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Abstract

With one of the highest mitochondrial densities in the body, the kidneys consume approximately
10% of total oxygen while constituting only 0.5% of body mass. Renal respiration is linearly
correlated to solute extraction, linking mitochondrial oxidative metabolism directly to tubular
function. This fundamental role of mitochondria in renal health may become an “Achilles heel”
under duress. Acute kidney injury (AKI) related to each major class of stressor—inflammation,
ischemia, and toxins—exhibits early and prominent injury to mitochondria. The classic
mitochondrial biogenesis regulator, PGCla (PPARy-coactivator-la) may confer protection to the
tubules against these stressors. Recent work proposes that renal PGC1la directly increases levels of
nicotinamide adenine dinucleotide (NAD+), an essential co-factor for energy metabolism that has
recently also been proposed as an anti-aging factor. This mini-article presents a short summary of
research on the topics of AKI, PGCla, and NAD+ to focus on recent studies that propose a direct
mechanism between the regulation of metabolic health and the ability to resist renal stressors.
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Introduction

Renal purification of blood in higher organisms is powered by two tissues—the cardiac
muscle provides the mechanical hydraulic force for passive filtration at the glomerulus
whereas the renal tubule generates the electrochemical force for active and selective
reabsorption of solutes across the nephron that is accompanied by water reclamation. In fact,
oxygen consumption by the kidney is directly proportional to the degree of solute extraction,
an observation that was reported over 80 years ago [1]. This latter force is generated
primarily by abundant mitochondria found in the epithelium of the proximal tubule and thick
ascending limb. Genetic and acquired disorders of the mitochondrion conclusively
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demonstrate that injury to this organelle is sufficient to impair tubular, and indeed, global
renal function [2]. But is this organelle, and energy metabolism more broadly, important in
the development of acute kidney injury (AKI)? And if so, can this process be measured and
even targeted therapeutically?

In humans, electron microscopy studies in the 1970s from patients who died of shock with
AKI showed evidence of ultrastructural mitochondrial injury in the tubular epithelium [3,4].
Even transient renal ischemia that is insufficient to provoke overt AKI still induces
mitochondrial damage, suggesting that mitochondrial changes precede clinical impairments
[5,6]. And experimental studies from laboratories around the world have linked injury-
induced defects in oxidative metabolism to the pathogenesis of toxic, ischemic, and septic
AKI (e.g., [7-21)).

PGCla and Evidence of Extra-Renal Stress Resistance

Mitochondria exhibit a “life cycle” within cells that operates independently of the cell cycle
and resembles the dynamics of unicellular organisms. Mitochondria “proliferate” by fission
of existing organelles, and smaller organelles fuse together to grow and form intricate
networks within a cell. Injurious stimuli trigger a pattern of fragmentation in this otherwise
fused organellar network that resembles excessive fission. Injured mitochondria can undergo
a permeability transition that allows water to enter the organelle and mediators of regulated
cell death, such as calcium and caspases, to exit into the cytoplasm. Injured mitochondria
can also be safely cleared by the cell by a disposal process called mitophagy. Finally, new
mitochondrial mass can be generated by the transcription of genes encoding structural and
enzymatic parts of the organelle. Termed mitochondrial biogenesis, this last part of the
mitochondrial life cycle is regulated by a transcriptional co-activator called PGCla
(PPARYy-coactivator-1a) [22,23]. PGCla binds to an array of transcription factors in the
cell’s nucleus, driving the transcription of hundreds of genes that, collectively, increase the
abundance of mitochondria within cells [24].

PGC1a is highly expressed in all metabolically active organs including brown fat, the heart,
brain, skeletal muscle, liver, and kidney. Within the kidney, PGCla expression is largely
restricted to the cell types with abundant mitochondria that are found in the tubule [25]. By
comparison, vascular and podocyte expression of PGCla is very low. Germline deletion of
PGCl1la is not lethal, and animals have slightly reduced baseline mitochondrial abundance.
But PGC1la appears to be important for the defense against stressors in these organs.
Knockout mice develop an age-dependent neurodegenerative phenotype, suffer worse heart
failure under pressure overload, and are less adept at tolerating nutrient stress [26—28].

PGC1la and the Kidney—Evidence of NAD+ as a Downstream Effector

During experimental and human AKI, renal PGC1la expression falls [17,25,29]. This change
in expression does not appear to drive the mitochondrial pathology of AKI per se, but does
appear to impair the cell’s ability to respond to mitochondrial injury. Global or tubule-
specific knockout mice are more susceptible to models of septic and ischemic AKI [25,29].
On the other hand, artificial induction of PGCla in the tubule (via a conditional nephron-
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specific transgenic mouse) protects against either stressor. Excess PGCla restores the
energy metabolism and ATP generation that is otherwise impaired by cytokines or oxidant
stress [19,25]. Excess PGCla in the tubule lowers the severity of AKI and accelerates
functional resolution [29]. Inducing this one gene in this one renal cellular compartment is
even sufficient to enhance overall survival following transient global renal ischemia [29].

Intriguingly, a similar pattern of results has been reported in models of tubulointerstitial
fibrosis and diabetic kidney disease—PGC1a is suppressed by the injury event, and
enhanced tubular PGCla expression benefits renal function [30-33]. Following folate
exposure, Kang et al., showed that fats, the preferred fuel of the proximal tubule,
accumulates to perhaps noxious levels [30]. Fats have also been known to accumulate in
tubular cells following AKI of diverse etiologies [10]. Since fats are oxidized in
mitochondria—and to a lesser extent, peroxisomes—these results implicate defective
mitochondrial energy metabolism resulting in less ATP, and in turn, impaired function in the
tubule’s main task of solute and water reabsorption.

How does PGC1la impact metabolism in the kidney? This is a large question whose
exploration has just begun. Tran, et al., applied the unbiased strategies of RNA sequencing
and metabolomics to post-ischemic kidneys, PGCla knockout kidneys, and PGCla
transgenic kidneys [29]. These studies led them to consider nicotinamide (Nam), a
metabolite that is produced by the kidney and is the chief precursor for NAD+ (nicotinamide
adenine dinucleotide), the universal electron carrier that is required for oxidation of glucose
and fats [34,35]. Indeed, NAD+ levels have been shown to be rate-limiting for oxidative
metabolism [36]. Renal Nam and NAD+ levels are strongly correlated to each other. Both
fall during AKI, with NAD+ declining to a similar extent as ATP itself. Both are reduced at
baseline in PGC1a knockout kidneys whereas both are elevated at baseline in transgenic
kidneys. PGC1la coordinately regulates an eight-step enzymatic pathway for the de novo
biosynthesis of NAD+. NAD+ reduction in AKI may reflect both an impairment of
biosynthesis and excessive degradation by enzymes known to promote AKI [37].

Exogenous Nam boosts renal NAD+; normalizes the heightened post-ischemic response of
PGC1la knockout mice; prevents toxic AKI induced by cisplatin; and rescues early post-
ischemic AKI. These striking results propose that AKI constitutes a state of acute NAD+
deficiency that can be therapeutically targeted by methods to replete NAD+ [29].
Independent results with the immediate downstream intermediate between Nam and NAD+,
nicotinamide mononucleotide (NMN), further affirm a potential therapeutic avenue for NAD
+ augmentation in multiple etiologies of AKI [38]. There may be several effectors of renal
tubular defense downstream of NAD+. Induction of fatty acid metabolism may resolve
incipient lipotoxicity and promote the accumulation of beta-hydroxybutyrate, a ketone body
that signals the production of the vasodilatory prostaglandin PGE5 [29,30]. NAD+ serves as
a cofactor for deacetylase enzymes known as sirtuins that have been linked to renoprotection
[38-40]. Maneuvers to increase NAD+ can boost mitochondrial function and enhance
mitophagy [41]. While these pathways will require further study, the emerging body of work
suggests that PGCla-induced defense of NAD+ levels may be critical for the kidney to
resist different classes of stressors.
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Pursuing Clinical Translation

With the recognition of AKI as a rising global public health concern, the International
Society of Nephrology set the ambitious goal of eliminating preventable deaths from renal
failure through timely diagnosis and treatment of AKI [42]. However, the clinical translation
of animal data into clinical trials faces significant challenges. Timely etiology-specific
diagnosis and targeted treatment of AKI have remained elusive goals. A rise in serum
creatinine, the standard clinical assay to diagnose kidney injury, lags the original insult
behind by days and fails to distinguish broad categories of renal insult. Studies of
myocardial infarction and stroke emphasize the importance of rapid recognition for
optimization of clinical outcomes [43,44]. Related to this, Current state-of-the-art AKI
biomarkers closely reflect severity of tissue injury, but do not necessarily provide dynamic
surrogate measures of efficacy—for example, circulating LDL cholesterol levels report both
a risk factor for cardiovascular disease and surrogate efficacy marker that can be measured
easily and repeatedly to track the effectiveness of interventions to improve cardiovascular
health.

If the PGCla-NAD+ axis is indeed important for AKI pathogenesis across multiple
etiologies, translational efforts could proceed in several directions. For the development of
“diagnostic tools”—broadly referring to methods that would stratify risk, predict outcomes,
and/or reflect therapeutic responses—a non-invasive measure would be desirable since pilot
human results from renal biopsies suggest suppression of this axis in AKI and CKD [29,32].
In an early interventional study of NAD+ boosting compounds, leukocyte NAD+ levels were
compared among recipients of three orally administered moieties [45]. While suitable for
research studies, such a measure may not be sufficiently rapid in the context of early AKI to
be actionable. Therefore, new ways to assess the PGCla-NAD+ axis by simple blood or
urine tests could be beneficial. Related to this, risk stratification for AKI currently accounts
for factors such as age and CKD. Intriguingly, both aging and CKD have been related to
reductions in PGCla and NAD+, suggesting that new diagnostic tools could unveil
underlying biological factors connecting these clinical contexts [46]. This kind of “metabolic
risk stratification” could also help individualize management decisions by summating the
underlying biological drivers of reduced stress resistance.

In terms of therapeutic development, the work from Tran et al., demonstrates that ischemic,
septic, and toxic AKI share an modifiable reduction in renal PGC1a, mitochondrial health,
and NAD+. Whereas upstream targeting of PGCla has been challenging, several
compounds exist to boost NAD+, including Nam itself and other NAD+ precursors
commercially available as nutraceuticals. Compelling arguments could be made to pursue
PGC1la or NAD+ augmentation in each of the related clinical scenarios, although each
comes with challenges. For example, trials in cardiac surgery have been deployed to study
candidate AKI interventions with the idea of capitalizing on a timed insult that enables both
within-subject comparisons over time and preventative study designs. Yet, the event rate
following cardiac surgery can be low, thus necessitating either a large sample size or specific
enrollment criteria to enrich the AKI rate. In septic AKI, clinical heterogeneity is extremely
wide, which increases the difficulty of equalizing baseline characteristics between placebo
and drug arms even with randomization. Moreover, end-organ dysfunction in sepsis typically
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involves several organs, thus potentially transforming septic AKI trials into sepsis trials.
Finally, toxic etiologies of AKI are not uncommon, but depending on the toxin, the evolution
of AKI can be slower or stuttering. Implicating a single etiological factor can become
challenging, particularly in cancer patients who are often receiving multiple toxic drugs
simultaneously.

Conclusions

Since the discovery of the Krebs cycle [47], and over decades of biochemical experiments,
mitochondria have been recognized as a major source of energy production for the highly
active renal tubule. Recent studies have focused attention on impaired mitochondrial health
as a contributor to AKI and CKD. Mitochondrial biogenesis induced by PGCla may
ameliorate a spectrum of pathological conditions. Downstream of PGCla, NAD+ in the
renal tubule may mediate the defense against acute and chronic stressors. As the metabolic
underpinnings of renal health and disease become clearer, new opportunities come into focus
for developing methods to stratify risk, individualize management, and treat patients in a
targeted way. PGCla and NAD+ may lie at the nexus of aging, CKD, and AKI.
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Figure 1. PGCla and renal health

PGC1la co-activates the transcription of hundreds of genes in the nucleus. Shortly after its
discovery, PGC1la was characterized as a mitochondrial biogenesis regulator. Recent work
suggests that PGCla also induces the biosynthesis of the universal electron carrier, NAD+.
PGC1la and these downstream effector pathways may inform the interplay of renal health
with acute kidney injury (AKI) and chronic kidney disease (CKD).
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Figure 2. Tubular PGC1la and renal NAD+

(left) Oil red O staining of control or tubular PGC1la transgenic kidney 24 hrs after transient
bilateral renal ischemia reveals an accumulation of fat (reddish-purple) in tubular cells of the
cortex, outer stripe of outer medulla (OSOM), medulla, and medullary rays (MR). This is
attenuated in the transgenic mouse, which also resists functional injury more effectively
following reperfusion. (right) Renal levels of nicotinamide (Nam) and NAD+ were assessed
by mass spectrometry and enzyme activity assay, respectively. Nam is the chief precursor of
NAD+ and its main breakdown product. Levels of Nam and NAD+ are highly correlated
within the kidney.
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Future directions: Background
Leverage the PGCla- PGCla: Major

NAD+ axis to identify molecular switch for
and test therapeutic mitochondrial
targets. biogenesis and NAD+
biosynthesis

Pre-clinical studies:
PGCla suppression and
NAD+ depletion in

Translation into pilot
clinical studies:
Develop metabolic
approaches to measure models of AKIl. PGCla or
renal PGCla and NAD+ to NAD+ augmentation to
aid risk stratification and ameliorate experimental
phase zero testing. renal disease

Figure 3. Moving toward clinical translation
(clockwise from top right) i. Studies in cell culture models identified PGCla as a

mitochondrial biogenesis regulator. ii. Gain- and loss-of function genetic mouse models have
facilitated the study of PGCla in experimental AKI and CKD, proposing this protein as an
inducer of resistance against acute and chronic stressors. Unbiased “-omics” strategies in
these “genetics plus insult” contexts have implicated NAD+ biosynthesis as a downstream
effector of PGCla action. Strategies to boost NAD+ confer protection against experimental
AKI arising after ischemia or from toxins. iii. Rapid and non-invasive surrogate markers of
renal PGCla-NAD+ status could catalyze the drug development process at multiple steps
including risk stratification and early “phase zero” testing to assess whether candidate
therapies are impacting renal PGC1la and/or NAD+ in humans. iv. Future interventional
trials should capitalize on pre-clinical knowledge to optimize study design and implement
surrogate markers.
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