enabled a more detailed description of mitochondrial functional characteristics, including the
description of the citric acid cycle by Hans Krebs in 19375. The first high-resolution electron
photomicrograph of in situ mitochondria is attributed to George Palade in 1952.6
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The science of mitochondria in the kidney closely paralleled the overall development of the
nascent field of nephrology. In Homer Smith’s seminal text “The Kidney,” Van Slyke and
colleagues are credited with the first simultaneous determination of renal oxygen
consumption and urea’. The greater density of mitochondria in the proximal tubule (and
thick ascending limb) compared to other nephron segments led Krebs to identify fatty acids
as the major fuel for respiration in the renal cortex 8. A group led by Benjamin Trump
reported mitochondrial ultrastructure from the proximal tubule of healthy individuals in
19669, and later, evidence of mitochondrial swelling in the proximal tubule during
circulatory shock?.

The strong correlation between respiration and solute transport led Franklin Epstein’s group
and others to hypothesize that various forms of AKI may arise from a mismatch between
local oxygen supply and the metabolic demands of moving solutes against chemical
gradients. They showed, for example, that polyene antimicrobials such as amphotericin
increase apical membrane permeability and thereby elevate the work of reabsorptive
transport. When reabsorptive transport was chemically inhibited, tubular cell death was
markedly reduced, suggesting that cell death arose from increased oxygen demand!l. They
later proposed that loop diuretics could attenuate hypoxic renal injury by reducing the work
of active transport in the medullary thick ascending limb (mTAL)!2. These and other indirect
experiments assessing the role of tubular metabolism have informed the design and conduct
of modern studies focusing on the molecular and cell biology of renal mitochondria in AKI.

C. Overview of the mitochondrion (Figure 2)

The mitochondrion is uniquely structured to function as the powerhouse for the cell. Each
mitochondrion is composed of an inner and an outer membrane, which are separated by the
intermembrane space. The outer membrane contains a channel protein, called porin, which
allows the passage of molecules less than ~5000 daltons to pass freely into the
intermembrane space. In contrast, the inner membrane is highly impermeable to ions and
small molecules and contains many folds, called cristae, to increase its surface area. The
high content of the unique four-acyl chain phospholipid cardiolipin, helps to maintain the
architecture of cristae and the proper anchoring of electron transport chain components. The
impermeability of the inner membrane allows for a large electrochemical gradient to be
established, which is necessary for the process of oxidative phosphorylation and the
generation of ATP (Figure 2).

Each cell contains hundreds to thousands of mitochondria, with a larger number found in
more metabolically active cells. Mitochondria travel along the cell cytoskeleton and can be
localized to the areas with the highest energy requirements!3. In contrast to older theories of
mitochondria as distinct organelles, we now know that they form large inter-connected
networks which are continuously fusing and dividing. These are tightly regulated processes
and are controlled by a series of nuclear-encoded GTPase proteins. Fission is regulated by
dynamin-related protein 1 (Drp1) which resides in the cytoplasm. When activated, Drpl
localizes to the mitochondrial outer membrane, where it forms multimers to create a
physical ring that divides the mitochondrion into daughter organelles. Mitochondrial fusion
involves mitofusin-1 (Mfn1) and mitofusin-2 (Mfn2), which are located on the outer
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membrane, as well as optic atrophy 1 (Opal) on the inner membrane. These proteins create
tight linkages between mitochondria and facilitate the fusion of the outer and inner
membranes?4.

As the powerhouse of the cell, mitochondria contain the components necessary for the citric
acid cycle, fatty acid oxidation, and the electron transport chain. Pyruvate—the end product
of glycolysis—and fatty acids are transported across the inner membrane and into the matrix
where they are converted to acetyl CoA. In turn, acetyl CoA serves as the substrate for the
citric acid cycle, which occurs exclusively inside the mitochondrial matrix. During the citric
acid cycle, acetyl CoA is further oxidized and high energy electrons are stored in the carrier
molecules NADH and FADH5. The electrons can then be transferred from these carrier
molecules down the electron transport chain proteins, which are located on the inner
membrane. The stepwise release of energy during this process results in the pumping of
protons against their electrochemical gradient out of the matrix and into the intermembrane
space. Subsequently, ATP synthase generates ATP while allowing protons to diffuse down
their electrochemical gradient and back into the matrix1® 16, These complex pathways
within the mitochondria allow the cell to harness over ten-fold more energy than with
glycolysis alone, an adaptation that has enabled the evolution of sophisticated organ systems
with high energy requirements.

Mitochondria are theorized to have originated as distinct organelles through an
endosymbiotic relationship between ancient eukaryotic cells and bacterial’. The human
mitochondrial genome, first sequenced in 1981, contains 16,569 base pairs and encodes 2
rRNAs, 22 tRNAs and 13 proteins which are needed for oxidative phosphorlyation?®.
Mitochondrial DNA (mtDNA) only encodes a small subset of the proteins required for the
organelle’s function, obligating the mitochondria to rely heavily on nuclear-encoded
proteins!®. Most mitochondria contain several copies of mtDNA, with a range of 1 to 10 per
organelle?0,

Whereas replication of nuclear DNA is limited to the S phase of the cell cycle, mtDNA
replication occurs continuously. However, there does appear to be some coordination of
mtDNA replication with cell division, with peaks in mtDNA replication found in the G1 and
late S phases?L. Mitochondrial biogenesis is activated in response to increased cell demand
for energy production, such as occurs with exercise training. Biogenesis is initiated by
several transcription factors encoded by the nucleus, including nuclear respiratory factor 1
and 2 (NRF-1 and NRF-2) as well as PPARY coactivator 1a (PGC1a)?2: 23,

It has long been recognized that mtDNA is vertically transmitted in a maternal pattern. This
property, along with its lack of recombination and high mutation rate, has been exploited to
track the lineage of modern humans back to a common African ancestry 24. The lack of
detectable paternal mtDNA was hypothesized to be due both to the relatively small amount
of mtDNA in sperm compared to the oocyte, as well as by active degradation of sperm-
derived mitochondria in the fertilized egg?>: 26. However, exceptions to maternal inheritance
have been described, as in the case of a young man with a mitochondrial myopathy which
appeared to have been caused by mutations in paternal mtDNAZ7.
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Mitochondria also play an important role in regulating cell death. A key mediator of this
process is the mitochondrial permeability transition (MPT) pore. This structure is composed
of several proteins on the inner and outer mitochondrial membranes, including the adenine
nucleotide translocator (Ant), cyclophilin D (Cyp-D) and the voltage-dependent anion
channel (Vdac)28. Opening of this pore allows the passage of molecules smaller than 1,500
daltons to travel between the matrix and cytoplasm. Mitochondrial permeability transition
can be activated by several events inside the cell, including a rise in matrix calcium
concentration, alkalinization of the matrix, increasingly negative voltage across the inner
membrane, oxidative stress, and a high ratio of NAD* to NADH2°. Opening of the MPT
pore allows the release of calcium out of the mitochondria, which can then activate the MPT
pore in neighboring mitochondria. This event also leads to the release of several pro-
apoptotic proteins from the mitochondrion into the cytoplasm, including cytochrome c and
members of the Bcl-2/Bax family of proteins. Some of these proteins, including Bax and
Bad, interact directly with the MPT pore complex to further promote opening. Lastly,
opening of the MPT pore results in osmotic swelling of the mitochondrial matrix, which can
result in rupture of the mitochondria. In sum, opening of the MPT pore occurs in response to
diverse cell stressors, permits the efflux of calcium and pro-apoptotic proteins, and enables
the influx of water and solutes that swell and rupture mitochondria.

Mitochondria are the main source of reactive oxygen species (ROS) which cause oxidative
damage to mtDNA and proteins, necessitating an efficient system for removal of damaged
organelles. Not surprisingly, mitochondria are subject to tight quality control systems,
including the safe disposal of injured organelles through a process known as mitophagy.
There are specific membrane-bound markers, such as MAP1 light chain 3, which serve as
signals for destruction of the mitochondrion. Mitophagy involves sequestration of a
mitochondrion inside a double membrane—known as the autophagosome—uwith subsequent
degradation when the autophagosome fuses a lysosome30: 31,

D. Renal manifestations of genetic disorders of the mitochondrion

Mutations in mtDNA often disrupt oxidative phosphorylation and primarily affect organs
with high rates of energy consumption, including skeletal muscle, the central nervous
system, the heart and the kidneys. Signs that a clinical syndrome may be of mitochondrial
origin include early age of onset, multiorgan system involvement, elevated lactic acid level,
and a pattern of maternal inheritance. The proximal tubule is often affected given its high
density of mitochondria; as a result, Fanconi syndrome is a common phenotype32: 33,
Mutations can be inherited at birth or may arise de novo in an affected individual.
Mitochondrial DNA has a mutation rate that is over 10-fold higher than nuclear DNA.
Reasons for this include the proximity to ROS generated from oxidative phosphorylation,
lack of protective histones, and less robust DNA repair and replication systems compared to
the nuclear genome34.

Renal involvement in inherited mitochondrial diseases often presents within the first few
years of life and is, therefore, less likely to be responsible for new onset renal disease in

adults. Two of the better characterized mitochondrial cytopathies which can feature renal
involvement are Kearns-Sayre syndrome and mitochondrial encephalomyelopathy, lactic
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acidosis and stroke-like episodes (MELAS) syndrome, a fuller discussion of which can be
found in several reviews3® 36, These syndromes can have variable renal manifestations, but
often involve proteinuria, metabolic acidosis and progressive renal failure.

Inherited mtDNA disorders can cause a variety of pathologic findings on histological
examination. Renal biopsies from these patients typically show nonspecific abnormalities
and atrophy of the tubules, with giant mitochondria being a frequent finding on electron
microscopy?’. Isolated glomerular involvement from a mitochondrial cytopathy has also
been reported. Gliger, et al describe 2 pediatric patients who were found to have focal
segmental glomerular sclerosis (FSGS) due to different mtDNA deletions38. Additionally,
mitochondrial disease can demonstrate a pure tubulointerstitial nephritis without evidence of
a proximal tubulopathy, as reported by Rotig, et al3°.

Characterization of these genetic disorders is made difficult by the lack of a consistent
genotype-phenotype relationship. The same mutation can have large variations in
penetrance, affecting different organ systems and presenting over a wide age range.
Conversely, many different mtDNA mutations can result in the same phenotype, as is the
case with MELAS syndrome?°. Some of this variability is due to the fact that cells contain a
heterogenous population of mitochondria, a property known as heteroplasmy, and the ratio
of wild-type to mutated mtDNA is an important determinant. The threshold of mtDNA that
must be mutated to cause disease can be variable, but is typically thought to be on the order
of 60-90%%.

E. Evidence for mitochondrial involvement in AKI

In addition to being the primary source of energy for maintaining cell function, mitochondria
are also a source of many substances which can lead to cell death. These seemingly
paradoxical roles of the mitochondrion are tightly regulated in healthy cells. In response to
cell injury or hypoxia, further damage can be caused by the release of ROS or activation of
the caspase system leading to apoptosis.

It is notable that after an insult, mitochondrial injury appears to precede the clinical
manifestations of AKI. This argues against the idea that the mitochondrial changes seen
during AKI are due to a drop in metabolic demand from decreased renal perfusion. Despite
significantly impaired renal function during AKI, there is often a paucity of cell death seen
on histopathological examination. Instead, one of the predominant findings is structural
changes to the mitochondria and vacuole formation in affected tubular cells. Electron
microscopy has shown that many of these vacuoles are swollen mitochondria as well as
autophagosomes. This has been observed in patients who died from shock or trauma*2 and
well as sepsis*3. Similar findings were obtained when renal tissue from patients undergoing
partial nephrectomy was examined after the hilar vessels had been clamped for up to 60
minutes. Despite only a modest rise in creatinine and normal appearance on light
microscopy, electron microscopy revealed several changes, including swollen
mitochondria®®. Studies such as these suggest that mitochondrial dysfunction, with or
without cell death, play a critical role in the development of AKI.
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Fragmentation of mitochondria appears to be an important early event in the development of
AKI caused by a variety of insults. Brooks and colleagues showed that after proximal
tubular cells were exposed to cisplatin or hypoxia/reoxygenation, there was marked
fragmentation of mitochondria. This fragmentation preceded both the release of cytochrome
c into the cytoplasm and apoptosis. Moreover, by inhibiting mitochondrial fragmentation
with siRNA against the fission protein Drpl, there was a significant reduction in
mitochondrial fragmentation, cytochrome c release, and apoptosis*®. In mouse models of
toxic and ischemic AKI, the authors showed renoprotection with a pharmacological inhibitor
of fission, mdivi-1.

Work by our group has suggested that there is decreased oxygen consumption by renal tissue
during sepsis. Using micro-ultrasound, there was a significant decrease in renal blood flow
seen 18 hours after the administration of Gram negative endotoxin (lipopolysaccharides,
LPS) to mice. Despite the decrease in blood flow, BOLD MRI showed that renal tissue
oxygen levels remained normal. Mitochondrial dysfunction was proposed as the cause for
decreased oxygen consumption in this model. Supporting this theory, renal tissue from LPS-
treated animals was shown to have swollen mitochondria with significantly decreased
staining for cytochrome ¢ oxidase, suggesting decreased activity of the electron transport
chain46,

In addition to ultrastructural changes within the renal tubular epithelium, there are a variety
of metabolic changes that develop inside cells and in mitochondria after experiencing AKI.
Funk and colleagues showed that expression of several mitochondrial respiratory proteins
(ATP synthase 3 and cytochrome ¢ oxidase subunits I and 1) was significantly attenuated in
a model of myoglobinuric AKI. Expression of these proteins was also decreased after
induction of ischemia-reperfusion injury*’.

F. Approaches for mitochondrial targeting

As alluded to earlier, mitochondria are poised at the intersection of life and death for cells
with high metabolic needs. Intense ATP production is necessary for cells of the proximal
tubule and mTAL to reabsorb solutes through active transport. Moreover, ATP powers the
electrogenic cell-surface ATPase that counteracts the constant threat of cell swelling from
the passive entry of sodium ions and water. On the other hand, in response to various
noxious stimuli, mitochondria become an important source of deleterious levels of ROS.
Since the free radical reaction is auto-catalytic, multiple classes of macromolecules can
rapidly become covalently modified. This impairs the function of enzymes and other
proteins, weakening cell and organelle membranes through lipid peroxidation, and even
alters the structure of nucleic acids. Finally, mitochondria play a key role in cell death,
particularly via apoptosis*8.

Mitochondria have been successfully targeted at multiple levels in various forms of
experimental AKI. Interventions span the gamut from altering mitochondrial metabolism to
modulating the network structure of mitochondria to pathways that drive clearance of
injured mitochondria and replacement of mitochondrial mass through biogenesis. Rather
than attempt a complete compendium, several of these broad classes will be introduced
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below with specific examples intended to illuminate concrete approaches. Moreover, these
sections are organized to reflect a putative temporal sequence of changes in tubular
mitochondria during AKI, with the implication that targeting earlier events may be more
beneficial for prevention of AKI in high-risk settings whereas late events more be more
amenable for development of treatments against established AKI (Table 1).

Mitochondrial metabolism

Both the high respiratory quotient of the renal cortex?® and the experiments of Hans Krebs®
have suggested that fatty acids are the chief fuel of respiration for the renal cortex. Fats
accumulate in the proximal tubules of animals with AKI arising from toxic, ischemic, and
inflammatory etiologies®C. In a model of post-ischemic AKI using isolated rabbit proximal
tubules subjected to hypoxia and reoxygenation, Weinberg and colleagues showed a
persistent post-hypoxic defect in complex | of the electron transport chain®L. Since this
complex utilizes the electron carrier NADH generated from -oxidation of fatty acids (in
contrast to complex Il that utilizes succinate from the citric acid cycle) the results suggest
that inadequate utilization of fatty acids as a source of energy may be an early mitochondrial
event in AKI.

Subsequent studies have suggested that the early energetic lesions of hypoxia-reoxygenation
may involve both upstream and downstream components of energy metabolism, examples of
which include the destruction of cellular and mitochondrial pools of NAD following
reoxygenation®? and the identification of “free” fatty acid buildup leading to proton leaks
across the inner mitochondrial membrane, thus uncoupling electron transport from ATP
generation®3. Using both pharmacological and genetic methods to augment fat oxidation,
Portilla’s group has shown that the metabolic transcription factor PPARa may be an
important target for toxic and post-ischemic AKI%4, Finally, CoQ10 is a quinone-based
molecule that transports electrons from complexes | and Il to complex I11. Its early
supplementation in primary genetic CoQ10 deficiencies may prevent the onset of renal
manifestations®®. To our knowledge, CoQ10 has not been rigorously evaluated in clinical
AKI.

Reactive oxygen species

Mitochondria become a major source of ROS during ischemia, which in turn, can affect the
function of proteins and lipids®6. During ischemia, the spike in ROS drives the peroxidation
of cardiolipin, a change that is thought to distort cristae and thereby impair efficient
oxidative phosphorylation. Attempts to target this process with generic antioxidants have
been unsuccessful, but mitochondrially targeted antioxidants appear promising. One class of
such molecules—e.g., mito Q—selectively accumulates in the mitochondrial matrix as a
result of positive charge from a lipophilic cation conjugate. Mitochondrially targeted
antioxidants have been shown to be renoprotective in cold storage injury, post-ischemic
AKI, and cisplatin nephrotoxicity®’—59. Another class of mitochondrially targeted
antioxidants are the Szeto-Schiller (SS) peptides. These may be less dependent on intact
mitochondrial membrane potential than mito Q-like compounds for efficient accumulation in
the inner membrane®0. SS-31 appears to exert potent renoprotection following ischemia/
reperfusion®l.,
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Membrane permeability transition (MPT) pore

Swollen mitochondria within tubular cells are an early and prominent feature of toxic,
ischemic, and septic AKI, whether in animal models or in humans®2-%5. In a cell culture
setting, opening of the MPT pore can be inhibited by applying cyclosporine, the target of
which (cyclophilin D) is a major component of the MPT pore. Indeed, cyclosporine was
shown to reduce infarct size when administered during cardiac revascularization, a clinical
state of ischemia-reperfusion injury®, although a follow-up confirmatory study was
negative®’. The vasoconstrictive and nephrotoxic effects of cyclosporine diminish
enthusiasm for AKI, but its actions on the mitochondrial pore warrant further consideration
to explore alternative strategies to inhibit the MPT.

Mitochondrial dynamics

Mitophagy

In the proximal tubule, elongated fusiform mitochondria are tightly arrayed in the
basolateral infoldings. While ultrastructural images suggest a static packing of mitochondria,
real-time imaging shows a dynamic and rapidly remodeling network of mitochondria, even
in non-dividing cells. Individual organelles undergo fission (to create two daughter
mitochondria from one “mother”) and fusion constantly, and the net balance between fission
and fusion shifts according the cellular conditions®®. Zheng’s group reported that
mitochondrial fission in the tubules was upregulated in response to experimental cisplatin
administration or ischemia reperfusion injury®®. They further showed that genetic or
pharmacological inhibition of fission, achieved by targeting dynamin-related protein-1,
ameliorated renal injury in these models. Therapies to inhibit fission/fragmentation may
warrant testing in toxic and post-ischemic renal injury.

Autophagy, or “self-eating,” can be thought of as an intrinsic cellular process not only to
remove damaged organelles and proteins, but also to recycle their basic components.
Through incompletely understood pathways, autophagy is rapidly induced in during
experimental AKI and may play an important role in renoprotection’0. In experimental
sepsis, the kidney exhibits a biphasic autophagic response, being elevated in the first 3 hours
after cecal ligation puncture, but declining thereafter’?. Induction of autophagy by
administration of the mTOR inhibitor temsirolimus after the induction of sepsis still
protected renal function’2. Whether the beneficial effects of autophagy relate directly to
mitophagy remains to be conclusively addressed’3. However, since mitochondrial fission
and loss of membrane potential are critical inducers of mitophagy, it is likely that
mitochondrial dynamics and mitophagy act in a coordinated manner to maintain the cellular
pool of healthy mitochondrial mass.

Mitochondrial biogenesis

As fissed mitochondria are broken down to fundamental building blocks by mitophagy, the
cell faces a need to rebuild mitochondrial mass. This process, called mitochondrial
biogenesis, is also regulated by the energetic environment of the cell (e.g., via AMP kinase),
by cold temperature, by cell-surface signaling events (e.g., B-adrenergic signaling), and by
the nutritional status of the cell (e.g., via sirtuin enzymes)’4. Depending on the estimate,
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mitochondria are comprised of 1000-2000 proteins’>. Most of this mitochondrial proteome
is encoded in the nucleus, where gene expression is activated by an array of transcription
factors such as PPARa, PPARy, NRF1, ERRa, and others. A protein called the PPARY -
coactivator-la (PGC1la) is a member of a family of proteins that bind transcription factors
and augment their function. As a result, PGCla has been called a mitochondrial biogenesis
regulator.

Among the sites of highest PGC1a expression in the mammalian body is the kidney’6. The
pattern of PGCla expression, not surprisingly, closely overlaps the anatomical distribution
of mitochondria throughout the kidney84. PGC1a expression is induced following oxidant
injury to cultured tubular cells or different forms of in vivo renal injury, consistent with a
role in functional recovery of tubular cells’” 78, Whereas global KO mice do not appear to
have a strong renal phenotype, they are more susceptible to AKI following sepsis. PGCla
expressed in the proximal tubule was clearly important as conditional knockout mice (driven
by the SGLT2 promoter) phenocopied the exacerbated AKI of global KO mice following
endotoxemia®. Other studies in the work from Tran and colleagues showed that the septic
kidney suffered markedly impaired oxygen delivery without developing hypoxia, a response
consistent with reduced oxygen consumption. Indeed, tubular cells treated with
inflammatory mediators such as TNFa developed a dose and time-sensitive reduction in
oxygen consumption. This change was fully reversed when PGCla expression was
artificially maintained by genetic manipulation. Mitochondrial biogenesis may also be
important in other forms of AKI. Seeking pharmacological inducers of mitochondrial
biogenesis, Schnellmann’s group screened small molecule libraries for their ability to
augment basal and uncoupled oxygen consumption in cultured cells and identified
formoterol, a p-adrenergic agonist, as a candidate molecule that ameliorated IRI-related
AKI, even when administered as a rescue therapy in the post-ischemic phase’?: 80,

G. Implications for immune pathways during repair

Mitochondrial injury may be central to AKI pathogenesis. Moreover, mitochondrial
biogenesis and mitophagy may be essential elements of recovery in tubular cells that have
suffered sublethal injury. Relatively few studies have directly examined whether
mitochondrial processes directly influence long-term outcomes following AKI, such as
maladaptive repair leading to fibrosis.

Populations of both resident macrophages and blood-derived monocytes homing to injured
renal tissue expand in numbers after ischemia-reperfusion. Chemokine and cytokines from
an expanding range of pathways—e.g., CCR2, CX3CR1, CSF1, and IL-34—play important
roles in recruiting and stimulating these cells during the repair phase81-84. Mitochondrial
DNA and N-formyl-peptides found in mitochondria, when released following sterile injury,
may also be potent stimulators of the innate immune response®®. Depending on the function
of these macrophage populations, the effects on renal function may be beneficial or
detrimental. T lymphocytes are similar to macrophages in that they can promote injury but
also signal repair after ischemia reperfusion injury®6.
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During normal repair following AKI, bone-marrow-derived cells such as mesenchymal stem
cells appear to exert paracrine effects that reduce inflammation and stimulate growth8”.
Stem-cell derived microvesicles may even be responsible for directly transferring mRNAs,
microRNAs, and organelles to parenchymal cells®. Whether mitochondrial transfer from
stem cells important in AKI is unknown, but such “mitochondrial transplantation” from a
healthy stem cell “donor” has been described in other, albeit in vitro, settings8?: 90,

Tubular fibrosis is the final pathway from most forms of renal injury and tubular cell
metabolism appears to play an important role in this process. Susztak and colleagues showed
that expression of proteins involved in fatty acid oxidation is depressed in the setting of
injury, resulting in lipid accumulation inside cells. By overexpressing key activators of fatty
acid oxidation, they were able to reduce the degree of tubular fibrosis in response to
experimental injury®L.

H. Future horizons

Mitochondria may be a promising target both for the diagnosis and treatment of AKI. Given
that mitochondrial injury appears to precede the clinical manifestcd envision non-invasive
methods that assess kidney mitochondrial function as a marker of injury. Such information
could be useful in several clinical scenarios, including the monitoring of patients with
delayed graft function after renal transplant, determining the appropriate time to stop renal
replacement therapy in patients with severe AKI, differentiating hepatorenal syndrome from
intrinsic tubular injury, and titrating medical diuresis in cardiorenal patients. A more
complete molecular understanding of the mitochondrial response to injury and recovery
could facilitate the development of therapies aimed at hastening recovery and reducing the
morbidity and mortality of AKI. We are only beginning to elucidate the complex role of
mitochondria in AKI, and further research will hopefully lead to improved outcomes for
patients.
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Table 1
Category Mechamism Example Reference
Augment Overexpression
fatty of 54
acid PPARG
oxidation
Metabolism
Augment
electron CoQ10 55
transport (ubiquinone)
chain
. . 57, 58,
Reactive Mitochondrial MitoQ 59
oxygen ioxidant
species antioxidan
SS-31 60, 61
Inhibit
Membrane Cyclophilin
permeability D Cyclosporine 65, 66
transitionpore (component
of MPT)
. . Inhibit SiRNA
Mgoﬁggﬂg;'al Mitochondrial knowndown 69
Y fission of Drpl
Activate
f mTOR to -
Mitophagy enhance Tersirolimus 72
autophagy
Enhance
nuclear PPARY-
transcription of coactivator- 46
Mitochondrial mitochondrial la (PGCla)
biogenesis proteins
Activate p-
Adrenergic Formoterol 79, 80
receptors
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