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Acute kidney injury (AKI) disrupts energy metabolism. Targeting metabolism through AMP-activated protein
kinase (AMPK) may alleviate AKI. ATX-304, a pan-AMPK activator, was evaluated in C57Bl/6 mice and tubular
epithelial cell (TEC) cultures. Mice received ATX-304 (1 mg/g) or control chow for 7 days before cisplatin-
induced AKI (CI-AKI). Primary cultures of tubular epithelial cells (TECs) were pre-treated with ATX-304
(20 uM, 4 h) prior to exposure to cisplatin (20 uM, 23 h). ATX-304 increased acetyl-CoA carboxylase phosphor-
ylation, indicating AMPK activation. It protected against CI-AKI measured by serum creatinine (control 0.05 +
0.03mM vs ATX-304 0.02 + 0.01 mM, P = 0.03), western blot for neutrophil gelatinase-associated lipocalin
(NGAL) (control 3.3 + 1.8-fold vs ATX-304 1.2 + 0.55-fold, P = 0.002), and histological injury (control 3.5 +
0.59 vs ATX-304 2.7 + 0.74, P = 0.03). In TECs, pre-treatment with ATX-304 protected against cisplatin-
mediated injury, as measured by lactate dehydrogenase release, MTS cell viability, and cleaved caspase 3
expression. ATX-304 protection against cisplatin was lost in AMPK-null murine embryonic fibroblasts. Metab-
olomic analysis in TECs revealed that ATX-304 (20 uM, 4 h) altered 66,/126 metabolites, including fatty acids,
tricarboxylic acid cycle metabolites, and amino acids. Metabolic studies of live cells using the XFe96 Seahorse
analyzer revealed that ATX-304 increased the basal TEC oxygen consumption rate by 38%, whereas maximal
respiration was unchanged. Thus, ATX-304 protects against cisplatin-mediated kidney injury via AMPK-
dependent metabolic reprogramming, revealing a promising therapeutic strategy for AKI.

1. Introduction

Acute kidney injury (AKI) is associated with severe morbidity and
mortality, as well as a greater risk of chronic kidney disease [1,2]. The
susceptibility of the kidney to injury relates to its energy requirements
arising from its demand for adenosine triphosphate (ATP) to drive active
transport [3]. Exposure to nephrotoxins such as chemotherapeutics and

antibiotics is a common cause of AKI [4]. The cancer drug cisplatin is
highly toxic to renal tubular cells, with cisplatin-induced AKI (CI-AKI) a
common and dose limiting toxicity. In a cohort study, high-dose
cisplatin for cancer caused severe AKI in 20%, impacting on long-term
kidney function and patient survival [5]. The absence of targeted ther-
apies to prevent and treat AKI has been identified as a contributor to
poor patient outcomes and high mortality associated with AKI [6].
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Dysregulation of energy metabolism is a common feature of AKI,
with these pathways representing new potential therapeutic targets [3].
Renal tubular cells have an abundance of mitochondria, and mito-
chondrial dysfunction has been identified as a treatment target for renal
tubular injury [3] Mitochondrial fatty acid p-oxidation (FAO) is the
preferred source of ATP in the kidney, and its dysfunction results in ATP
depletion and lipotoxicity, leading to tubular injury, inflammation, and
development of renal fibrosis [7,8]. Improving energy metabolism and
mitochondrial function is a promising strategy for AKI prevention and
treatment [7].

AMP-activated protein kinase (AMPK) is a master regulator of
metabolism with important roles in the kidney, including regulation of
cellular energy balance, ion transport, cell growth, inflammation, and
cell survival [9]. AMPK is activated by adenosine monophosphate
(AMP) binding to the y subunit, resulting in phosphorylation of the
catalytic o subunit residue Thr'”2 [10]. Activation of AMPK maintains
energy balance by activating catabolic processes such as fatty acid
oxidation, glycolysis, and autophagy, while suppressing anabolic pro-
cesses such as protein synthesis and lipid synthesis [11,12]. AMPK
activation protects against various forms of AKI, including
ischemia-reperfusion injury, sepsis, and AKI from nephrotoxins such as
cisplatin [13-16].

ATX-304 is a pan-AMPK activator with mechanisms of action distinct
from other AMPK activators [17,18]. Unlike indirect AMPK activators,
such as metformin, ATX-304 has a direct effect on AMPK activity by
preventing protein phosphatase 2C mediated dephosphorylation of
p—ozThr172 [17]. In lung fibroblast cells, ATX-304 increased ATP levels
[17]. Furthermore, the effects of ATX-304 differ from other direct acti-
vating pan-AMPK activators that act through the allosteric drug and
metabolite (ADaM) binding site [18]. Direct AMPK activators, such as
MK-8722, that bind to the ADaM site are associated with intracellular
accumulation of glycogen [19], whereas this is not observed with
ATX-304 [18]. This difference was recently attributed to ATX-304, also
acting as a mitochondrial uncoupler, where mitochondrial electron
transport is dissociated from ATP synthesis [18]. Thus, ATX-304 appears
to function as a dual AMPK activator and mitochondrial uncoupler,
contributing to its benefits in improving glucose levels and cardiac
function [18]. In a phase 2a human trial, ATX-304 was well tolerated,
lowered glucose and blood pressure, and improved microvascular
perfusion [17]. ATX-304 activates AMPK in the kidney, where it protects
against age-related fibrosis by promoting energy metabolism and auto-
phagy [20]. Transcriptomic sequencing of the kidney revealed that
ATX-304 induced fatty acid metabolism and mitochondrial biogenesis,
while downregulating cellular aging and the DNA damage response
[20]. These data suggest ATX-304 is a promising agent for kidney dis-
ease; however, its effects on tubular cell injury and AKI are unknown.
This study aims to investigate whetherATX-304 treatment activates
AMPK in the kidney to protect against cisplatin-induced injury.

2. Methods
2.1. Animal studies

All animal experiments were approved by the Austin Health Animal
Ethics Committee (project number A2020_05679) and experiments are
described according to the ARRIVE reporting guidelines [21]. Male
C75Bl/6 mice were assigned to either chow containing ATX-304
(1 mg/g) (304-chow diet) or a control-chow diet for 7 days prior to
establishing CI-AKI by intraperitoneal administration of cisplatin
(20 mg/kg), administered as 2 x 10mg/kg doses 4h apart, in mice
11-14 weeks old [14] (n = 8 per group, 4 mice per cage, total mice used
n = 48). The rationale for using male mice in the experiments was to
reduce the risk of sex related variation in the AKI outcome. The
304-chow and control-chow diets were continued after the induction of
CI-AKI, and the outcomes were studied after 2 days. Whole blood was
collected by retro-orbital bleeding, and serum was sent to IDDEX
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laboratories (Victoria, Australia) for the measurement of creatinine
levels. Both kidneys were removed for tissue analysis.

2.2. Primary kidney tubular epithelial cell cultures

Primary cultures of renal tubular epithelial cells (TECs) were pre-
pared from female mice (aged 4-8 weeks) by sieving mouse kidney
cortices through 100 pym cell strainers (Corning), as previously described
[22]. Our rationale for using female mice for the TEC cultures is firstly to
follow the principle of reduction in our experimental program, such that
both male and female animals from the mouse breeding are utilized in
experiments, and secondly to increase the sex generalizability of the
experimental results.

2.3. Immortalized murine embryonic fibroblasts

AMPK-null and wild-type (WT) immortalized murine embryonic fi-
broblasts (iMEFs) were generated as previously described [23]. In brief,
MEFs were extracted from WT or homozygous AMPK $1p2 null embryos
(12-14 days post-coitum) generated by crossing homozygous p1 and p2
null mice. WT and AMPK p1/2 double knockout (p1/2-dKO) MEFs were
immortalized by Fugene HD-mediated transfection with an SV40 large
T-antigen expression construct [23].

2.4. LDH and MTS assays

For the lactate dehydrogenase (LDH) cell lysis assay, 100 pL of
tetrazolium salt WST was added to the LDH assay buffer (ab65393; LDH-
Cytotoxicity Assay Kit). The percentage lysis was calculated as ([sample-
background/maximum lysis-background] x 100). The background and
maximum lysis samples were analyzed in triplicate, and the test samples
hadn=5o0rn=6.

Cellular metabolic activity was assessed using an MTS assay (MTS
Assay Kit; ab197010; Abcam) The MTS reagent was added to the cells,
mixed, and incubated at 37 °C for 2 h. Values were subtracted from the
background (cell culture media alone), and MTS activity was compared
to cells cultured in SF CHO K1 media.

The iMEFs were used as described above but were seeded at 2 x 10°
cells/well.

2.5. AMPK al and a2 knock-in mice

Prkaa1™®3* and Prkaa2™7?A mice, containing whole body knock-in
(KI) mutations for AMPK-alKI (T183A) and AMPK-a2 (T172A),
respectively, were produced by the Mouse Engineering Garvan/ABR
(MEGA) Facility using CRISPR/Cas9 gene targeting in C57BL/6 J mouse
embryos following established molecular and animal husbandry tech-
niques [24](Supplementary Fig S1).

2.6. Western blot analysis

Lysates were prepared from TEC and mouse kidneys and western
blotting (WB) was performed as previously described [25]. Quantifica-
tion of WB was performed by densitometry using Image J software, with
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a loading
control. Antibodies against acetyl-CoA carboxylase (3676S), phos-
pho-AMPKa (Thr172) (2535), AMPKa (5831), GAPDH (5174), and
cleaved caspase 3 (9661) were purchased from Cell Signaling Technol-
ogy. Phospho-ACC (S79) (ab68191) and neutrophil gelatinase associ-
ated lipocalin (NGAL) (ab216462) antibodies were from Abcam.

2.7. Real-time polymerase chain reaction (qRT-PCR)
Quantitative Real-Time PCR was performed using the PowerTrack

SYBR Green Master Mix (Applied Biosystems) on a QuantStudio 3 Real-
Time PCR System (Applied Biosystems). The delta-delta Ct method was
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used to calculate relative expression, with GAPDH as the reference gene,
as reported previously [14,22]. All PCR reactions were performed in
triplicates, on 96-well plates, with data presented being the average of
the triplicates. The primer sequences used in this study are listed in
Supplementary Table S2. Data are expressed as fold change relative to
controls.

2.8. Histology

Kidney samples were fixed in 10% neutral buffered formalin (Sigma-
Aldrich) and embedded in paraffin. Sections of 4 um thickness were used
for periodic acid-Schiff (PAS) staining. To determine kidney injury, as
defined by tubular necrosis, cellular casts, and tubular injury, a semi-
quantitative scoring method was used as previously described [14].
Score 0 represents an injury area less than 10%, whereas score 1,2,3, or
4 represent injuries involving 10%-25%, 25%-50%, 50%-75%, or
>75% of the field, respectively. The investigator performing the scoring
(GH) was blinded to the assigned experimental group. At least 10
randomly chosen fields under a microscope (x400) were evaluated for
each mouse, and the average score was calculated.

2.9. Polar metabolites analysis

Polar metabolites mass spectrometry analysis was performed on an
Agilent 6545 B series quadrupole time-of-flight mass spectrometer
(QTOF MS) as described previously [26]. Targeted data matrices were
generated using EL-MAVEN (version 0.12.1-beta-2-g8277b82a) with
metabolite identification (Metabolomics Standard Initiative (MSI) level
1) based on the retention time and molecular masses matching an
authentic standard [27]. The cleaned data matrix was imported into
Metaboanalyst 5.0 (metaboanalyst.ca) for statistical analyses. Data were
log-transformed and median-normalized prior to performing principal
component, heatmap, and volcano plot analyses. Data quality was
further determined by observing PBQC clustering.

2.10. Cell metabolism assays

Respiration and glycolysis of TECs from female C57Bl/6 mice were
measured using the XFe96 Seahorse analyzer (Agilent Technologies,
Santa Clara, CA, USA). Prior to the metabolism studies, TECs were
treated with ATX-304 (20 uM, 4h) or DMSO control. Glycolytic and
mitochondrial function were analyzed according to Seahorse XF
Glycolysis Stress Test and Seahorse XF Mito Stress Test protocols (Agi-
lent Technologies, Santa Clara, CA, USA).

2.11. Statistics

Statistical analyses were performed using Prism version 9.0
(GraphPad Software, San Diego, CA, USA). Data are presented as the
mean + SD. Multiple group means were compared using one-way or
two-way ANOVA, followed by a post hoc test. Sample sizes were
determined by the number needed to identify differences based on
previous similar work [14,22]. The comparison of means between two
groups was performed using an unpaired t-test. P < 0.05 were consid-
ered significant. Statistical analysis of TEC metabolite profiles was
performed using Metaboanalyst 5.0.

2.12. Supplementary methods file

Additional detail regarding methods for primary kidney tubular
epithelial cell cultures, LDH and MTS assays, generation of AMPK ol and
a2 knock-in mice, qRT-PCR, histology, polar metabolites analysis, and
cell metabolism assays are provided in the Supplementary Methods File.
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3. Results

3.1. Part 1: Mouse studies with ATX-304 treatment in the cisplatin-
induced AKI model

First, we treated WT C57/Bl16 with 304-chow (1 mg/g) for 9 days in
the absence of AKI and found that this treatment increased phosphory-
lation of the AMPK-specific phosphosite at ACC-Ser’® in whole kidney
lysates, indicative of AMPK activation in the kidney (Figs. 1A, 1B). Next,
to determine the effect of this AMPK activation by ATX-304 on AKI, mice
were fed control-chow or 304-chow (1 mg/g) for 7 days, then treated
with cisplatin (20 mg/kg) or saline, and followed for 2-days after AKI
induction, while remaining on the study diets. Protection against AKI by
ATX-304 treatment was evident by WB for the AKI marker NGAL (con-
trol-chow 3.3 4 1.8-fold increase vs. 304-chow 1.2 + 0.55-fold increase,
P =0.002) (Figs. 1C, 1D). In addition, ATX-304 protected against CI-AKI
measured at 48 h by serum creatinine (control-chow 0.05 + 0.03 mM vs
304-chow 0.02 + 0.01 mM, P = 0.0037) (Fig. 1E). The severity of injury
with CI-AKI was further evaluated by histological analysis of PAS-
stained sections, revealing typical features of CI-AKI, including tubular
necrosis, tubular dilatation, tubular vacuolation (white arrows), and
cast formation (black arrow) (Fig. 1F). The injury score, determined
through blinded assessment, found less severe injury after cisplatin with
304-chow compared to control (control-chow 3.5 + 0.59 vs 304-chow
2.7 4+ 0.74, P = 0.03) (Fig. 1G).

Analysis of AKI markers by RT-PCR found ATX-304 reduced the in-
duction of NGAL observed with CI-AKI (control-chow 99.6 + 22.8-fold
vs. 304-chow 35.2 + 5.9-fold, P = 0.006) (Fig. 2A), with a similar
trend to improvement observed for kidney injury molecule-1 (KIM-1)
(control-chow 247.8 + 107.8-fold vs. 304-chow 174.8 + 33.4-fold, P =
0.07) (Fig. 2B). The inflammatory cytokine and injury marker
interleukin-6 (IL-6) increased with CI-AKI in control diet mice (P = 0.02)
but did not increase with CI-AKI with ATX-304 treatment (Fig. 2C). IL-6
levels were lower in AKI with ATX-304, however, this difference was not
statistically significant (control-chow 167.0 4+ 224.9-fold vs. 304-chow
31.5 + 18.2-fold, P = 0.06) (Fig. 2C). The chemokine monocyte che-
moattractant protein-1 (MCP-1) increased less with ATX-304 treatment
during CI-AKI than control diet (CI-AKI control-chow 18.7 + 5.1-fold vs
CI-AKI 304-chow 10.4 + 1.3-fold, P = 0.048) (Fig. 2D). Regarding
necroptosis, receptor-interacting protein kinase 1 increased with CI-AKI
in the control diet (P=0.03) but was unchanged with CI-AKI and ATX-
304 treatment (Fig. 2E). Receptor-interacting protein kinase 3
increased less with the ATX-304 chow diet during CI-AKI than with the
control diet (CI-AKI control-chow 6.9 + 2.4-fold vs. 304-chow 4.9 + 1.3-
fold, P = 0.02) (Fig. 2F).

To summarize, in the in vivo data from the mouse CI_AKI experi-
ments, we observed evidence for protection from ATX-304 against AKI
using different outcome measures including serum creatinine, NGAL
protein expression, histological injury score, and RNA expression of
NGAL and MCP-1. RNA expression for KIM-1 and IL-6 also trended in the
direction of protection against AKI with ATX-304 treatment, however,
those differences were not significant, which may relate to limitations
arising from the sample size, and the intrinsic variability in PCR data
with these measures.

3.2. Part 2: Cell culture studies of the effect of ATX-304 in primary TEC
cultures

3.2.1. ATX-304 activates AMPK in kidney tubular epithelial cells to protect
against cisplatin toxicity

The effect of ATX-304 on AMPK activity in TECs was assessed by
stimulation with increasing concentrations of ATX-304 (5 pM, 10 uM,
20 uM) for 4 h (Fig. 3A). WB analysis demonstrated dose-dependent
AMPK activation, with phosphorylation of AMPK-aThr'72 increased
1.8-fold (P< 0.01) with 20 uM ATX-304 (Fig. 3B). A more pronounced
dose response was seen with ACC- Ser’® phosphorylation, with 20 uM
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Fig. 1. ATX-304 protects against cisplatin-induced AKI. A. WB analysis of ACC phosphorylation in whole kidney lysates in mice treated with CON vs ATX-304 for
9 days (with IP Sal on D7). B. Densitometry analysis of ACC phosphorylation normalized to total ACC expression (n = 8). C and D. Wild type Male C57Bl/6 mice were
fed control chow (CON) or chow containing ATX-304 (304) (1 mg/g) for 7 days, prior to injection with either cisplatin (Cis) or saline (Sal), with AKI outcomes
analyzed at 48 h while remaining on the study diets (total time on diets of 9 days) (n = 8 per group). WB (1 C) and densitometry analysis (1D) for NGAL expression
with Cis-AKI, comparing CON to ATX-304. E. Serum creatinine with Cis-AKI, comparing CON to ATX-304. F. Histological kidney injury was assessed by PAS-stain.
Images were taken at 200x magnification. Scale bar of 100 um is shown. Evidence of injury with cisplatin included cast formation (black arrow) and tubular injury
with vacuolation and brush border loss (white arrows). G. Histological injury score. Uncropped western blots supporting the data in this figure are available in the
supplementary material. *P <0.05 **P <0.01, ***P <0.001, ****P <0.0001.

ATX-304 causing a 6.4-fold increase (P < 0.0001) (Fig. 3C). Time-course
analysis found ATX-304 (20 uM) activated AMPK within 1 h and that
activation was still present after 4 h (Fig. 3D). The peak of activation
was observed within 1 h as measured by both p-aThr!”2-AMPK (4.5-fold
increase, P < 0.01) and p-Ser79-ACC (8.4-fold increase, P < 0.0001)
(Fig. 3E-F). ATX-304 also activated AMPK in WT iMEFs (Fig. 3G).

The expression of selected genes that are important in energy

metabolism after ATX-304 stimulation of TECs was studied by RT-PCR.
Considering other studies indicating interactions between AMPK and
other energy pathways such as sirtuins and the regulator of mitochon-
drial biogenesis, peroxisome proliferator-activated receptor-y coac-
tivator (PGCla), we examined expression of molecules in these
pathways [28]. Notably, expression of PGCla was increased 3.5 +
0.2-fold (Fig. 3H). The expression of acyl-CoA oxidase (ACox1), which is
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Fig. 2. Effect of ATX-304 on markers of CI-AKI severity measured by RT-PCR. Mice were fed control chow (CON) or ATX-304 chow (1 mg/g) for 7 days, prior to
injection with cisplatin (Cis) or saline (Sal), with outcomes analyzed at 48 h (N = 8 animals per group, for each PCR reaction, RNA samples from 6 to 8 animals per
group were randomly selected, within the limits of the number of samples that fit on a 96-well plate with samples and controls analyzed in triplicate). RT-PCR was
performed for markers of injury (2 A NGAL, 2B KIM-1), inflammation (2 C IL-6, 2D MCP-1), and necroptosis (2E RIP1, 2 F RIP3). Y-axis unit are fold change (FC)
compared to control and normalized for NGAL. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001).

important in peroxisomal fatty acid beta-oxidation, was unchanged
(Fig. 31). SIRT3, an important regulator of mitochondrial dynamics and
fatty acid oxidation®®, was increased by 3.4 + 0.2-fold (Fig. 3J). In
contrast, SIRT1, which localizes to the nucleus3o, was reduced by 16 +
0.2% (Fig. 3K).

To evaluate the effect of AMPK activation by ATX-304 on TEC injury,
TECs were pre-treated with ATX-304 (20 uM, 4 h), ATX-304 was then
removed from the culture media, prior to exposure to cisplatin (20 pM,
23 h). The effect of cisplatin on cell death was measured by LDH release,
which showed that cisplatin caused cell lysis in TECs, which was

prevented by pretreatment with ATX-304 (Fig. 4A). Cell viability was
then analyzed by an MTS assay, showing cisplatin reduced TEC viability,
which was rescued by ATX-304 pretreatment (Fig. 4B). To assess
apoptosis, cleaved caspase 3 (CC3) WB analysis revealed that ATX-304
pre-treatment prevented the cisplatin-mediated increase in CC3
expression (Fig. 4C-D). In summary, analysis using different methods
(LDH release, MTS assay, and WB for CC3) found pre-treatment with
ATX-304 was highly effective in preventing cisplatin-mediated injury to
TECs.
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Fig. 3. Activation of AMPK in response to ATX-304 stimulation. 3 A. TECs were stimulated with increasing concentrations of ATX-304 (0 pM, 5 pM, 10 uM,
20 uM) for 4 h. Activated AMPK was analyzed by WB for phosphorylation at aThr!”2, compared to total a1-AMPK, as well as its downstream substrate pACC-Ser”°
and compared to total ACC. GAPDH is the loading control. Phosphorylation was quantified by densitometry for both p-aThr!”2-AMPK (3B) and pACC-Ser”® (3 C).
Data are mean + s.d. of n = 3. One-way ANOVA, post hoc Dunnett’s test (*P < 0.05, ** P < 0.01, ***P < 0.001, **** P < 0.0001). 3D. TECs were stimulated with
ATX-304 (20 uM) for 1, 2 and 4 hours and lysates were analysed by western blot. Activation of oThr!72, compared to total al-AMPK (3E), as well as pACC-Ser79
compared to total ACC (3 F), were quantified by densitometry. GAPDH is the loading control. Data are mean =+ s.d. of n = 3. One-way ANOVA, post hoc Dunnett’s
test (*P < 0.05, ** P < 0.01, ***P < 0.001, **** P < 0.0001). 3 G. AMPK was also activated by ATX-304 (0 uM, 10 pM, 20 pM, 50 uM) for 4 h in mouse embryonic
fibroblasts (iMEF). 3 H-3 K: Effect of ATX-304 stimulation (20 uM, 4 h) versus vehicle (Veh) on makers of energy metabolism in renal TECs was quantified by RT-
PCR. PCGla. ACox1, SIRT3, SIRT1 Y-axis units are fold change (FC) compared to Veh and normalized for GAPDH. *P < 0.05, ** P < 0.01, ***P < 0.001, **** P <

0.0001. Uncropped western blots supporting the data in this figure are available in the supplementary material.

3.2.2. The role of AMPK in the protective effect of ATX-304 against
cisplatin toxicity

To determine whether the protective effect of ATX-304 was AMPK-
dependent, we studied immortalized murine embryonic fibroblasts
(iMEFs) null for AMPK (AMPK-B1/p2 KO iMEFs) 2°. The effect of ATX-
304 on cell viability with cisplatin was studied in WT and AMPK-$1/
2 KO iMEFs. In preliminary experiments we found that MEFs were less
sensitive to cisplatin toxicity than TECs, therefore a higher concentra-
tion of cisplatin was required in the MEF experiments than for TEC ex-
periments. For MEFs, the effect of ATX-304 on cell viability was
evaluated at two cisplatin concentrations (40 uM, 67 uM). ATX-304
increased cell viability in WT iMEFs; however, no protective effect of
ATX-304 was observed in AMPK-p1/p2 KO iMEFs (Fig. 5A-B).

The catalytic AMPK a-subunit exists as two isoforms (al and o2),
both of which are expressed in the kidney®!. To determine the contri-
bution of al and a2 heterotrimers to the protective effect of ATX-304
against cisplatin, TECs were isolated from AMPK al and a2 KI mice
harboring Thr—Ala kinase activation loop mutations at Thr'”%/183, The
MTS assay found TECs from AMPK-a1KI mice were still afforded partial
protection by ATX-304 against cisplatin, although this protection was
reduced in AMPK-a1KI TECs compared to that in WT TECs (Fig. 5C).
Similarly, TECs from AMPK-a2KI mice were also partially protected by
ATX-304 against cisplatin, although protection was diminished in
AMPK-a2KI TECs compared to WT TECs (Fig. 5D). To assess this further,
we crossbred the AMPK-a1KI and AMPK-a2KI strains; however, this
mating did not generate offspring homozygous for both ol and a2
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Fig. 4. ATX-304 protects TECs against cisplatin induced injury. TECs were pre-treated with ATX-304 20 uM for 4 h, ATX-304 was removed from the culture
media, prior to exposing cells to cisplatin (cis) (20 uM for 23 h). A. Cellular injury measured by % lysis (LDH release). B. Cell viability measured by MTS assay
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to cisplatin. All data is shown as mean + SD, **P <0.01, ***P <0.001, “P <0.0001. Uncropped western blots supporting the data in this figure are available in the
supplementary material.
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Fig. 5. ATX-304 protection against cisplatin-mediated injury is AMPK dependent. The effect of ATX-304 on cell viability in the setting of cisplatin was studied
in WT and AMPK-p1/p2 KO iMEFs at 2 different cisplatin concentrations: (40 uM (5 A), 67 uM (5B)) for 23 h (n = 6 per group). *P <0.05, **P <0.01, ***P <0.001.
MTS assay comparing the effect of ATX-304 on cell viability with cisplatin in WT and AMPK-a1 KI TECs (6 C). MTS assay comparing the effect of ATX-304 on cell
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mutations. This crossbreeding generated some mice that were homo-
zygous for alKI and heterozygous for a2KI (a1KI/a2Het). In TECs from
the alKI/o2Het, MTS assay revealed that ATX-304 was not protective
against cisplatin, consistent with the protective effect of ATX-304
against cisplatin being dependent on AMPK and involving contribu-
tions from both al and a2 heterotrimers of AMPK (Fig. 5E). To deter-
mine whether AMPK signaling to ACC is important for the protective
effect of ATX-304 against cisplatin in TECs, TECs were isolated from
ACC1/2 double knock-in (ACC1/2DKI) mice. A greater reduction in cell

viability was observed with ACC1/2DKI TECs than with WT; however,
ATX-304 remained protective in ACC1/2DKI TECs (Fig. 5F).

3.2.3. Effect of ATX-304 on metabolite profile in tubular epithelial cells
To better understand how ATX-304 protects kidney cells against
injury, we examined the effect of ATX-304 (20 uM, 4 h) on TEC meta-
bolism using metabolomic analysis (Fig. 6). Unsupervised principal
component analysis demonstrated metabolome separation between
ATX-304 treated and control TECs (Fig. 6A). Heatmap and dendrogram
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Fig. 6. ATX-304 treatment of TECs causes widespread alterations to the metabolome. A. Unsupervised principal component analysis comparing ATX-304

(20 pM, 4 h) versus control treated cells (n

6 per group). The shaded areas represent the 95% confidence regions. B. Heatmap and dendogram analysis

showing the 50 most different metabolites detected comparing ATX-304 with control treated TECs. C. Volcano plot analysis showing metabolites increased (red) or
reduced (blue) with ATX-304. Thresholds for differences in this analysis were fold-change (FC) >1.3 and FDR P <0.05.
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Table 1
Metabolite classes of interest affected by ATX-304 treatment of TECs. P values
and FDRs were calculated in MetaboAnalyst using two-sample t-tests.

Metabolites Fold-change ATX-304/control P-value FDR
Fatty Acids

Erucic acid 0.57 2.15E-8 3.01E-7
Oleic acid 0.60 8.41E-6 4.42E-5
Arachidic acid 0.61 1.40E-5 6.30E-5
Palmitic acid 0.71 0.0018 0.005
Capric acid 0.73 0.002 0.039
Stearic acid 0.76 0.042 0.072
Linoleic acid 0.76 0.002 0.006
Citric acid cycle

Citric acid 1.8 1.01E-5 5.11E-5
Fumaric acid 1.6 1.23E-5 5.94E-5
Malic acid 1.6 1.28E-5 5.95E-5
Cis-aconitic acid 1.5 5.05E-4 0.0015
Amino acids

Proline 3.6 1.05E-8 1.89E-7
Tryptophan 2.4 6.23E-7 4.13E-6
Isoleucine 2.2 1.69E-7 1.74E-6
Valine 2.0 9.51E-7 5.99E-6
Leucine 1.9 5.22E-7 3.65E-6
Tyrosine 1.9 1.60E-5 6.50E-5
Phenylalanine 1.8 3.44E-6 1.88E-5
Histidine 1.7 2.12E-6 1.27E-5
Methionine 1.7 0.0045 0.010
Asparagine 1.5 6.37E-4 0.0018
Lysine 1.4 6.60E-5 2.44E-4
Arginine 1.3 7.90E-4 0.0022
Glycine 1.3 0.011 0.022
Threonine 1.3 0.010 0.020
Glutamine 0.96 0.94 0.96
Serine 0.93 0.34 0.45
Alanine 0.91 0.37 0.47
Cysteine 0.90 0.35 0.45
Glutamate 0.85 0.054 0.088
Aspartate 0.55 1.60E-5 6.50E-5
Glucose metabolism

Lactic acid 7.01 4.89E-11 3.42E-9
Gluconic acid 4.46 2.95E-10 9.46E—9
Fructose 1.86 0.0034 0.0079
3-Phosphoglyceric acid 1.47 8.20E-5 2.87E—4
Glucose 6-phosphate 0.99 0.98 0.98
Fructose 6-phosphate 0.96 0.57 0.65
Glucose 0.87 0.68 0.75
6-Phosphogluconic acid 0.75 0.042 0.072
Nucleotides and nucleosides

Uridine diphosphate glucose 0.14 1.80E-7 1.74E-6
Adenine 0.28 1.01E-7 1.27E-6
Uridine 0.49 1.80E-7 1.74E—6
Guanosine 0.63 1.46E-4 4.96E—4
Inosine 0.67 0.0027 0.0064
Adenosine monophosphate 0.70 8.57E-4 0.0023
Adenosine diphosphate 1.01 0.72 0.78
Guanine 1.36 0.019 0.034
Xanthine 1.65 0.038 0.067

analyses revealed clear partitioning of ATX-304 and control-treated
TECs with differences across many metabolites (Fig. 6B). Volcano plot
analysis identified 66/126 (52.4%) metabolites were altered by ATX-
304 treatment, based on significance thresholds of fold-change (FC) >
1.3 and FDR P < 0.05 (Fig. 6CQ).

Analysis of metabolites of interest found that fatty acids were
reduced by ATX-304, consistent with the expected effects of AMPK on
fatty acid oxidation and synthesis'2, whereas citric acid cycle metabo-
lites were increased (Table 1). In addition, ATX-304 treatment increased
the levels of 14 amino acids. Analysis of the metabolites related to
glucose metabolism revealed increased levels of lactate and 3-phospho-
glycerate. No changes in glucose or glucose 6-phosphate were observed.
Regarding nucleotides, as predicted with AMPK activation, ATX-304
reduced AMP levels, consistent with an overall reduction in energy
stress. Various other nucleosides and nucleotides, such as uridine
diphosphate, glucose, guanosine, and inosine, were also reduced in TECs
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Fig. 7. ATX-304 causes changes in respiration and glycolysis in TECs. The
XFe96 Seahorse analyzer was used to measure respiration in TECs as the oxygen
consumption rate (OCR) (7 A) and glycolysis was measured as the extracellular
acidification rate (ECAR) (7B). 40,000 TECs were analyzed per well. TECs were
treated with ATX-304 (20 pM, 4 h) or control. For OCR analysis (7 A) the
sequence of injections was injection 1 oligomycin, injection 2 FCCP, and in-
jection 3 rotenone and antimycin A. For ECAR analysis (7B) the sequence of
injections was injection 1 glucose, injection 2 oligomycin, injection 3 2-DG. *P
<0.05, **P <0.01, ***P <0.005.

treated with ATX-304 (Table 1).

3.3. Effect of ATX-304 on TEC respiration and glycolysis

To further assess the effect of ATX-304 on energy metabolism in
TECs, respiration and glycolysis were analyzed using the XFe96 Sea-
horse analyzer after ATX-304 treatment (20 uM, 4-h) compared to
control (Fig. 7). After ATX-304 treatment, the basal oxygen consumption
rate (OCR), a measure of mitochondrial oxidative phosphorylation,
increased by 38% (Fig. 7A). The OCR remained elevated with ATX-304
treatment after oligomycin injection (injection 1), consistent with evi-
dence of a proton leak. Maximal respiration was unchanged with ATX-
304, indicating that ATX-304 diminished spare respiratory capacity
(Fig. 7A). Regarding glycolysis, this was increased by 55% after ATX-
304 treatment; however, the total glycolytic capacity was unchanged
(Fig. 7B).

4. Discussion

In this investigation, the AMPK activator ATX-304 protected against
cisplatin-mediated kidney injury, both in whole-animal CI-AKI and
primary kidney TEC cultures. The findings in the present study of an
increased basal oxygen consumption rate with ATX-304 in TECs,
indicative of metabolic uncoupling, are consistent with a recent study
describing a similar phenomenon in C2Cl2 myotubes [18].
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Additionally, metabolomic analysis revealed that ATX-304 decreased
AMP levels in TECs, implying an overall reduction in energy stress, in
contrast to metformin, which is known to activate AMPK by increasing
AMP [29,30]. Collectively, these data suggest that AMPK activation
caused by ATX-304 may be attributable to a direct effect on aThr!”?
dephosphorylation, as well as an effect on mitochondrial uncoupling.
The mechanism by which ATX-304 causes mitochondrial uncoupling
has yet to be determined. In the present study, ATX-304 did not protect
against cisplatin toxicity in AMPK-f1/p2 KO iMEFs, which, importantly,
is the first direct genetic evidence demonstrating that a beneficial effect
of ATX-304 is AMPK dependent. Furthermore, experiments on TECs
from the AMPK-al and AMPK-a2 KI strains revealed that both al and a2
heterotrimers contributed to the protective action of ATX-304. Activa-
tion of AMPK by ATX-304 resulted in metabolic reprogramming of
kidney TECs, as evidenced by the increased expression of metabolism
genes, altered metabolite profiles, and altered metabolism in live cells.
These findings underscore the potential of AMPK activation to protect
against kidney injury by modulating energy metabolism.

AMPK, PCG1a, and sirtuins have been identified as important energy
pathway targets for the treatment of kidney disease [28]. The present
study is consistent with previous reports, showing that the renoprotective
effect of AMPK activation involves the upregulation of PCGla and sirtuins
[28,31]. We observed that ATX-304 led to substantial increases in PCGla
and SIRT3 in TECs, both of which are known to enhance kidney protection
via improved mitochondrial function [28,31]. This is consistent with an
earlier study in CI-AKI, which found that activation of AMPK by 5-ami-
noimidazole-4-carboxamide-1-p-d-ribofuranoside (AICAR) maintained
mitochondrial density and increased the expression of SIRT3 and PCG1la,
and that this was protective against injury [31]. The effect of AMPK in
increasing PCGla involves both direct PGCla phosphorylation [32] and
indirect activation of PGCla via sirtuins [33] and transcription factor EB
[34]. SIRT1 has also been reported to be protective against CI-AKI [35],
however, in our study SIRT-1 RNA expression was reduced with ATX-304,
although a limitation in our study is that SIRT1 expression in the nucleus
was not examined. Overall, these observations confirm that the effects of
AMPK activation involve both rapid cytoplasmic effects on energy meta-
bolism arising from protein phosphorylation events, and more sustained
effects on energy metabolism arising from expression of genes important
in metabolic and mitochondrial function.

Previous studies have found that metformin, a weak and indirect
activator of AMPK, also protects against CI-AKI [14,36] as well as AKI
from other causes such as sepsis [37] and ischemia [38]. The clinical
utility of metformin for AKI is limited; however, by its association with
lactic acidosis [39], caused by the inhibition of mitochondrial complex I
[30]. An important advantage over metformin for novel AMPK activa-
tors such as ATX-304, could be the avoidance of lactic acidosis. How-
ever, further studies are required to assess this, and we observed in our
metabolomic analysis that lactate levels were increased. Various natural
compounds that activate AMPK, such as resveratrol [40], quercetin
[41], and berberine [42], have also been reported to protect against AKI
in experimental models. Mechanisms that have been identified as
contributing to AMPK activation to protect against AKI include pro-
moting autophagy [36], reducing inflammation and oxidative stress
[43], improving mitochondrial function [31], and increasing fatty acid
oxidation [14].

A useful feature of ATX-304, in contrast to earlier direct AMPK ac-
tivators such as A-769662, is its effective oral bioavailability and ac-
tivity [17]. The dose of ATX-304 used in the present study before CI-AKI
induction was 1 mg/g in chow for seven days. This relatively low dose
compares to a previous study using 2 mg/g in chow for 6 weeks, which
was well tolerated and improved glucose metabolism in diet-induced
obesity [17]. While the present study demonstrates ATX-304 protec-
tion against kidney injury, future studies are needed to determine the
optimal dose and timing of therapy. The finding of protection against
kidney injury in this study adds to the knowledge from previous studies
that ATX-304 improves glucose homeostasis [17], metabolism, cardiac
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function, and exercise capacity [44]. The potential applicability of
ATX-304 in human health is supported by a phase 2a clinical trial that
found combining ATX-304 with metformin was well tolerated and
improved glucose homeostasis and microvascular perfusion in patients
with type 2 diabetes [17].

A strength of the present study is its unbiased documentation of the
change in the metabolite profile that occurred with ATX-304 treatment
of TECs, providing novel insights into the mechanisms of ATX-304
protection against injury. Fatty acids, including palmitic acid, oleic
acid, and stearic acid, were reduced by ATX-304, consistent with the
increase observed in ACC phosphorylation and the well-established ef-
fects of AMPK on fatty acid oxidation and synthesis [14]. Previously, we
found that AMPK-mediated phosphorylation of ACC contributes to the
protective effects of metformin [14,22]. In the present study, however,
ATX-304 remained protective when AMPK signaling to ACC was blocked
in ACC1/2DKI TEGs, indicating that other effects of AMPK contribute to
its protection. We also observed increased citric acid cycle metabolites,
including citrate, fumarate, malate, and cis-aconitic acid, indicating
increased activity of the mitochondrial tricarboxylic acid cycle, consis-
tent with the observation of increased respiration in live cells with the
Seahorse analyzer, as well as increased TEC expression of PGCla and
SIRT3 by RT-PCR. These data in the present study contrast to metab-
olomic profiling with metformin treatment in a previous study, which
showed decreased metabolic flux from acetyl-CoA to the citric acid cycle
[29]. Another observation of the present study was that ATX-304
increased the levels of multiple amino acids. This could signify AMPK
activation reducing protein synthesis via its inhibitory effect on mTOR
[13], or by AMPK activation increasing protein catabolism, a phenom-
enon associated with AMPK-induced autophagy through the phosphor-
ylation of unc-51 like autophagy activating kinase 1 [45].

The significance of ATX-304 protective effects in the kidney may
extend beyond mitigating cisplatin injury to other forms of acute and
chronic kidney disease. For example, ATX-304 has also been reported to
prevent aging-related kidney fibrosis [20]. Given that AMPK activation
with various agents has been reported to be beneficial in kidney diseases
associated with diabetes and obesity [46], evaluating the impact of
ATX-304 in the kidney in the context of chronic metabolic conditions is
of particular interest. Autosomal dominant polycystic kidney disease is
another common cause of kidney failure and is increasingly recognized
as an opportunity for the therapeutic application of AMPK activation
[47], as illustrated by a recent report showing that the direct AMPK
activator PXL770 ameliorates the progression of this disease [48].

In summary, our study demonstrates that the AMPK activator ATX-
304 confers protection against cisplatin-mediated kidney injury in
both an animal model and in primary kidney cells, with this effect being
mediated by AMPK and associated with broad metabolic alterations.
These findings underscore the potential of AMPK activation by ATX-304
as a novel therapeutic strategy for AKI and, potentially, other kidney
diseases.
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