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Summary:

The kidney is a highly metabolic organ that requires substantial adenosine triphosphate for the
active transport required to maintain water and solute reabsorption. Aberrations in energy
availability and energy utilization can lead to cellular dysfunction and death. Mitochondria are
essential for efficient energy production. The pathogenesis of acute kidney injury is complex and
varies with different types of injury. However, multiple distinct acute kidney injury syndromes
share a common dysregulation of energy metabolism. Pathways of energy metabolism and
mitochondrial dysfunction are emerging as critical drivers of acute kidney injury and represent
new potential targets for treatment. This review shows the basic metabolic pathways that all cells
depend on for life; describes how the kidney optimizes those pathways to meet its anatomic,
physiologic, and metabolic needs; summarizes the importance of metabolic and mitochondrial
dysfunction in acute kidney injury; and analyzes the mitochondrial processes that become
dysregulated in acute kidney injury including mitochondrial dynamics, mitophagy, mitochondrial
biogenesis, and changes in mitochondrial energy metabolism.
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There is currently no targeted treatment for acute kidney injury (AKI), however, the
incidence and associated costs of AKI are increasing.12 Energy metabolism pathways are
emerging as critical drivers of AKI and represent new potential therapeutic targets for AKI
prevention and treatment. Every living cell needs energy to function. Aberrations in energy
availability and energy utilization can lead to cellular dysfunction and, ultimately, cell death.
Mitochondria serve a vital role in energy creation from nutrient substrates. Mounting
evidence has implicated mitochondrial dysfunction as a major determinant of renal tubular
injury.
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Purification of blood by the metanephric kidney requires two distinct sources of energy: the
cardiac pump to generate the hydraulic force necessary for glomerular filtration and the
electrochemical gradients established by the renal tubule to enable more than 99%
reabsorption of filtered water and selective solute secretion. The latter may be pathologically
jeopardized during AKI.

The tubular cells most responsible for creating electrochemical gradients reside in the renal
cortex. These cells rely on oxidative metabolism, as opposed to glycolysis, to generate
adenosine triphosphate (ATP). They are the most abundant in mitochondria, and they are the
most severely injured in AKI. A growing body of literature has shown that during AKI, the
utilization of fuel substrate is altered, mitochondrial oxidative function is attenuated
markedly, and transcriptional regulation of key energy metabolism pathways is suppressed.
Each of these abnormalities also highlights opportunities for novel therapeutic interventions.

OVERVIEW OF ENERGY METABOLISM

Metabolism is the set of chemical reactions that take place to maintain life. This includes the
subset of reactions that harvest energy from nutrients. ATP is the most prominent
intracellular energy carrier. It is generated in the cytoplasm from the oxidation of simple
sugars to pyruvate via glycolysis, and within mitochondria from the oxidation of pyruvate,
amino acids, and fatty acids (Fig. 1).

Glycolysis breaks down glucose into pyruvate, which subsequently is converted into acetyl-
Coenzyme A (CoA). The process does not require oxygen and can take place in anaerobic
environments. Pyruvate can either be converted to acetyl-CoA to participate in the Krebs
cycle, or in the absence of oxygen it can be fermented to lactate.

Fatty acids are catabolized through S-oxidation to produce acetyl-CoA. When oxygen is
present, acetyl-CoA derived from pyruvate or S-oxidation proceeds through the Krebs cycle.
The Krebs cycle produces nicotinamide adenine dinucleotide and flavin adenine
dinucleotide, which shuttle high-energy electrons to the mitochondrial electron transport
chain (ETC). The series of reactions catalyzed by the ETC generate a strong proton gradient.
In the final step of energy metabolism, the energy of this proton gradient is harvested by
ATP synthase to phosphorylate adenosine diphosphate (ADP) to ATP.

To coordinate so many high-energy reactions without endangering cellular health, the
mitochondrion is a highly specialized organelle. It has not one, but two membranes. The
space between the outer and inner membranes is the intermembrane space. Nutrient
substrates destined for the innermost space—the mitochondrial matrix—are transported
from the cytoplasm through the intermembrane space. The intermembrane space retains the
protons pumped out of the matrix during ETC reactions. The enzymes for the ETC reside
within the inner membrane. That membrane is convoluted into layers called cristae that
maximize surface area for ATP production. Cells with high-energy demands, such as cardiac
muscle cells, have many more cristae per organelle and thus a larger surface area for energy
production.
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Although most of the mitochondrial proteins are encoded in the nucleus, mitochondria also
have their own circular genomes (mitochondrial DNA [mtDNA]) that are inherited
maternally and distinct from nuclear DNA. The mtDNA resides in the mitochondrial matrix
and encodes 37 gene products. In contrast, mammalian mitochondria may be comprised of
more than 1,000 proteins, indicating the importance of nuclear gene transcription for
mitochondrial health.3

METABOLIC NEEDS IN THE KIDNEY

The kidney is a highly metabolically active organ, containing more mitochondria per weight
than any other organ, sparing the heart.3 Basolateral Na*-K* adenosine triphosphatases
throughout the nephron pump sodium out of tubular cells and potassium into tubular cells.
The vectorial movement of sodium from filtrate through the tubular cell and back into blood
is used to couple the transport of filtered sugars and amino acids back into the blood. As
these solutes move back into the blood, water and urea follow passively, driven by the
osmotic force. Second, these basolateral adenosine triphosphatases create a net-negative
intracellular charge, three sodium cations out for each two potassium cations in, that further
power the reabsorption of cations and cationic organic compounds. Nearly 100% of the ATP
consumed by the renal tubules is used for active reabsorption, and the amount of ATP
produced via oxidative phosphorylation varies to match tubular reabsorptive needs.*>

Given this constant high demand for ATP, mitochondria are crucial for normal renal
function. This is shown most vividly by patients who harbor rare mutations that disrupt
mitochondrial enzymes, alter mitochondrial structural proteins, or impair oxidative
phosphorylation. Among such individuals, the most severely affected organs are those
requiring high energy consumption: skeletal muscle, central nervous system, heart, and the
kidneys. In the kidneys, mitochondrial diseases present primarily as tubulopathies, although
cystic and glomerular disease associations also have been reported.5

RELATIONSHIP OF RENAL VASCULAR ANATOMY TO ENERGY
METABOLISM

As the final acceptor of electrons from the ETC, oxygen is necessary for cells to fully
harness fuel substrates. Therefore, oxygen delivery to the nephron is critical for normal
tubular function. The vascular anatomy of the kidney leads to heterogeneous organ
perfusion. Blood enters the nephron through the afferent arteriole and then passes through
the glomerulus. There, the hydraulic pressure generated by the heart coupled with afferent
and efferent arteriolar tone enables bulk filtration of the blood.” The remaining unfiltered
blood continues with approximately 80% lower hydraulic pressure and a partial pressure of
oxygen of approximately 40 to 42 mm Hg through the efferent arteriole to the peritubular
capillary bed, where the proximal tubules extract and consume nearly 50% of the entire
nephron’s oxygen consumption to generate the energy needed for reabsorption.8 From there,
blood travels to the medulla. The blood flow that reaches the medulla has a partial pressure
of oxygen near 25 to 30 mm Hg, however, the ascending loop of Henle still extracts
sufficiently large amounts of oxygen to drive the active reabsorption of sodium to maintain
the osmotic gradient that concentrates urine.®1% The inner medulla is even more hypoxic,
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with an estimated partial pressure of oxygen near 10 mm Hg. This sharp corticomedullary
gradient is likely the result of countercurrent exchange from descending to ascending vasa
recta that effectively shunts oxygen in a fashion that bypasses the bottom of the vascular
hairpin loop of the deep medulla.l!

Energy metabolism throughout the kidney reflects the variation in oxygen supply. In the
renal cortex, where there is abundant oxygen delivery and dense mitochondria, energy is
created through aerobic metabolism with essentially no glycolysis. The renal cortex depends
primarily on b-oxidation of fatty acids for Krebs cycle substrates.12:13 Compared with the
renal cortex, the medulla has much less oxygen delivery and consumes roughly 5% of
cortical oxygen consumption. Accordingly, medullary cells contain approximately 15 times
fewer mitochondria than the cortex. The renal medulla relies primarily on anaerobic
glycolysis for energy production, which is sufficient because the medulla has lower energy
needs and less active transport.14 The corticomedullary junction exists between the high PO,
environment in the cortex and the hypoxic environment of the medulla, however, many
metabolically active tubular cells are found there and depend on oxygen for normal function.
For that reason, this area is particularly susceptible to hypoxic and ischemic injury.2:14

MITOCHONDRIA AND AKI

Mitochondria have been noted to be structurally abnormal in clinical AKI for decades.
Abnormal-appearing mitochondria were described as early as the 1970s when transmission
electron microscopy enabled direct visualization of mitochondria. Trump et all® noted that
mitochondria in the proximal tubule were abnormally swollen among patients who had died
from shock. Since then, numerous other investigators have noted swollen mitochondria and
disruption of the mitochondrial ultrastructure both in human beings and rodents with AKI,
with proximal tubular cells being the most severely affected.16-26 Notably, mitochondrial
structural changes have been visualized in the ischemic human kidney before clinical
manifestations of AKI, implying that mitochondrial perturbation may not be an
epiphenomenon arising after injury; rather, mitochondrial dysfunction may be a contributing
factor to injury.2” Visible changes in the mitochondria typically are associated with
decreased mitochondrial function because swelling classically represents a loss of inner-
membrane permeability control, which is crucial for mitochondrial function (Fig. 2).

Evidence from septic and ischemic rodent models has shown that mitochondrial dysfunction
in AKI is not only a consequence of inadequate delivery of critical energy oxidation
substrates. For example, renal oxygen extraction either stayed stablel” or increased during
sepsis despite decreased”-28.29 or unchanged3%:3! renal blood flow and decreased
reabsorptive load secondary to decreased glomerular filtration rate (GFR).2%:3233 Because
solute reabsorption is the major energy-consuming task, a decreased filtered load in septic
AKI should reduce oxygen need. Therefore, the cellular injury observed in septic AKI may
be unrelated to decreased metabolic substrate availability. Rather, the increased oxygen
uptake in the setting of decreased solute load implicates an inefficient use of oxygen:
evidence of suboptimal mitochondrial function. The same inefficient oxygen consumption
has been observed in human beings after cardiac surgery: GFR and renal blood flow were
reduced, but oxygen extraction was higher in patients with AKI than in patients without
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AKI.34 Many additional studies have assessed mechanisms whereby primary metabolic and
mitochondrial dysfunction was associated with AKI in many disease models (Tables 1 and
2).

Impaired Mitochondrial Dynamics in AKI

Changes in mitochondrial dynamics have been implicated in AKI. Mitochondria are not
static organelles. Their life cycles include constant remodeling with fission, fusion, and
mitophagy, the last being a process of intracellular disposal (Fig. 3). The cell uses fission
and fusion to exchange substrates and metabolites and to create daughter organelles.3> There
is increasing evidence that the balance between fission and fusion is tilted toward fission
during AKI. Excessive fission is described as mitochondrial fragmentation.

Mitochondrial fragmentation has been observed before tubular cell death in ischemia-
reperfusion injury (IRI), folic acid, and cisplatin nephrotoxicity mouse models,18:26:36.37
Fragmentation is associated with the release of apoptotic factors such as cytochrome C,
along with caspase activation and subsequent cellular apoptosis. Fragmentation may
contribute to the pathogenesis of AKI.18 Dynamin-related protein 1, a protein that is critical
for mitochondrial fission, was activated after AKI. Furthermore, inhibiting dynamin-related
protein 1 prevented mitochondrial fission and protected against injury in cell models
achieved by ATP depletion or cisplatin application, and in rodent models of IRI, cisplatin
nephrotoxicity, and rhabdomyolysis.18:38

Fusion proteins mitofusin 1 and mitofusin 2 are necessary for outer-membrane fusion. Optic
atrophy 1 is necessary for inner-membrane fusion. Mitofusin 2 and optic atrophy 1 were
down-regulated and inactivated in rodent models of AKI.36:39 Inducing mitochondrial fusion
by overexpressing mitofusins attenuated mitochondrial fragmentation, reduced cytochrome ¢
release, and reduced apoptosis in cells treated with cisplatin and azides.*? Genetic
manipulations to attenuate fission or to enhance fusion protect mice from different models of
AKI.18 Given that a fused mitochondrial network is more efficient at ATP generation and
less prone to the release of apoptotic mediators, these results imply that defense against
excessive fission may be important to resist physiological impairment of kidney function.

Mitophagy and Lysosomal Biogenesis

Through autophagy, accumulated damage and debris within a cell are separated and then
fused with an autophagosome for delivery to a lysosome to be safely degraded and recycled.
In the uninjured state, autophagy is a method the cells use to facilitate macromolecule and
organelle turnover. Autophagy is critical for cellular homeostasis because insufficient
autophagy deprives the cell of nutrients and substrates and leads to accumulation of
dysfunctional organelles that may be toxic.3®> Autophagy also may play a critical role in
AKI. Because fragmented mitochondria potentiate cell death, their safe disposal through
autophagy, termed mitophagy, enables cells to achieve safe disposal of damaged organelles
before those organelles inflict lethal damage.

Autophagic flux increases rapidly in proximal tubular cells after IRI, cisplatin injury,
cyclosporine injury, and septic AKI models. Multiple studies have shown that this event
precedes tissue damage or cellular apoptosis.*1~48 Knocking out critical autophagy genes in
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the IRI and cisplatin models led to worsened AKI.49-51 Furthermore, using specific
autophagy inhibitors in all models led to worsened AK1.4143:44:46 Conversely, inducing
autophagy protected against AKI in a septic mouse model.>2 Together, these results suggest
that the induction of autophagy early after a noxious stimulus may be an adaptive response
to a lethal stressor. In turn, the data also imply that cellular injury may be related to a late
failure of this adaptive response.

Mitophagy prevents the release of toxic intramitochondrial substances, such as
mitochondrially derived reactive oxygen species (ROS), pro-apoptotic caspases, and
proinflammatory mtDNA, into the cytoplasm.3°:53 Mitophagy is coordinated closely with
mitochondrial fission and fusion. Under physiological conditions, normal mitophagic flux
functions as a quality control surveillance in which depolarized or dysfunctional
mitochondria detach from the larger intracellular network and are targeted for removal.

Three major mechanisms for mitophagy have been identified: receptor-mediated, ubiquitin-
mediated, and cardiolipin-mediated mitophagy.>-27 All lead to a binding interaction with
microtubule-associated protein 1 light chain (LC3). LC3 is an autophagy protein that binds
mitochondria to autophagosomes to signal autophagosome formation and elongation.>>-57
Receptor-mediated mitophagy is facilitated by transmembrane proteins expressed on the
mitochondrial outer membrane that bind directly to LC3. Bcl-2/adenovirus E1B 19-kDa-
interacting protein 3, Nix, and FUN14 containing 1 are such proteins. Nix expression is up-
regulated during physiologic mitophagy (eg, reticulocyte maturation).>> FUN14 containing 1
is critical to mitochondrial regulation during cellular differentiation.58 All are up-regulated
in response to hypoxia.®#2> Ubiquitin-mediated mitophagy typically is triggered by
mitochondrial depolarization.>’ After mitochondrial depolarization or other injuries that
interfere with mitochondrial protein import, phosphatase and tensin homolog-induced
kinase-1 accumulates on mitochondrial surfaces. That leads to recruitment of parkin and
ultimate ubiquitination of outer-mitochondrial membranes. These proteins either undergo
proteosomal degradation or bind LC3 to promote mitophagy.®’ Finally, cardiolipin-mediated
mitophagy involves translocation of cardiolipin from the inner-mitochondrial membrane to
the outer surface where is interacts with LC3. It typically is triggered by mitochondrial
injury.56

Even under stress, mitophagy is responsible for maintaining an optimally functioning pool
of mitochondria. However, when mitophagy is unable to keep pace with mitochondrial
fragmentation, affected cells are exposed to intramitochondrial contents leaked into the
cytoplasm that further potentiate injury. For example, ROS from the ETC react with major
macromolecules including proteins and lipids to alter their structure and impair their
function.18:36:46 Second, the release of mtDNA into the cytoplasm activates inflammasomes,
which in turn induce inflammatory cytokine cascades.>® Finally, mitochondrial disruption
leads to the release of numerous pro-apoptotic mediators, such as cytochrome C, which
trigger programmed cell death.50

Impaired mitophagy has been implicated in the pathogenesis of AKI. Renal IRl in mice has
been shown to induce Bcl-2/adenovirus E1B 19-kDa-interacting protein in tubules.*”
Metabolic acidosis induces mitophagy in proximal tubular cells. Knockout of a key
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mitophagy gene, Atg5, led to reduced respiratory chain activity, reduced mitochondrial
membrane potential, increased mitochondrial fragmentation, and significant mitochondrial
swelling.51 After ischemic injury, both cell and mouse models showed increased mitophagy.
Deficiency in Pink1 and Park2 decreased mitophagy, worsened ischemic injury, and led to
increased mitochondrial damage, ROS production, and inflammation.52 Although there is
much more to be learned about the role of mitophagy in kidney disease, there is growing
evidence that mitophagy offers a protective role against injury because it enables the safe
elimination of cytotoxic and pro-apoptotic mitochondrial elements. Impaired or inhibited
mitophagy likely contributes to the pathogenesis of kidney disease. Targeting this pathologic
progress through (1) neutralizing mitochondrial ROS, (2) inhibiting downstream effectors of
apoptosis, and (3) promoting more efficient mitophagy all hold promise for future acute and
chronic kidney disease therapies.

Mitochondrial Biogenesis

The cell must replace the mitochondrial mass that is destroyed through mitophagy and also
must generate new mitochondrial mass to respond to increased energy needs. This is
accomplished through mitochondrial biogenesis. As mentioned earlier, the majority of
mitochondrial proteins are transcribed from nuclear DNA even though each mitochondrion
possesses multiple copies of MtDNA. Synthesis of mitochondrial proteins is regulated by an
array of transcription factors including transcripOtion factor A, mitochondrial (Tfam),
mitochondrial transcription termination factor 3 and 4, and peroxisome proliferator activated
receptors (PPARS) a, 6, and y. PPAR y coactivator-1a (PGCla) is a co-activator that binds
noncovalently to these and other transcription factors to augment transcription of proteins
that are critical for mitochondrial biogenesis. PGC1la is heavily expressed in highly
metabolically active organs including the kidney, with the proximal tubule showing the most
robust expression.1’

In cellular and in vivo models of AKI, expression of PGC1la in cellular and animal models
of AKI varies with time. Early measurements after noxious stimulus show suppression,
17,26,37.63 and late measurements during the time window of functional recovery show
increased expression of PGC1a and downstream transcription factors such as Tfam and
nuclear respiratory factor 1.3648 Tran et all” found that proximal tubule-specific PGCla
knockout mice showed a normal renal phenotype at baseline, but were much more
susceptible to septic AKI, indicating this protein’s significant role in renal recovery. They
also showed that overexpression of PGCla in cultured proximal tubule cells protected
against decreased oxygen consumption induced by inflammatory factors. Similarly in human
beings, PGC1a expression was strongly suppressed in AKI1,64 and decreased expression in
renal transplant patients was associated with prolonged and incomplete recovery from
delayed graft function.5® These data propose that the renal tubular cell’s ability to engage in
mitochondrial biogenesis is essential for standard recovery from transient inflammatory
stress.

In the renal tubular epithelium, PGCla appears to play a broader role in the maintenance of
an optimal pool of mitochondria against diverse stressors. For example, although PGCla
knockout cells are more susceptible to death from cisplatin exposure, transgenic cells were
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found to be more resistant.1” Analogously, PGC1a knockout mice developed more severe
AKI after cisplatin whereas tubule-specific transgenic animals were more resistant to
nephrotoxicity. Transcriptomics proposed mitophagy and lysosomal biogenesis via
transcription factor EB (TFEB) as a downstream mechanism of PGC1a renoprotection in
these cisplatin studies. PGC1la defended mitophagy whereas cisplatin eventually suppressed
mitophagy. Knockdown of TFEB abrogated the protective effect of PGCla in cultured cells,
and inhibition of lysosomes with chloroquine similarly nullified renoprotection of PGCla -
tubular transgenic mice to cisplatin. Indeed, in both instances, inhibition of this downstream
mechanism from PGC1la unveiled a pro-oxidative, cytotoxic effect of excess PGCla.
Without mitophagy and lysosomal function intact, more PGCla during a stress situation
became a cellular liability. These results propose that mitochondrial biogenesis needs to be
paired with mitophagy and lysosomal clearance, particularly under stress. Without effective
clearance of injured mitochondria, having more mitochondrial mass exposed to noxious
stimuli such as cisplatin actually potentiates injury.22

Thus, mitochondrial biogenesis via the master regulator, PGCla, is not a simple on/off
switch for mitochondrial production. Through traditional biogenesis transcription factors
such as Tfam and more newly discovered partners such as TFEB, the PGC1la program
enables dynamic coordination of production and safe disposal of mitochondria to maintain
appropriate cellular mitochondrial abundance and function. As discussed later, PGC1la also
coordinates fuel oxidation via nicotinamide adenine dinucleotide (NAD)+, which is closely
regulated to meet a cell’s dynamic needs.

Mitochondrial Energy Metabolism in AKI

Multiple injury models have shown evidence of impaired mitochondrial energy metabolism
after injury. A reduction in ATP production has been shown in sepsis models, crystalline
AKI models, and IRI models.24:25.66-68 Decreases in the expression of mitochondrial genes
and decreased mitochondrial DNA have been observed in cisplatin and glycerol-injured
mice.36:69 Accompanying the decreased expression of key proteins, essential respiratory
chain complexes also have shown decreased function in nearly every AKI model.
17,20,26,36,69,70 \\jithout a properly functioning ETC, there is loss of mitochondrial
membrane polarization, loss of selective permeability, and loss of the ion gradient that
powers ADP phosphorylation. This leads to decreased ATP and increased leakage of
inflammatory and pro-apoptotic mediators (Fig. 2).1821.69

With abnormal function of the ETC, ROS production also increases. Oxidative
phosphorylation takes place in the mitochondria by passing high-energy electrons from
nicotinamide adenine dinucleotide or flavin adenine dinucleotide through the complexes of
the electron transport chain. The transfer of these electrons creates the proton gradient,
which ultimately drives ATP synthase to produce ATP. The electron trail ends with the
reduction of oxygen to water. Addition of one rather than two electrons to oxygen yields the
superoxide ion, a free radical. Unstable flow of electrons through the ETC is thought to
contribute to the generation of superoxide rather than H,O from oxygen. In this way,
mitochondrial dysfunction induces a significant release of reactive oxygen species, which
themselves trigger apoptosis and proinflammatory pathways that worsen injury.26.71-74
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Several studies have shown that mitochondrially targeted antioxidants reduce the severity of
AKI in rodent models,26:69.75-78

With the impairment in fuel combustion, AKI also leads to intracellular accumulation of the
principal fuel for the renal cortex: fatty acids.6”:79-81 In addition to cellular energy
deprivation, the accumulation of fatty acids may contribute to cellular dysfunction and death
via lipotoxicity. Indeed, accumulation of lipids in the kidney has been shown to induce
inflammatory pathways that ultimately contribute to fibrosis.82 Excessive intracellular fatty
acid content also has been associated with accumulation of toxic metabolites such as acyl-
CoAs, ceramides, and ROS.12 PPARa is a transcription factor that induces expression of
genes that encode enzymes of fatty acid oxidation and stimulate cellular uptake of free fatty
acids.82 In both cellular and mouse models, PPARa agonists and transgenic overexpression
of PPARa have mitigated renal injury after cisplatin and IR1.83.84

Finally, AKI leads to decreased local NAD+. NAD+ is a critical cofactor involved in many
cellular oxidative-reduction reactions. As an electron carrier from glycolysis, the Krebs
cycle, and S-oxidation to the ETC, NAD+ is essential for the efficient generation of ATP.8°
NAD-+ also serves a second role in eukaryotic cells as a substrate for signaling enzymes
including poly-ADP ribose polymerases (PARPS), sirtuins, and ectonucleotidases that
regulate broad swaths of cellular behavior.88 Impaired NAD+ homeostasis has been
implicated in diverse pathologies including dementia, glaucoma, immune deficiencies,
insulin resistance, diabetes, infertility, inflammation, cancers, obesity, cardiovascular
disease, and autism.87 Similarly, genetic mutations that lead to impaired NAD+ biosynthesis
in utero have been linked recently to renal dysplasia, implying a critical role for intact NAD
+ homeostasis during renal development.88

NAD+ and AKI

The concentration of NAD+ within a cell reflects the net actions of biosynthesis and
consumption. Levels of renal NAD+ decrease precipitously in AKI as a result of both
decreased biosynthesis and increased consumption.8%:90 An experiment examining
downstream mechanisms of PGC1a-dependent renoprotection showed de novo NAD+
biosynthesis as a novel downstream effector pathway. NAD+ levels were correlated with
PGC1a expression both in genetic models and induced models of AKI1.89 RNA sequencing
showed that PGC1la coordinated the expression of an eight-enzyme cascade responsible for
converting the essential amino acid tryptophan to NAD+. This cascade, also referred to as
the de novo or kynurenine pathway, becomes suppressed in different models of AKI, but is
induced by PGC1a.%* The importance of this effector arm for PGC1a-dependent
renoprotection was shown by exogenous replenishment of NAD+ levels in PGCla knockout
mice. Although PGC1a knockout mice were highly sensitive to IRI, NAD+ augmentation
via its precursor nicotinamide (NAM) normalized their response to the ischemic stress.54 An
independent study showed that aged mice were protected from cisplatin-induced AKI with
supplementation of nicotinamide mononucleotide, another nutritional NAD+ precursor.91 A
third group showed that NAD+ augmentation also could be achieved by maintaining
substrate flow through the de novo pathway to protect mice from IRI and cisplatin injury.%°
Finally, in a pilot placebo-controlled randomized clinical trial assessing pharmacokinetics of
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NAM administration among patients undergoing cardiac surgery, participants who received
1 or 3 g of NAM orally per day perioperatively showed decreased rates of AKI.8° This
preliminary clinical finding, buttressed by independent demonstrations of the salutary effects
of augmenting NAD+ biosynthesis in preclinical models, has stoked significant enthusiasm
for further clinical development of strategies to boost NAD+ for therapeutic benefit.92

Boosting NAD+ levels can be accomplished by supplementation of vitamin B3 precursors as
described earlier or by reducing consumption. NAD+ consumption is accelerated in AKI.89
There are three major classes of NAD+ consuming enzymes: sirtuins, PARPs, and cyclic
ADP-ribose synthases.88 Expression of each of these enzymes is altered in AKI (Fig. 4).

PARPs are activated after AKI as a repair mechanism in response to cellular stress and DNA
damage. They use NAD+ as a substrate to attach ADP-riboses to target proteins. In doing so,
they stabilize the conformation of damaged DNA and facilitate DNA access for repair
enzymes.93 However, PARPs consume NAD+, and depletion of NAD+ leads to cellular ATP
deprivation and cell death. Therefore, even though PARPs protect genome integrity after
injury, excessive activation can be detrimental.68.93.94 Studies in rats with IR showed that
PARPs were overexpressed after injury, and pharmacologic inhibition of PARP led to more
rapid improvement in blood urea nitrogen and creatinine after IRI, less histologic ischemic
damage, more proximal tubule regeneration, and increased cellular ATP.%3 Like-wise, mice
with genetic deletion of parpI developed a less severe decrease in GFR after IR, less
neutrophil infiltration, reduced expression of inflammatory mediators, and a less severe
reduction in ATP compared with wild-type controls despite comparable levels of ROS
production and DNA damage.58 Similar results were observed with pharmacologic
inhibition or deletion of PARP1 in a mouse cisplatin AKI model and cisplatin-treated
proximal tubular cells.%4

The cyclic ADP-ribose synthases are much less studied in the context of AKI. These
enzymes hydrolyze many nucleotide metabolites and closely modulate intracellular calcium
levels. They typically are activated as a response to inflammation and lead to B-cell
proliferation and differentiation and neutrophil trafficking.%> CD38 and CD157 are two of
these enzymes that cleave NAD+. In septic mouse models, chemical blockade of CD38 led
to improvement in blood urea nitrogen, less histologic evidence of tubular injury, decreased
infiltration of macrophages and neutrophils, and decreased expression of inflammatory
cytokines.

Finally, the sirtuins are a class of NAD+ consumers that have been associated with longevity
in many animal models; compared with the earlier-described classes of NAD+ consuming
enzymes, sirtuins are considered to promote healthy metabolism.37 Sirtuins regulate
metabolism reactions via NAD+-dependent deacetylation or deacylation of target proteins
that includes histones, transcription factors, and coordinators of cell signaling.%6 One widely
cited early study showed that sirtuin 1 (SIRT1) deacetylated and thereby activated PGC1a.%”
In the context of more recent results regarding PGCla’s regulation of de novo NAD+
biosynthesis,4 the data collectively suggest a feed-forward loop in which PGC1a increases
cellular NAD+ by up-regulating transcription of biosynthetic enzymes, which in turn
provides more substrate for SIRT1 to activate PGCla via deacetylation. The potential
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beneficial effects of sirtuins have been examined in AKI models. Renal SIRT3 was
decreased after cisplatin injury in mice and cells, and overexpression of SIRT3 mitigated
AKI.37 Renal SIRT1 and NAD+ were reduced in aged mice. Supplementing NAD+ in those
mice via nicotinamide mononucleotide restored SIRT1 and protected against cisplatin-
induced AK1.91 Together, these consumers highlight both the critical nature of NAD+ in
cellular responses and also the various mechanisms of NAD+ depletion in AKI. PARP and
CD38 may be pathologically activated in AKI settings, while sirtuins provide metabolic
protection against stressors that trigger AKI. This creates a paradigm in which not only
increasing NAD+ may be of utility, but targeting its application to ameliorate AKI could be a
clinically advantageous possibility.

SUMMARY AND CONCLUSIONS

Mitochondria encompass a significant fraction of total cellular biochemistry, particularly for
cells requiring high energy. The renal tubule requires a constant source of ATP for its core
function of transporting water and solutes against gradients. Intact mitochondria furnish the
energy for this process, but relying on mitochondria also exposes these cells to the risk of
injury from different noxious stimuli that injure mitochondria.

Primary mitochondrial abnormalities lead to heritable clinical tubulopathies, and acquired
mitochondrial abnormalities appear to be a pathogenic hallmark of different AKI syndromes.
Mitochondria are not only a conserved target of unrelated stressors, such as inflammatory
mediators, genotoxins, and ischemia-reperfusion, but mitochondrial impairment secondarily
amplifies cellular injury through the production of mitochondrial ROS, the release of pro-
apoptotic factors, and the release of factors such as mtDNA, which triggers inflammatory
reactions. Virtually every aspect of mitochondrial biology, ranging from the dynamics of
fission/fusion to biogenesis to the biochemistry of energy harvesting, is perturbed in AKI.

Although outside the scope of this review, many of the mitochondrial pathways involved in
AKI also have been implicated in experimental and clinical CKD.98-190 Gijven that AKI
itself can lead to CKD, and, conversely, that CKD increases the risk for AKI, intimate
pathogenic connections between these two ends of the kidney disease spectrum are not
surprising. The studies summarized earlier suggests a growing list of measurable and
modifiable targets within metabolic and mitochondrial biology that could impact how AKI is
diagnosed, monitored, prevented, and treated in the future.
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Figure 1.
Overview of cellular energy metabolism including glycolysis, fermentation, Krebs cycle,

and ETC. These combined reactions produce ATP, which is critical for cellular function.
Glycolysis and fermentation take place in the cytoplasm and do not require oxygen.
Oxidative phosphorylation via the electron transport chain takes place in mitochondria and
requires oxygen. Abbreviation: NADH, nicotinamide adenine dinucleotide.
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disrupts the normal vectorial pumping of protons across the inner mitochondrial membrane

by enzymatic complexes in the ETC. Subsequent loss of membrane potential impairs

selective permeability. As a result, mitochondria swell. Fission is induced to sequester the
damage and safely dispose of injured mitochondria through mitophagy. Excessive fission,
also known as mitochondrial fragmentation, arises during severe injury and is associated

with the release of mitochondrial contents that potentiate inflammation and cell death.
Abbreviation: ATP syn, ATP synthase.
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Figure 3.
Mitochondrial life cycle. The life cycle of mitochondria includes biogenesis of

mitochondrial structural proteins from nuclear DNA and dynamic remodeling of the
mitochondrial network via fission and fusion to maintain an optimally functioning mass of
mitochondria within the cell. Mitophagy enables intracellular disposal of mitochondria and
recycling of their contents for cellular needs. Excessive fission, typically in the setting of
injury, leads to fragmentation and release of cytotoxic mitochondrial contents including pro-
apoptotic factors, ROS, and inflammatory mtDNA. PGCla is a key regulator of
mitochondrial biogenesis. Fusion proteins mitofusin 1 (Mfn1) and mitofusin 2 (Mfn 2) are
necessary for outer-membrane fusion, while optic atrophy 1 (Opal) is necessary for inner-
membrane fusion. Dynamin-related protein 1 (Drpl) is critical for mitochondrial fission.
Bcl-2/adenovirus E1B 19 KDa-interacting protein (BNIP)3, FUN14 containing 1
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(FUNDCY1), and PTEN-induced kinase-1 (PINK-1) with parkin are all proteins that can
trigger mitophagy.
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Figure 4.
Overview of NAD+ metabolism. In highly metabolically active cells such as the renal

tubular epithelium, NAD+ regulates broad aspects of cellular metabolism. Reduction of
NAD+ to NADH is required for glycolysis, fatty acid oxidation, the tricarboxylic acid
(Krebs) cycle, and sterol biosynthesis. Oxidation of NADH back to NAD+ provides high-
energy electrons in the ETC and generates lactic acid from pyruvate. NAD+ also can be used
by enzymes that cleave NAD+ to generate Nam. These include PARPs, sirtuins, and cyclic
ADP-ribose (CADPR) synthetases (CD38/CD157), each of which play crucial roles in
cellular function.
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