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Tubular mitochondrial pyruvate carrier
disruption elicits redox adaptations that protect
from acute kidney injury
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ABSTRACT

Objective: Energy-intensive kidney reabsorption processes essential for normal whole-body function are maintained by tubular epithelial cell
metabolism. Although tubular metabolism changes markedly following acute kidney injury (AKI), it remains unclear which metabolic alterations
are beneficial or detrimental. By analyzing large-scale, publicly available datasets, we observed that AKI consistently leads to downregulation of
the mitochondrial pyruvate carrier (MPC). This investigation aimed to understand the contribution of the tubular MPC to kidney function,
metabolism, and acute injury severity.

Methods: We generated tubular epithelial cell-specific Mpc1 knockout (MPC TubKO) mice and employed renal function tests, in vivo renal 13¢-
glucose tracing, mechanistic enzyme activity assays, and tests of injury and survival in an established rhabdomyolysis model of AKI.

Results: MPC TubKO mice retained normal kidney function, displayed unchanged markers of kidney injury, but exhibited coordinately increased
enzyme activities of the pentose phosphate pathway and the glutathione and thioredoxin oxidant defense systems. Following rhabdomyolysis-
induced AKI, compared to WT control mice, MPC TubKO mice showed increased glycolysis, decreased kidney injury and oxidative stress markers,
and strikingly increased survival.

Conclusions: Our findings suggest that decreased renal tubular mitochondrial pyruvate uptake hormetically upregulates oxidant defense
systems before AKI and is a beneficial adaptive response after rhabdomyolysis-induced AKI. This raises the possibility of therapeutically
modulating the MPC to attenuate AKI severity.

© 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION kidney disease [3,4]. Tubular cell injury is an initiating event in the

pathophysiological cascade of AKI. Although mechanisms of tubular
Acute kidney injury (AKI) is a major societal health problem [1,2]. In  injury are diverse, altered mitochondrial function and increased
hospitalized patients, AKI is associated with increased length of stay, oxidative stress are common features. Tubular cells are rich in mito-
cost, and risk of mortality. Furthermore, survivors of AKl are at risk for ~ chondria that support ATP production to maintain their energy-
greater injury from subsequent renal insults and for developing chronic  intensive reabsorption processes. The high metabolic rate and
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mitochondrial content of tubular cells in-turn confers a high vulnera-
bility to secondary oxidative injury following a primary insult (reviewed
in [5—71]). Thus, understanding the relationship between tubular cell
mitochondrial energetics and redox processes is critical to develop
improved methods of attenuating AKI.

Mitochondrial pyruvate oxidation is a central feature of kidney meta-
bolism, regulates redox balance, and is decreased during AKI [8—12].
All tubular segments utilize pyruvate for mitochondrial metabolism
derived primarily from circulating lactate and secondarily from
glycolysis [13,14]. Conversion of lactate to pyruvate in route to mito-
chondrial oxidation generates cytosolic NADH, and oxidation of gly-
colytically produced pyruvate decreases glucose availability for NADPH
production by the pentose phosphate pathway (PPP). Within mito-
chondria, pyruvate oxidation provides NADH and FADH2 that energize
the electron transport chain (ETC) and drive oxidative phosphorylation
for bulk ATP production. However, when mitochondria are dysfunc-
tional, pyruvate oxidation can contribute to dysregulated ETC activity as
a primary producer of cytotoxic reactive oxygen species (ROS). Under
conditions of pathological ROS, channeling glucose into the PPP is
cytoprotective by generating the NADPH required as cofactor for the
glutathione and thioredoxin antioxidant systems. Thus, during AKI
glucose, lactate, and pyruvate metabolism must be coordinated to
minimize ROS-dependent cellular damage while maintaining adequate
energy production. However, the mechanisms leading to the
decreased mitochondrial pyruvate oxidation during and how they
contribute to AKI are not well understood.

The mitochondrial pyruvate carrier (MPC) regulates the fate of glucose
and lactate by transporting their common product pyruvate into
mitochondria for TCA cycle oxidation. The MPC is a mitochondrial
inner-membrane protein complex formed by two obligate subunits,
MPC1 and MPC2 [15,16]. Studies of MPC disruption in diverse systems
illustrate a conserved metabolic adaptive program where glucose and
lactate oxidation decrease, glycolysis increases, and TCA cycle
glutamine oxidation increases [17—24]. In some cases, this contrib-
utes to disease, such as in many cancers where MPC disruption
augments the Warburg effect [25,26]. Conversely, in others, MPC
disruption is beneficial, such as in adult skeletal muscle and liver,
where it attenuates type 2 diabetes [27—30]. Notably, in the liver,
which like the kidney has profound capacity to oxidize glutamine, the
increased glutamine oxidation caused by MPC disruption competes
with glutathione synthesis and adaptively increases glutathione turn-
over through the transsulfuration pathway [31]. Thus, the MPC oc-
cupies a nexus of metabolism, impacting energetics, substrate
preference, and ROS defense systems, and can be therapeutically
disrupted in some tissues [27—30]. However, the role of the MPC in
normal kidney metabolism and in response to AKI, which is distinc-
tively marked by decreased pyruvate oxidation and increased oxidative
stress, is poorly defined.

Here, we address the role of the MPC in basic kidney tubule meta-
bolism and AKI. Data from publicly available, large-scale datasets
corroborated by our own experiments showed that the MPC is
downregulated after AKI, raising the question of how decreased MPC
activity affects AKI severity. To investigate this, we generated novel
kidney tubule epithelial cell-specific MPC knockout (MPC TubKQ) mice
and implemented a rhabdomyolysis model of AKI. Under normal
conditions, MPC TubKO decreased glucose, lactate, and pyruvate influx
into TCA cycle metabolites and increased glucose influx into the PPP,
NADPH levels, and glutathione turnover and reduction state. MPC
TubKO strikingly increased survival from rhabdomyolysis-induced AKI,
which was accompanied by decreased ROS-mediated tubular injury.
Our findings demonstrate a central role of the kidney tubular cell MPC

in metabolic regulation. They suggest that MPC TubKO protects from
rhabdomyolysis-induced AKI by both hormetically upregulating PPP
activity and enhancing the metabolic switch to glycolysis during injury.
These data provide an example of how modulating mitochondrial
carbon fuel transport can protect from AKI, highlighting the potential
therapeutic value of targeting mitochondrial transporters to protect
from metabolic injury.

2. MATERIALS AND METHODS

2.1. Mice breeding

All animal care and procedures were conducted in adherence to the
National Institute of Health Guide for the Care and Use of Laboratory
Animals. Studies were approved by the Nationwide Children’s Hos-
pital (protocol #AR20-00055) and the University of lowa (protocol
#8041235-004) Institutional Animal Care and Use Committees.
Mpc7f/f mice, generated as previously described [27], were
crossed to tubule specific Pax8-Cre (Jackson Laboratory, 028196)
[32,33] generating [Pax8“®*"~Mpc1” (MPC TubKO)] and controls
[Pax8“"~"~ Mpc1” (WT)]. ROSA™ME (Jackson Laboratory, 007676)
were crossed with mice expressing Cre under the control of the
gamma-glutamyltransferase promoter (Ggt1-Cre) as previously
described [34]. All mice were maintained on a C57BI6J background
and Mpc1” mice were backcrossed to WT C57BI6J at least 10
generations prior to use.

2.2. Animal models of AKI

Ischemia reperfusion (IR)-, cisplatin-, and rhabdomyolysis-induced AKI
were applied to male mice aged 8—12 weeks using methods previ-
ously described [35—38]. Briefly, to cause ischemia-reperfusion injury,
kidneys of isoflurane anesthetized mice were exposed and bilateral
renal pedicles were clamped for 30 min. Following clamp removal,
sutures closed the muscle and skin around the incision. The sham
groups underwent a similar procedure but without bilateral clamping.
Cisplatin-induced nephrotoxicity was trigged by a single intraperitoneal
cisplatin (30 mg/kg) injection as described previously [37], and the
sham (vehicle) group was injected with equal volumes of normal sa-
line. To induce rhabdomyolysis, mice were intramuscularly injected
with 50% glycerol (Sigma, G7893, dose 7.5—10 mL/kg) to the two
hind-legs, and the sham group was injected with equal volumes of
normal saline. For all injury models, kidneys were dissected from ad
libitum fed, anesthetized mice and snap frozen within 2—3 min for
non-metabolomic analytical work.

2.3. Renal function

Blood samples were collected via submandibular bleed into BD
Microtainer tubes with serum separator additive (BD 365967), stored
on ice for at 15 min, and centrifuged at 1200 rpm for 2 min at room
temperature to obtain serum, which was stored at —80 °C until use.
Serum Cystatin C levels were measured using the Mouse/Rat Cystatin
C Quantikine enzyme-linked immunosorbent assay (ELISA) kit (R&D
Systems, MSCTCO). Blood Nitrogen Urea serum levels were measured
using the QuantiChrom Urea Assay Kit (BioAssay Systems, DIUR-100).

2.4. Uniformly labeled ([U—"3C])-glucose and [U—"3C]-lactate/-
pyruvate in vivo tracing

7 - 8- or 10 - 12-week-old WT and MPC TubKO mice were fasted for
4 h prior to intraperitoneal injection with uniformly labeled [U—13C]-
glucose (10% 13C-glucose, 2.0 g/kg lean body mass, Cambridge
Isotope) or uniformly labeled [U—'3C]-lactate/-pyruvate (10:1, 3.0 g/kg
lean body mass, Cambridge Isotope), respectively. For tracing during
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acute kidney injury, rhabdomyolysis-induced injury was induced as
described above and after 6 h mice were injected with [U—13C]-
glucose. 30 min after injection mice were anesthetized using a pre-
determined time course of isoflurane administration. The abdomen of
the anesthetized mice was opened exposing the kidneys. A single
kidney was isolated, dissected, and frozen within 30 s using a liquid No
cooled freeze-clamp [39]. Freeze-clamped tissues were processed for
LC-MS as described in the Supplemental Methods. Kidneys harvested
from mice treated with natural abundance lactate/pyruvate were used
to correct for '°C natural abundance [40]. Metabolite identification is
described in the Supplemental Methods.

2.5. Activity assays

For all enzymatic activity assays, whole kidney tissue including cortex
and medulla was homogenized in DETAPAC buffer comprising 0.05 M
phosphate buffer, pH 7.8, 1.34 mM DETAPAC, and protein levels were
determined using the Lowry assay. The assays were performed on a
Beckman DU 800 spectrophotometer.

2.5.1. MnSOD activity assay

SOD activity was determined using the indirect competitive inhibition
assay as described previously [41]. Briefly, the flux of superoxide
generated by the reaction of xanthine & xanthine oxidase was
measured using nitroblue tetrazolium (NBT). Increasing concentrations
of SOD rapidly converts the superoxide produced to hydrogen peroxide
and the rate of NBT reduction is inhibited and can be measured
spectrophotometrically at 560 nm. The rate of NBT reduction is
calculated as percent inhibition, relative to the NBT reduction in the
absence of the sample and the amount of protein causing 50%
maximum inhibition is defined as one unit of activity. MnSOD activity
was distinguished from CuzZSOD activity using 5 mmol/L NaCN as
described [41].

2.5.2. Glutathione reductase (GR) activity

GR activity was determined by the method of Ray and Prescott [42].
Briefly, sample was diluted into a reaction mixture containing 70 mM
KPi, pH 7.6, with 2.4 mM EDTA, 0.1% BSA, 94 uM NADPH, and 1 mM
GSSG. The loss of NADPH was assessed at room temperature by
monitoring the change in absorbance at 340 nm.

2.5.3. Thioredoxine reductase (TRR) activity
TRR activity was determined using a commercially available kit (Sigma,
CS0170) performed according to the supplied instructions.

2.5.4. Glucose 6 phosphate dehydrogenase (G6PD)

G6PD activity was measured using the method of Glock and McLean
[43]. Briefly, kidney homogenate was added to a solution containing
75 mM Tris, pH 8.0, with 0.75 mM MgCly, 1.5 mM NADP™, and
1.2 mM glucose 6-phosphate. G6PD activity was determined by the
rate of NADPH formation at 340 nm. To ensure the specificity of GGPD
activity measurement, homogenates were also run in the presence of
1.2 mM 6-phosphogluconic acid, with and without glucose 6-
phosphate.

2.5.5. Citrate synthase activity

Citrate synthase activity was measured using the protocol previ-
ously described [44]. A sample volume equivalent to 50 pg of
protein was combined with 0.5 mM oxaloacetic acid, and 0.1 mM
dTNB. The formation of TNB was monitored at 412 nm every
30 min for 2 h. Regression analysis was used to determine reaction
rates.
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2.5.6. Mitochondrial ETC activities

Measurements of the ETC complex activities were done as described
previously [45]. Complex | activity was assayed as the rate of
rotenone-inhibitable NADH oxidation at 340 nm with 425 nm as
reference. Samples were assayed with or without 200 pg/mL rote-
none in working buffer containing 25 mM potassium phosphate
buffer, 5 mM magnesium chloride, 2 mM potassium cyanide, 2.5 mg/
mL BSA, 0.13 mM NADH, 200 pg/mL antimycin A, 7.5 mM coenzyme
Q1. Complex Il activity was assayed as the rate of reduction of 2,6-
dichloroindophenol by coenzyme Q in the presence and absence of
0.2 M succinate at 600 nm. Samples were incubated with or without
succinate in 25 mM potassium phosphate buffer, 5 mM magnesium
chloride, 2 mM potassium cyanide, 2.5 mg/mL BSA for 10 min at
30 C. After incubation, 200 pg/mL antimycin A, 200 pg/mL rotenone,
5 mM DCIP, and 7.5 mM coenzyme Q1 were added to each cuvette
and incubated for 1 min before reading absorbance rates. Complex llI
activity was assayed as the rate of cytochrome ¢ reduction by co-
enzyme Q2 at 550 nm with 580 nm as reference. Samples were
assayed in 25 mM potassium phosphate buffer, 5 mM magnesium
chloride, 2 mM potassium cyanide, 2.5 mg/mL BSA, 0.5 mM n-
dodecyl B-maltoside, 200 pg/mL rotenone, 1.5 mM cytochrome ¢,
and 3.5 mM coenzyme Q2.

2.6. Statistics

Data are presented as the mean + SEM. Statistical analysis was per-
formed using GraphPad Prism 8 and 9 (GraphPad Software). An unpaired
t test was used to compare differences between 2 groups. Multiple-group
comparisons were performed using one- or two-way ANOVA with the
Holm-Sidak multiple comparison test. Differences were considered sta-
tistically significant when a P value was less than 0.05.

2.7. Additional methods
Additional methods can be found in the Supplemental Document.

3. DATA AVAILABILITY

3.1. Lead contact

Additional information and requests for reagents and resources should
be directed to and will be fulfilled by the lead contacts, Dr. Diana
Zepeda-Orozco (diana.zepeda-orozco@nationwidechildrens.org) and
Dr. Eric Taylor (eric-taylor@uiowa.edu).

3.2. Materials availability
No new materials were generated during this study.

4. RESULTS

4.1. Mpc1 is expressed in proximal and distal tubular segments
and is decreased in AKI

Mitochondrial pyruvate oxidation impacts cellular redox state through
multiple pathways and is decreased in AKI [8—11]. Because mito-
chondrial pyruvate uptake gates pyruvate oxidation, changes in
tubular MPC activity could contribute to the decreased pyruvate
oxidation and redox perturbations from AKI. To examine this, we first
queried publicly available RNAseq datasets and observed tubular
Mpc1 mRNA abundance to be significantly downregulated following
cisplatin-, ischemia reperfusion-, and rhabdomyolysis-induced AKI
(Supplemental Figure 1A, B) [46,47]. To test the reproducibility of
these results, we implemented similar mouse models of each. We
found that, in addition to Mpc7 mRNA, MPC1 protein levels were
significantly decreased 48 h after cisplatin-, ischemia-reperfusion-,
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rhabdomyolysis-induced AKI (Figure 1A—C, Supplemental Figure 1C).
Because rhabdomyolysis-induced AKI decreased MPC1 protein the
most among the models tested, we extended our analysis of
rhabdomyolysis-injured tissue. Immunofluorescence analysis showed
that tubular MPC1 protein was primarily decreased in the cortico-
medullary junction with a prominent decrease in the distal tubular
segments (Figure 1D). Widespread cell death was not observed,
consistent with the decrease in MPC protein content being a regu-
lated cellular event. We then generated mT/mG/Ggt1-Cre reporter
mice that express membrane-localized GFP in renal tubular epithelial
cells (RTECs), whereas all other cell-types express membrane-
localized tdTomato (Figure 1E). RTECs showed significantly
decreased Mpc? mRNA and MPC1 protein abundance following
rhabdomyolysis-induced AKI, which remained unchanged in Non-
RTECs (Figure 1F,G). VDAC protein levels were unaffected by
injury, demonstrating that the decreased RTEC MPC1 abundance
occurred independent of changes in total mitochondrial content
(Figure 1G).

4.2. Generation and characterization of MPC TubKO mice

To test the role of the MPC in the kidney tubule in vivo, we generated
Mpc1 pan-tubular epithelial cell knock out mice (MPC TubKO) by
crossing Mpc1”" mice with Pax8-Cre mice (Figure 2A). MPC TubKO
mice were viable at birth, and at 8 weeks of age they displayed normal
body weight and levels of the renal function marker Cystatin C
(Figure 2B, C). Mpc1 mRNA was decreased by greater than 90% in
MPC TubKO kidney tissue, which propagated to similar decreases in
both MPC1 and MPC2 protein content (Figure 2D—G). We performed
immunofluorescence staining across tubular segments to identify
potential regions with residual MPC1 protein (Figure 2H). Compared to
WT controls, MPC1 in MPC TubKO mice was nearly absent in the
proximal tubule cells of the renal cortex and corticomedullary junction
and decreased but not eliminated in the corresponding distal tubules.
Pax8 is reported to be expressed in the developing brain and liver
[32,48]. To test for Mpc1 deletion in brain and liver, we measured
mRNA and protein abundance in these tissues from WT and MPC
TubKO mice. Compared to WT controls, Mpc? mRNA and MPC1 protein
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Figure 1: Mpc1 is expressed in proximal and distal tubular segments and is decreased in AKI. (A) Bar graph comparing kidney Mpc1 mRNA levels after vehicle treatment or
cisplatin-, ischemia reperfusion (IR)-, or rhabdomyolysis (Rhabdo)-induced AKls. Samples were collected 72 h after cisplatin injury and 24 h after IR and rhabdomyolysis injuries.
(n = 6/group; ***p < 0.001 by unpaired t test). (B) Representative Western blot of kidney MPC1 protein abundance 24 h after rhabdomyolysis-induced AKI. VDAC was blotted as a
loading control and ponceau staining of the membrane is shown. (n = 5, **p < 0.01 by unpaired t test). (C) Quantification of VDAC normalized MPC1 protein abundance after
rhabdomyolysis-induced AKI. (n = 5, **p < 0.01 by unpaired t test). (D) Representative immunostaining images of MPC1 (red), lotus tetragonolobus lectin (LTL, green, proximal
tubule marker), or peanut agglutinin (PNA, green, distal tubule marker), and DAPI (blue) in whole kidney, outer cortex (OC) and cortico-medullary junction (CM) kidney sections 30 h
following vehicle treatment or rhabdomyolysis-induced AKI. (Images captured at 15x magnification; whole kidney scale bar = 1,000 um; OC and CM scale bar = 50 pum). (E)
Representative fluorescence image of kidney sections of mT/mG/Ggt1-Cre mice confirming GFP + renal tubular epithelial cells (green, #, GFP) and tdTomato + non-RTEC cells
(red, *, tdT) stained with Dapi (blue). (Scale bar = 100 pm). (F) Bar graph comparing Mpc? mRNA levels in flow-sorted Non-RTEC (tdTomato+) and RTEC (GFP+) cells 24 h after
vehicle treatment or rhadbomyolysis-induced AKI. (n = 5/group, ***p < 0.001 by unpaired t test). (G) Representative Western blot of MPC1 and VDAC protein abundance in flow-
sorted Non-RTEC (tdTomato+) and RTEC (GFP-+) cells 24 h after rhabdomyolysis-induced AKI. B-ACTIN was blotted as a loading control. Data are presented as means + SEM.
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mRNA levels in WT and MPC TubKO mice. (n = 4/group, 7 - 12-week-old mice, **p < 0.01 by unpaired t test). (E—G) Representative Western blot of kidney MPC1 and MPC2
protein abundance (E) and quantification of normalized MPC1 (F) and MPC2 (G) protein levels in WT and MPC TubKO mice. Tubulin was blotted as loading control and used as the
protein quantification normalizer. Ponceau staining of the membrane is shown. (n = 4—6/group, 7 - 12-week-old mice, **p < 0.01 and ***p < 0.001 by unpaired t test). (H)
Representative immunostaining images of kidney MPC1 (green) and lotus tetragonolobus lectin (LTL, green, proximal tubule marker) or peanut agglutinin (PNA, green, distal tubule
marker) in the whole kidney (WK), outer-cortex (OC), and cortico-medullary junction (CM) in WT and MPC TubKO mice. (Images taken at 4x (WK) or 20x (OC and CM)

magnification, scale bar = 500 pum). Data are presented as means + SEM.

levels were similar in the brains and livers of MPC TubKO, consistent
with tubular cell-delimited MPC knockout (Supplemental Figure 2A-F).

4.3. Tubular Mpc1 deletion decreases cellular pyruvate oxidation
and perturbs ETC function

Next, we considered how tubular cell MPC loss affects bioenergetics.
We surveyed the mitochondrial oxygen consumption effects of MPC
inhibition by UK5099, a well-described MPC inhibitor [49], in the LLC-
PK1 pig kidney tubular epithelial cell line. When pyruvate was supplied
as the sole oxidative fuel, MPC inhibition significantly decreased
oligomycin-dependent proton leak and FCCP-dependent maximal

respiration (Figure 3A). In previous reports on non-kidney systems,
MPC loss adaptively increases glutamine metabolism to maintain
mitochondrial metabolite levels and drive electron transport chain
(ETC) conductance [18,20]. Here, when glutamine was supplied as the
substrate, LLC-PK1 cell 0, consumption rates did not change with
MPC inhibition (Figure 3B). This was in contrast to isolated kidney
mitochondria, where MPC TubKO increased glutamine oxidation rates,
which may signify adaptation to chronic MPC loss (Supplemental
Figure 3A). Fatty acid oxidation is a quantitatively important fuel for
kidney energy production [50] and in prior reports increased with MPC
disruption in C2C12 myoblasts, liver, and skeletal muscle
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Figure 3: Tubular Mpc1 deletion decreases cellular pyruvate oxidation and perturbs ETC function. (A-C) Line graph showing the oxygen consumption rate of LLC-PK1 cells
provided with (A) pyruvate, (B) glutamine, or (C) palmitate + glucose as substrates. Inhibitors were added as indicated. Veh., Vehicle; Oligo., Oligomycin; Rot./Anti.A, Rotenone/
Antimycin A;, Eto., Etomoxir. (n = 5—12, p < 0.1, *p < 0.05, ***p < 0.001 by two-way ANOVA with the Holm-Sidak multiple comparison test within measurement). (D) Line
graph showing the extracellular acidification rate of LLC-PK1 cells provided with glucose and pyruvate. Inhibitors added as indicated. (n = 12). (E) Representative Western blot of
kidney ETC marker Complex | (Cl), NDUFB8; Complex Il (Cll), SDHB; Complex Il (Clll), UQCRC2; Complex IV (CIV), MTCO1; and Complex V (CV), ATP5A protein abundances in WT and
MPC TubKO mice. (n = 4/group, 6 - 8-week-old mice). (F) Bar graph comparing the quantified VDAC protein level in WT and MPC TubKO mice. (n = 5/group, 6 - 8-week-old mice).
(G-J) Bar graphs comparing the whole-kidney enzymatic activities of citrate synthase (G), Complex | (H), Complex Il (I), and Complex Il (J) in WT and MPC TubKO mice. (n = 4/
group, 6-week-old mice, *p < 0.05 by unpaired t test). Data are presented as means + SEM.

[17,27,28,30]. Here, UK5099-treated LLC-PK1 cells oxidized palmitate
at similar rates to vehicle treated cells (Figure 3C). We then examined
the extracellular acidification rates of vehicle- or UK5099-treated LLC-
PK1 cells as a measure of glycolytic activity. We found these to be
unchanged, suggesting that acute MPC inhibition does not alter
glycolytic rates and that LLC-PK1 cells may maintain essential ener-
getics with basal levels of glycolysis and mitochondrial oxidation of
glutamine and fatty acids (Figure 3D). Next, we assessed VDAC protein
levels and citrate synthase activity in whole kidney extracts as markers
of mitochondrial content and found no differences between MPC
TubKO mice and WT controls (Figure 3E—G, Supplemental Figure 3B).
Similarly, no apparent differences were detected in markers of ETC
protein abundance (Figure 3E). Given that each ETC complex com-
prises multiple subunits and that individual ETC protein levels do not
denote enzymatic activities, we biochemically evaluated ETC Complex

I, II, and Il activities. Complex | and complex Il activities were similar
between MPC TubKO and WT controls (Figure 3H, I). However, MPC
TubKO complex Il activity was significantly decreased, suggesting that
MPC loss may downregulate the ETC, which could alter ROS pro-
duction (Figure 3J) [51]. Together, these data suggest tubular MPC
disruption directly affects mitochondrial function without altering
cellular mitochondrial content.

4.4, Tubular MPC disruption leads to upregulation of oxidant
defense systems

To identify metabolic changes evoked by tubular MPC disruption, we
compared the steady-state metabolomic profiles of freeze-clamped
WT and MPC TubKO kidney tissue. The relative abundances of 49
metabolites were significantly different (Figure S4A, Supplemental
Table 1). While pyruvate was not significantly increased, lactate and
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Figure 4: Tubular MPC disruption leads to upregulation of oxidant defense systems. (A-D) Bar graphs showing kidney metabolite levels in WT and MPC TubKO mice.
Pyruvate, lactate, and alanine (A), TCA cycle metabolites (B), GSH synthesis substrates glycine, cysteine, and glutamate (C), and 2-hydroxybutyrate, a marker of GSH turnover (D).
(n = 6/group, 8 - 12-week-old mice, *p < 0.05, **p < 0.01, and ***p < 0.001 by unpaired t test). (E) Schematic illustrating mitochondrial antioxidant defense system including
MnSOD, manganese superoxide dismutase; GSH, glutathione; GSSG, oxidized glutathione; GPX, glutathione peroxidase; GR, glutathione reductase; Prx, peroxiredoxin; TRR, thi-
oredoxin reductase; Trxeq, reduced thioredoxin; and Trxo, and oxidized thioredoxin. (F-G). Bar graphs comparing kidney total GSH (GSH + GSSG) (F) and the % of GSSG of total
GSH (GSH + GSSG) (G) in WT and MPC TubKO mice. (n = 5/group, 12 - 14-week-old mice, *p < 0.05 by unpaired t test). (H) Bar graph showing MitoSOX oxidation in the
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alanine, which are produced from pyruvate by single metabolic re-
actions and were previously identified to be increased in models of
MPC disruption [28,29,39], were significantly increased in MPC TubKO
kidneys (Figure 4A). TCA cycle metabolites were broadly decreased
except for a-ketoglutarate, which is consistent with decreased pyru-
vate and increased glutamine oxidation (Figure 4B). Notably, MPC
TubKO kidneys had decreased levels of the glutathione (GSH) synthesis
substrates glycine, cysteine, and glutamate (Figure 4C) and increased
levels of 2-hydroxybutyrate, a marker of glutathione turnover
[31,52,53] (Figure 4D). These data indicate that tubular MPC loss
elicits metabolic adaptation, including changes to central carbon and
glutathione metabolism.

Based on these metabolomic changes, we analyzed the transcript
abundance of related enzymes. Transcript levels of glutathione syn-
thase (Gss) were significantly decreased with MPC loss, but glutamate-
cysteine ligase subunits (Gcle) and (Gelm) were unchanged
(Supplemental Figure 4B). Glycolytic hexokinase1 (Hk7), phospho-
fructose kinase (Pfkp), and lactate dehydrogenase (Ldha) transcript
levels were unchanged (Supplemental Figure 4C). No differences were
observed in transcript levels of enzymes involved in fatty acid oxidation
like acyl-CoA oxidase 1 (Acox7) and hydroxyacyl-CoA dehydrogenase
trifunctional enzyme (Hadha), glutaminase (Gls), or glutamate dehy-
drogenase (Glud) (Supplemental Figure 4D,E). Lastly, we measured
transcript abundance for glutamate-pyruvate transaminase 1 (Gpt7)
and malic enzyme 1 (Me7), which catalyze cytosolic pyruvate-alanine
and pyruvate-malate interconversions, respectively [27,28,54]. Me1
levels were significantly decreased in MPC TubKO mice, while Gpt1
levels were unchanged (Supplemental Figure 4F). These data
demonstrate that under basal conditions MPC loss minimally affects
transcript levels of key metabolism genes.

Glutathione is the most abundant cellular antioxidant, a key factor in
redox signaling, a modulator of cell fate and function (reviewed in [55]),
and an integral component for hydroperoxide and electrophile detox-
ification (Figure 4E). Because our metabolomic profiling data showed
changes in glutathione metabolism, we measured total and oxidized
glutathione (GSSG) levels using an enzyme-coupled reaction in whole
kidney lysates from WT and MPC TubKO mice. Total glutathione levels
(GSH + GSSG) were not different (Figure 4F); however, the amount of
GSSG in the total glutathione pool (GSH + GSSG) was increased in the
MPC TubKO mice, consistent with increased glutathione synthesis and
turnover (Figure 4G).

Our finding that MPC TubKO mice have decreased complex Il
(Figure 3J) activity and an altered glutathione oxidation state
(Figure 4G) led us to speculate that loss of the tubular MPC could
increase ROS levels and alter cellular redox homeostasis. To test this,
we isolated primary tubular cells from MPC TubKO and WT mice and
measured mitochondrial ROS production. Superoxide-dependent
MitoSOX oxidation in MPC TubKO tubular cells trended towards
increased under basal conditions and was significantly increased with
complex Il inhibitor antimycin A treatment (Figure 4H). Next, we
measured the kidney levels of 3-nitrotyrosine (3NT), which is formed
from peroxynitrite (ONOO-: the product of Oe- + eNO) reacted with
tyrosine residues and is a representative marker of oxidative protein
modification. MPC TubKO mice had increased 3NT levels (Figure 41, J).
These data indicate that that tubular MPC loss increases reactive ox-
ygen species production.

We expanded our studies to the effects of tubular MPC loss on mito-
chondrial redox response and cellular oxidant defense systems. As a
first step of oxidant defense, aberrant ETC-generated superoxide un-
dergoes dismutation to hydrogen peroxide by manganese superoxide
dismutase (MnSOD; SOD2) (Figure 4E). MPC TubKO mice had

increased MnSOD activity compared to WT controls (Figure 4K). Next,
we looked downstream to the GSH regenerating activity of glutathione
reductase (GR), which reduces hydrogen peroxide to water thereby
detoxifying ROS. GR activity was mildly, but not significantly increased
in MPC TubKO mice (Figure 4L, p = 0.15). Thioredoxin (Trx) provides a
second thiol redox couple (Trxox-Trxeg) Sustained by thioredoxin
reductase (TRR) that maintains cellular hydrogen peroxide levels in
parallel to GR (Figure 4E). Thioredoxin reductase activity was signifi-
cantly increased in MPC TubKO mice (Figure 4M). Glutathione reduc-
tase and thioredoxin reductase catalysis require NADPH oxidation to
NADP (Figure 4E). Consistent with increased support for glutathione
reductase and thioredoxin reductase activity, we found increased
NADPH and, inversely, decreased NADP with MPC TubKO
(Supplemental Figure 4G) resulting in an increased NADPH/NADP ratio
in MPC TubKO mice (Figure 4N). This suggests that tubular MPC
disruption leads to coordinated increases in NADPH redox cycling and
activation of the glutathione and thioredoxin oxidant defense systems.

4.5. MPC TubKO mice have decreased glucose oxidation, exhibit
increased PPP activity, and upon injury are better able to switch to
glycolytic metabolism

The pentose phosphate pathway (PPP) is the major source of NADPH
regeneration in many systems. Thus, we considered whether
increased PPP activity could contribute to the increased NADPH/NADP
ratio and help sustain the increased activities of the glutathione and
thioredoxin antioxidant systems in MPC TubKO mice. To address this,
we traced uniformly labeled ([U—'3C])-glucose 30 min after a bolus
injection into PPP metabolites in WT and TubKO mice, during non-
injured control conditions and after rhabdomyolysis-induced AKI
(Figure 5A,B). M+-6 glucose 6-phosphate, M+6 6-phosphogluconate,
and M+5 Ribulose/Ribose 5-phosphate 'C-enrichments were
increased in MPC TubKO vs WT under control conditions while pool
sizes were unchanged (Figure 5C—E, Supplemental Table 2). In
contrast, increased 13C-enrichment after rhabdomyolysis injury in MPC
TubKO vs WT was only observed in glucose 6-phosphate (Figure 5C). In
WT mice, rhabdomyolysis injury led to increased M+6 glucose 6-
phosphate and M+5 Ribulose/Ribose 5-phosphate 13G-enrichments
(Figure 5C, E). These data suggest that under non-injured conditions
tubular MPC loss increases glucose flux into the PPP that upregulates
ROS defenses before injury and eases the metabolic burden for PPP
activation after injury.

Because it can operate freely of mitochondrial oxidative phosphory-
lation and concomitant risk of ROS generation, glycolysis is an
important energy source during AKI [8,9,12]. We extended our eval-
uation of glucose fluxes to glycolysis. We examined '*C-enrichments
into fructose 6-phosphate, a metabolite of proximal glycolysis down-
stream of PPP shunting, and pyruvate and lactate, terminal glycolytic
metabolites. In non-injured but not rhabdomyolysis-injured MPC
TubKO vs WT mice, M+6 fructose 6-phosphate and M+3 pyruvate
13C-enrichments were significantly increased (Figure 5F—G). Notably,
M-+3 lactate '®C-enrichment was increased with rhabdomyolysis
injury, which was further elevated by MPC loss (Figure 5H). Moreover,
lactate abundance was increased in rhabdomyolysis-injured MPC
TubKO mice. These data demonstrate that MPC TubKO amplifies the
increased glycolysis resulting from rhabdomyolysis AKI.

In contrast to increased glycolysis, MPC disruption is expected to
decrease mitochondrial glucose oxidation. Under non-injured condi-
tions, MPC TubKO non-significantly decreased M-+2 acetyl-CoA '3C-
enrichment and significantly decreased total acetyl-CoA abundance
(Figure 5l). This result was matched by decreased M+-2,3 citrate,
fumarate, malate, and aspartate (oxaloacetate surrogate) 13¢.-
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Figure 5: MPC TubKO mice decrease glucose oxidation, increase PPP activity, and upon injury are better able to switch to glycolytic metabolism. (A) Schematics
illustrating pentose phosphate pathway (PPP) (top) and '3C-enrichment patterns into glycolysis, the PPP, and the TCA cycle from '3C-glucose (bottom). MPC, mitochondrial pyruvate
carrier; PDH, pyruvate dehydrogenase; PC, pyruvate carboxylase; OAA, oxaloacetate. (B) Schematics illustrating the experimental design for in vivo uniformly labeled [U—"3C]-glucose
tracing experiments under control and rhabdomyolysis-induced AKI conditions. (C-M) Bar graphs showing kidney 'C-isotopologue enrichments and metabolite abundances 30 min
after [U—"3C]-glucose bolus injection in control (CTRL) and rhabdomyolysis-injured (Rhabdo) WT and MPC TubKO mice. (C-E) Pentose phosphate pathway metabolites (C) Glucose 6-
phosphate, (D) 6-phosphogluconate, and (E) Ribulose/Ribose 5-phosphate. (F—H) Glycolytic intermediate metabolites (F) Fructose 6-phosphate, (G) Pyruvate, and (H) Lactate. (I-M)
TCA cycle intermediate metabolites (I) Acetyl-CoA, (J) Citrate, (K) Fumarate, (L) Malate, and (M) Aspartate. (n = 7/group, 7 - 8-week-old mice, *p < 0.05 and **p < 0.01,
***p < 0.001 by two-way ANOVA with the Holm-Sidak multiple comparison test (% Enrichment) or by unpaired t test (Fold abundance)). Data are presented as means + SEM.

enrichments (Figures 5J—M). Consistent with mitochondrial pyruvate
uptake being the modulated metabolic control point with MPC
disruption, a similar result to the latter was observed when uniformly
labeled [U—13C]-Iactate/-pyruvate were co-administered and traced
(Supplemental Figure 5B-C). Rhabdomyolysis injury decreased M+2,3
13C-enrichments into citrate, malate, and aspartate in WT mice, which
was further increased by MPC TubKO (Figure 5J—M). Residual TCA
cycle intermediate '3C-enrichments in MPC TubKO likely resulted from

alanine-bypass activity as demonstrated in other MPC loss models
[27,28,54]. While the kidney has a role in systemic glucose homeo-
stasis via gluconeogenesis and glucose reabsorption, tubular MPC
deletion did not impact systemic blood glucose or lactate levels,
following an 18 h fast or in response to a bolus injection of lactate/
pyruvate (Supplemental Figure 5D-l). These data demonstrate that
MPC TubKO augments the decreased mitochondrial pyruvate oxidation
resulting from rhabdomyolysis AKI.
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4.6. MPC TubKO mice are protected from ROS mediated damage
Because tubular MPC loss upregulated the glutathione and thioredoxin
antioxidant systems and increased PPP glucose influx under basal
conditions, we sought to understand how MPC TubKO impacts the PPP
enzymatic activity response to AKI. We again utilized rhabdomyolysis-
induced AKI, where ROS-dependent injury causes pan-tubular damage
(Figure 6A) [56]. First, we examined the activities of the NADPH-
producing PPP enzymes glucose 6-phosphate dehydrogenase (G6PD)
and 6-phosphogluconate dehydrogenase (6PGDH) (Figure 6B). Twenty-
four hours after rhabdomyolysis injury MPC TubKO kidney G6PD ac-
tivity was significantly increased (Figure 6C) and 6PGDH trended to-
wards increased (p = 0.07, Figure 6D). To test if NADPH utilizing
oxidant defense systems were upregulated, we examined the activities
of glutathione reductase and thioredoxin reductase. Indeed, following
injury, MPC TubKO mice more robustly upregulated glutathione
reductase and thioredoxin reductase activities (Figure 6E, F). Finally,
MPC TubKO mice showed blunted rhabdomyolysis-induced tubular
protein glutathionylation, which is a stable marker of cellular oxidative
stress [57,58] (Figure 6G, H). These data provide a mechanistic
metabolome-to-enzyme activity-basis for how tubular MPC loss pro-
tects from oxidative stress during injury.

4.7. MPC TubKO mice are protected from rhabdomyolysis induced
kidney injury

Finally, we extended our investigation to test the effect of MPC TubKO
in clinical-translational outcomes following rhabdomyolysis-induced
AKI. MPC TubKO markedly increased overall survival through 48 h of
injury (100% vs 63.6%, p = 0.05, n = 11 WT and 9 MPC TubKO)
(Figure 7A). Furthermore, the renal function markers cystatin C and
blood urea nitrogen (BUN), which were similar before injury, were
lower in MPC TubKO mice 24 and 48 h after AKI (Figure 7B, C). MPC
TubKO mice similarly showed decreased transcript levels of the kidney
tubular injury markers Ngal and Kim1 24 h after AKI (Figure 7D,E), and
the histologically assessed tubular injury score 24 h after AKI was
decreased (Figure 7F). As a basic measure of cellular stress, we
observed decreased tubular apoptosis assessed by tunel staining in
MPC TubKO mice 24 h after injury (Figure 7G). These results
demonstrate that tubular MPC loss improves multiple markers of
kidney injury and protects against rhabdomyolysis-induced tubular
injury and AKI mortality.

To statistically summarize how MPC TubKO modulates the glutathione
and thioredoxin antioxidants systems during AKI, we correlated all
rhabdomyolysis-induced AKI injury data. In WT mice, the degree of
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Figure 6: MPC TubKO mice are protected from rhabdomyolysis induced kidney injury. (A-B) Schematics illustrating the time course of the rhabdomyolysis-induced AKI
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test). Data presented as means + SEM.
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Figure 7: Tubular MPC1 genetic deletion protects from rhabdomyolysis induced kidney injury. (A) Line graph showing the survival curve of WT and MPC TubKO mice
following rhabdomyolysis-induced AKI (Rhabdo). (n = 10—11/group, 8 - 12-week-old mice, *p < 0.05 by Mantel—Cox log-rank test). (B—C) Bar graphs showing serum cystatin C
(B), and blood urea nitrogen (G, BUN) levels prior to (D0) and on day 1 (D1, 24-hours) and day 2 (D2, 48 h) after vehicle treatment or rhabdomyolysis-induced AKI in WT and MPC
TubKO mice. (n = 10—11/group, 8—12 week-old mice, *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA followed by the Holm-Sidak multiple comparison tests). (D-E)
Bar graphs showing kidney Ngal (D) and Kim1 (E) mRNA levels one day (24 h) after vehicle treatment or rhabdomyolysis-induced AKI in WT and MPC TubKO mice. (n = 4/group for
vehicle treatment, n = 12—13/group for Rhabdo, 8 - 12-week-old mice, *p < 0.05 by two-way ANOVA with the Holm-Sidak multiple comparison test). (F-G) Bar graphs showing
quantification of histologically assessed tubular injury score (F) and tunel positive tubular cells (G) one day (24 h) after vehicle treatment or rhabdomyolysis-induced AKI in WT and
MPC TubKO mice. (n = 4/group for vehicle treatment, n = 12—13/group for Rhabdo, 8 - 12-week-old mice, **p < 0.01 and ***p < 0.001 by two-way ANOVA with the Holm-
Sidak multiple comparison test). (G-J) Heatmaps showing Spearman correlation between variables analyzed following vehicle treatment or rhabdomyolysis-induced AKI. Correlation
calculated in WT mice comparing Mpc1 mRNA levels, tubular injury, Ngal and Kim7 mRNA levels, tunel score, and tubular GSH with AKI (H). Spearman correlation performed in WT
(1) and MPC TubKO (J) mice comparing GSH and antioxidant defense system markers following rhabdomyolysis-induced AKI. Data are presented as means + SEM.

Mpc1 mRNA decrease inversely correlated with the degree of tubular
GSH (r = —0.75, p = 0.001), tubular injury (r = —0.72, p = 0.002),
tunel score (r = —0.70, p = 0.004), and tubular injury biomarkers
Ngal r = —0.62, p = 0.0125) and Kim? (r = —0.69, p = 0.004)
mRNA abundance (Figure 7H). Thioredoxin reductase activity positively
correlated with tubular GSH in WT mice (r = 0.72, p = 0.002) which
was lost in MPC TubKO mice (r = 0.22, p = 0.4) (Figure 71, J). Glucose
6-phosphate dehydrogenase activity and thioredoxin reductase and
glutathione reductase more strongly correlated in MPC TubKO mice
(r=20.81and 0.88, p < 0.001) compared to WT controls (r = 0.72 and
0.57, p = 0.002 and 0.024 respectively) showing that MPC TubKO
mice have an increased capacity to maintain tubular redox state and
increased PPP activity following AKI.
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5. DISCUSSION

Kidney metabolic changes following AKI including increased glycolysis
and decreased mitochondrial pyruvate oxidation are well described
[8—11]. However, the mechanisms regulating mitochondrial pyruvate
oxidation after AKI and how pyruvate oxidation capacity affects AKI
severity are not well defined. We found that MPC1 mRNA and protein
levels are decreased in renal tubular epithelial cells (RTECs) following
cisplatin-, ischemia reperfusion-, and rhabdomyolysis-induced AKI.
Given this observation, we aimed to test the contribution of the tubular
MPC to basic kidney metabolism and rhabdomyolysis-induced AKI
severity. Our overall findings demonstrate that the MPC regulates
tubular mitochondrial pyruvate oxidation in vivo and that MPC
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disruption induces upregulation of antioxidant systems, amplifies the
metabolic switch to glycolysis upon injury, and protects from
rhabdomyolysis-induced AKI.

This investigation demonstrates that the MPC plays a central role in
tubular metabolism that is also dispensable for basic kidney function.
Given the enormous energetic demands required for kidney function
and the decreased pyruvate oxidation observed after AKI, a key
question is how decreased pyruvate oxidation impacts kidney function.
Tubular epithelial cells rely on mitochondrial activity to perform a va-
riety of functions including ATP production, solute reabsorption,
gluconeogenesis, ammoniagenesis, redox balance, and calcium
signaling among others (reviewed in [59]). Our observations that serum
cystatin C, BUN, and tubular injury markers Ngal and Kim1 were
normal in uninjured MPC TubKO mice suggest that tubular cell
metabolic adaptations to MPC loss are sufficient to maintain normal
function and do not cause overt kidney injury.

Our results illustrate how tubular MPC disruption changes glucose
metabolism before and after rhabdomyolysis injury. Stable isotope
tracing in vivo in WT and MPC TubKO mice, before and after rhab-
domyolysis AKI, show that MPC disruption decreased glucose flux into
the TCA cycle and thus mitochondrial pyruvate oxidation. This result
was corroborated ex vivo by respirometry experiments with cultured
pig kidney epithelial LLC-PK1 cells showing that acute MPC inhibition
with UK5099 decreased pyruvate oxidation. Because the kidney gen-
erates the majority of its energy from fatty acid oxidation, which re-
quires mitochondrial oxaloacetate [50], we tested how acute MPC
inhibition affected fatty acid oxidation in LLC-PK1 cells. We observed
no significant effects of acute MPC inhibition on fatty acid oxidation.
This result suggests that essential pyruvate oxidation and anaplerosis
enabling fatty acid oxidation persisted after MPC disruption. Partial
maintenance of pyruvate oxidation and TCA cycle anaplerosis, in vivo
and ex vivo, likely occurs by a combination of pyruvate-alanine cycling
that bypasses the MPC and increased glutaminolysis that provides a
non-glucose-derived, MPC-independent mitochondrial fuel source
[18,27,28,31,54].

MPC TubKO increased glucose flux into the PPP before injury and into
lactate production after rhabdomyolysis AKI. In the non-injured state,
[U—"3C]-glucose tracing showed that MPC TubKO kidneys had
increased glucose 6-phosphate, 6-phosphogluconate, and ribulose/
ribose 5-phosphate 'C-enrichments. [U—'3C]-glucose tracing after
rhabdomyolysis AKI showed that MPC TubKO increased M—+3 lactate
13C-enrichment and lactate abundance. Notably, lactate 13¢C-enrich-
ment and abundance were increased in WT mice, but the effect was
greater in MPC TubKO mice, indicating an amplified glycolytic
response to injury. Previous research has shown that decreased renal
gluconeogenesis following kidney injury, which is also consistent with
increased glycolysis and decreased mitochondrial pyruvate utilization,
is associated with a worse prognosis [8,60]. However, our results
suggest that this correlation is not causative and that an enhanced
switch to glycolysis may be protective from severe rhabdomyolysis
injury.

Our results also highlight mitochondrial pyruvate oxidation as
contributing to AKI. AKI-dependent deactivating s-nitrosylation of py-
ruvate kinase M2 (PKM2) was previously found to increase PPP me-
tabolites and protect from ischemia-reperfusion injury [12]. In contrast
to inhibition of PKM2, decreasing MPC activity also impairs mito-
chondrial oxidation of circulating lactate. Circulating lactate is a major
kidney fuel source [61] that bypasses kidney PKM2 and is converted to
pyruvate by lactate dehydrogenase before mitochondrial import and
oxidation. Our metabolomic data show that MPC disruption not only
impairs pyruvate oxidation but increases kidney lactate levels, which

was previously observed after AKI [9]. Beyond their role as fuels, py-
ruvate and lactate are chemical antioxidants, and when increased
following AKI and in MPC TubKO mice could contribute to the AKI-
protective effects we observed in MPC TubKO mice [62—66]. In
accord, pyruvate administration during AKI has previously been shown
to protect against kidney damage [10].

Our results reveal that tubular oxidative state is closely tied to MPC-
dependent metabolism. The mitochondrial ETC maintains cellular
ATP levels and produces physiologic ROS that informs metabolic
regulation. However, perturbations in mitochondrial function can
dysregulate ETC function and make it the primary cellular producer of
pathological ROS [51,67]. Our observations that uninjured MPC TubKO
mice have decreased Complex Ill activity, increased 3NT-modified
proteins, and, in isolated MPC TubKO tubular cells, increased mito-
chondrial ROS production indicates that tubular MPC loss alters TCA
cycle-ETC coupling. This could portend that tubular MPC disruption
would be damaging to the kidney, especially during the extreme ROS
burden of AKI. Indeed, glutathione depletion has been associated with
increased oxidative damage in AKI [68], and delivery of AAV-
glutathione reductase has been shown to protect from kidney dam-
age [69]. However, the AKI-protective effects from MPC TubKO suggest
that the increased antioxidant capacity induced by MPC disruption
supersedes the primary metabolic stress imposed by it.

We note key limitations of this study and potential future areas of
research interest. We do not address the rapid onset mechanism that
downregulates Mpc1 following AKI or the processes increasing
glutathione reductase and thioredoxin reductase activities. Under-
standing these processes could influence novel preemptive ap-
proaches to protectively modulate tubular metabolism during AKI.
Here, we utilized bolus injections of uniformly labeled ([U—'3C])-
glucose or [U—13C]-Iactate/pyruvate to trace kidney metabolism in
in vivo. While this non-steady state tracer approach can be highly
effective and efficient for evaluating metabolism, it is more difficult to
model, including accounting for secondary tracer effects. Future
studies could use positionally-labeled tracers, employ infusions to
reach a steady state, and be coupled with direct kidney perfusion or
slice systems to parse the effects of MPC disruption with greater
resolution. Next, given the continual discovery and development of
MPC inhibitors like MSDC-0602 [70], zaprinast [71], new UK5099-like
analogues [72], and non-indole inhibitors [73], modulating MPC activity
pharmacologically as a preconditioning strategy or quickly after injury
could be a potential approach to minimize AKI-dependent kidney
damage. Finally, Pax8-dependent Mpc7 knockout was not complete
across all tubular segments. Thus, the stress of completely ablating
MPC activity could be greater than we observed. Alternatively, the
efficacy of MPC disruption to protect from AKI could be understated.

6. CONCLUSIONS

In conclusion, we show that kidney mitochondrial pyruvate uptake can
be modulated to upregulate oxidant defense systems and protect from
rhabdomyolysis-induced AKI. Our data support a model where MPC
disruption elicits a goldilocks level of metabolic stress consistent with
the concept of hormesis, where a mild, non-injurious stress upregu-
lates stress defense systems, leading to protection from more severe
stresses. Furthermore, MPC disruption induces an enhanced glycolytic
shift following rhabdomyolysis that may decrease injury severity. Given
the complexity of the mitochondrial transporter system and its relative
lack of direct investigation in the kidney, we expect future research will
reveal roles for mitochondrial fuel transport in both exacerbating and
protecting from kidney injury and disease.
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