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ZLN005 protects against ischemia-reperfusion-induced 
kidney injury by mitigating oxidative stress through the 
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Abstract: To date, the treatment of acute kidney injury (AKI) remains a difficult problem for clinicians. In the present 
study, we assessed whether ZLN005, a novel peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) 
agonist, can protect against ischemic AKI in vivo and in vitro. Notably, ZLN005 treatment significantly alleviated 
Ischemia-reperfusion (I/R)-induced tubular injury and reversed the decrease in hypoxia-reoxygenation-induced cell 
viability by restoring PGC-1α expression in a dose-dependent manner. This beneficial effect of ZLN005 was associ-
ated with the preservation of mitochondrial fatty acid oxidation (MitoFAO) and the alleviation of oxidative stress. 
Cotreatment with etomoxir, a specific inhibitor of carnitine palmitoyltransferase-1α (CPT-1α) activity, or CPT-1α siR-
NA abrogated ZLN005-induced antistress responses by mitigating reactive oxygen species production and decreas-
ing apoptosis under ischemia-hypoxia conditions by suppressing MitoFAO. Further studies revealed that activation 
of endoplasmic reticulum (ER) stress may be involved in the effect of CPT-1α inhibition observed in vivo and in vitro. 
Collectively, our results suggest that ZLN005 confers a protective effect on I/R-induced kidney injury by mitigating 
ER stress through the restoration of MitoFAO by targeting PGC-1α.

Keywords: Acute kidney injury, peroxisome proliferator-activated receptor-γ coactivator-1α, ZLN005, carnitine pal-
mitoyl transferase-1α, oxidative stress, apoptosis

Introduction

Acute kidney injury (AKI) is a global public 
health concern associated with high morbidity, 
mortality, and healthcare costs [1, 2]. Notably, 
other than dialysis, no therapeutic interven-
tions reliably improve survival, limit injury, or 
speed recovery [1, 3]. Thus, new treatments for 
AKI are urgently needed.

Ischemia-reperfusion (I/R) injury due to low 
blood flow or sepsis is a common cause of AKI. 
Initial tissue damage caused by ischemia and 
hypoxia is aggravated during the reperfusion 
period through multiple mechanisms, includ- 
ing the activation of oxidative stress [4]. 
Subsequently, the activation of oxidative stress 
leads to the accumulation of reactive oxygen 
species (ROS) [5] and induces other adverse 

consequences, such as lipid peroxidation [6] 
and apoptosis [7]. Therefore, the identification 
of approaches to inhibit oxidative stress may 
aid in improving kidney outcomes after isch-
emic AKI.

Recent evidence has shown that mitochondrial 
fatty acid oxidation (MitoFAO) is involved in the 
regulation of oxidative stress and results in irre-
versible damage to tissues or cells [8-18]. 
However, the results of these studies are con-
troversial. Some studies have demonstrated 
that excessive MitoFAO causes mitochondrial 
overload and subsequent ROS generation [8, 
9], but others have shown that impaired 
MitoFAO also leads to the activation of oxidative 
stress [10-18]. In the I/R-induced AKI model, 
MitoFAO in renal tubular epithelial cells (RTECs) 
was shown to be substantially decreased [19-
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21]. RTECs are high-energy-demanding cells 
that exhibit high levels of MitoFAO. In models  
of chronic kidney diseases, defective MitoFAO 
not only reduces ATP levels [22, 23], but  
also correlates with an imbalance in ROS pro-
duction [24]. However, whether promoting 
MitoFAO inhibits oxidative stress and has posi-
tive effects in I/R-induced AKI remains unclear.

Peroxisome proliferator-activated receptor-γ 
coactivator-1α (PGC-1α) serves as a crucial 
coregulator that is expressed abundantly in 
RTECs to maintain energy homeostasis and 
mitochondrial biogenesis [25, 26]. Interest- 
ingly, a reduction in PGC-1α expression has 
been observed in I/R-, cisplatin- or lipopolysac-
charide (LPS)-treated mouse kidneys [27-29]. 
In addition, PGC-1α knockout was shown to 
cause a notable reduction in FAO in the kidney 
by reducing the activity of the MitoFAO rate-
limiting enzyme carnitine palmitoyltransferase-
1α (CPT-1α) [28]. These results suggest that 
targeting PGC-1α may alleviate AKI by promot-
ing the MitoFAO pathway. However, despite the 
potential benefits, no study has attempted to 
pharmacologically elevate PGC-1α levels and 
assess the subsequent effects in an I/R-
induced AKI model. Recently, ZLN005, also 
known as 2-(4-tert-butylphenyl) benzimidazole, 
an activator of PGC-1α [30], was shown to 
exhibit protective effects under ischemic condi-
tions by activating antioxidative enzymes in 
neurocytes [31]. Based on the curative effect of 
ZLN005 in treating ischemic disease and its 
potential to regulate MitoFAO and oxidative 
stress, the goal of the present study was to 
investigate whether ZLN005 can protect 
against I/R-induced kidney injury by inhibiting 
oxidative stress through an enhancement of 
MitoFAO.

Materials and methods

Animals and I/R-induced AKI models

Male C57BL/6 mice (10 weeks, 20-25 g) were 
purchased from Charles River Laboratories 
(Shanghai, China). All animals were housed in a 
standard environment and had free access to 
water and food. All procedures were conducted 
according to the NIH Guide for the Care and 
Use of Laboratory Animals published by the US 
National Academy of Sciences. The animal 
experiments were approved by the Animal 
Experiments Ethics Committee of Ruijin 

Hospital, Shanghai Jiao Tong University School 
of Medicine. Bilateral I/R surgery was per-
formed on mice under anesthesia as pre- 
viously described [32, 33]. Mice without renal 
pedicle clamping that underwent the same sur-
gery were used as the sham group. After a 
30-minute period of clamping of the bilateral 
renal pedicles, the clamps were released, and 
reperfusion lasted for 0, 2, 6, 12, 16, 24 or 48 
h as indicated. Then, the mice were sacrificed 
when the reperfusion step was completed, and 
serum and renal cortex tissues were collected 
for further analysis.

Cell culture and hypoxia-reoxygenation (H/R) 
models

Human kidney tubular epithelial cells (HK2 
cells, CRL-2190) were purchased from ATCC 
(Manassas, VA, USA) and routinely cultured in 
Dulbecco’s modified Eagle’s medium/nutrient 
mixture F-12 (DMEM/F12, Gibco, Waltham,  
MA, USA) containing 10% fetal bovine serum 
(FBS, Gibco). The cells were routinely cultured 
in an incubator under an atmosphere with  
5% CO2 at 37°C. For H/R modelling, after HK2 
cell monolayers were grown to 50-60% conflu-
ence, they were subjected to starvation in 
serum-free medium for 24 h and then trans-
ferred to a hypoxic incubator (Thermo Electron, 
Waltham, MA, USA) under an atmosphere with 
1% O2, 5% CO2 and 94% N2 for another 24 h. 
After the hypoxic step, the cell dishes were 
transferred back to the normoxic incubator 
under an atmosphere with 21% O2, and the cul-
ture medium was replaced with fresh medium 
supplemented with 10% FBS. The reoxygen-
ation step lasted for 0, 2, 6, 12, 16, 24 or  
48 h, and the cells were collected at the time 
points described above. Cells cultured in 
DMEM/F12 medium supplemented with 10% 
FBS without H/R were collected as the control 
samples.

Drug treatment

For in vivo experiments, the compounds 
ZLN005 (MedChemExpress, Monmouth Junc- 
tion, NJ, USA) and etomoxir (Sigma-Aldrich, St. 
Louis, MO, USA) were dissolved in corn oil 
(MedChemExpress). ZLN005 was intraperito-
neally injected into mice at doses of 3, 6 or 12 
mg/kg, and etomoxir was intraperitoneally 
administered at a dose of 30 mg/kg. The mice 
were randomly divided into drug-treated and 
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nondrug-treated groups, with 4-8 mice in each 
group. The mice in the drug-treated group  
were intraperitoneally injected with one or two 
drugs 24 h before being sacrificed according  
to the experimental design. The mice in the 
nondrug-treated group were intraperitoneally 
injected with corn oil as a control. For in vitro 
experiments, ZLN005 and etomoxir were first 
dissolved in DMSO (Sigma-Aldrich) and then 
diluted with cell culture medium to obtain the 
proper concentration. Cells treated with an 
equal volume of DMSO were used as a control. 
After 24 h of hypoxia, the cells were treated 
with or without DMSO, ZLN005 (10, 20, or 40 
µM) or 40 µM etomoxir for 24 h.

Transfection of CPT-1α siRNA

HK2 cells were cultured in six-well plates as 
monolayers. After reaching 50-60% conflu-
ence, the cells were transfected with 50 nM 
CPT-1α siRNA (Cat#: AM16708, IDs: 161677 
and 161678, Thermo Fisher, Waltham, MA, 
USA) using Lipofectamine 3000 (Thermo 
Fisher). The volume of siRNA or Lipofectamine 
3000 in each well was 5 µl, and after a 24-h 
transfection, the medium was discarded and 
replaced with fresh DMEM/F12 medium.

Renal function and histology

Renal function was measured by determin- 
ing the level of serum creatinine (SCr) using  
a liquid chromatography tandem mass spec-
trometry (LC-MS/MS) method according to the 
instructions [34]. Kidney damage was evaluat-
ed by two experienced nephrologists in a  
blinded manner after hematoxylin-eosin (H&E) 
staining. The criteria for tubular damage includ-
ed the loss of brush border, tubular dilation, 
cast formation and cell lysis [35]. The tubular 
damage score was calculated as the percent-
age of damaged tubules: >75% damage: 4 
points; 50-75% damage: 3 points; 25-50% 
damage: 2 points; <25% damage: 1 point; no 
damage: 0 point.

Transmission electron microscopy (TEM)

The renal cortex tissues were cut into 1 mm3 
sections and quickly fixed in 2.5% glutaralde-
hyde. After being fixed in 1% osmium tetroxide 
and dehydrated in a graded ethanol series, the 
tissues were embedded in hard resin and cut 
into ultrathin slices (80 nm) using an ultrami-
crotome (Leica, Wetzlar, Germany). Before  

TEM observation, the slices were stained with 
uranyl acetate and lead citrate. For TEM, we pri-
marily observed the number of lipid droplets 
and the structure of the mitochondria in proxi-
mal tubular epithelial cells. Mitochondrial dam-
age includes mitochondrial fragmentation, 
swelling and crista fracture. To determine the 
degree of mitochondrial damage, at least 300 
mitochondria from three different samples in 
each group were assessed.

Quantification of lipid peroxidation

Renal cortex tissue (10-20 mg) was homoge-
nized in lysis buffer. Then, malondialdehyde 
(MDA) was extracted using a lipid peroxidation 
MDA Assay Kit (Beyotime, Shanghai, China) fol-
lowing the manufacturer’s protocol. A micro-
plate reader (Thermo Fisher) was used to 
detect the absorbance of each well at 535 nm. 
The calculated amounts of MDA were adjusted 
by tissue weight.

Western blot analysis

The renal cortex tissues and HK2 cells were 
lysed in RIPA lysis buffer (Millipore, Billerica, 
MA, USA) containing 10% PHOSSTOP (Roche, 
Basel, Switzerland) and 1% proteinase inhi- 
bitor (Thermo Fisher), and proteins were 
extracted following a previously described pro-
cedure [33]. For each sample, soluble proteins 
(20-30 μg) were loaded and separated by 
10-12.5% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis before being trans-
ferred to a polyvinylidene difluoride (PVDF) 
membrane (Millipore). After being blocked  
with fast blocking buffer (EpiZyme, Shanghai, 
China) for 10-20 minutes, the PVDF membrane 
was incubated with specific primary antibodies 
overnight at 4°C. The primary antibodies were 
used at dilutions of 1:5000 for β-actin (Sigma-
Aldrich), 1:1000 for PGC-1α (Proteintech, 
Wuhan, China), 1:1000 for CPT-1α (Protein- 
tech), 1:2000 for B-cell lymphoma-2 (Bcl-2) 
(Abclonal, Wuhan, China), 1:2000 for Bcl-2-
associated protein-X (Bax) (Abclonal), 1:1000 
for cleaved caspase 3 (CC3, Cell Signal- 
ing Technology, Danvers, MA, USA), 1:2000  
for phospho-Erk1/2 (Cell Signaling Techno- 
logy) and 1:1000 for Erk1/2 (Cell Signaling 
Technology). Then, horseradish peroxidase 
(HRP)-conjugated secondary antibodies (Cell 
Signaling Technology) were incubated with the 
membrane at room temperature for 2 h.  
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The membranes were incubated with chemilu-
minescence HRP substrate (Millipore) and visu-
alized with a chemiluminescence imaging sys-
tem (Tanon, Shanghai, China). Stripping buffer 
(Beyotime) was used to remove antibodies  
from the PVDF membrane when detecting pro-
teins of the same molecular weight. Grayscale 
analysis was used to quantify the proteins with 
ImageJ (National Institutes of Health), and 
β-actin was employed as an internal control for 
data analysis.

RNA extraction, reverse transcription, and 
quantitative reverse transcription PCR (qRT-
PCR)

Total RNA was extracted from the renal cortex 
tissues and HK2 cells using TRIzol reagent 
(Thermo Fisher) following the manufacturer’s 
instructions. The RNA concentration of each 
sample was determined with a NanoDrop  
2000 system (Thermo Fisher), and 500 nmol  
of RNA was used for reverse transcription. 
Complementary DNA (cDNA) was then synthe-
sized using an oligo PrimeScript™ RT Reagent 
Kit (TaKaRa, Shiga, Japan) following the manu-
facturer’s instructions. Subsequently, the cDNA 
was diluted 10 times for qRT-PCR.

qRT-PCR was performed using the SYBR  
Premix Ex Tag Kit (TaKaRa) with the ABI 7500 
Sequencing Detection System (Applied Bio- 
systems, Foster City, CA, USA). Gene expres-
sion was calculated using the 2-ΔCt method, 
and β-actin was used as an internal control to 
normalize the relative values for each sample. 
The forward (F) and reverse (R) primers used to 
amplify target genes were as follows: mouse 
PGC-1α, F (5’-TATGGAGTGACATAGAGTGTGCT-3) 
and R (5’-CCACTTCAATCCACCCAGAAAG-3’); 
mouse CPT-1α, F (5’-CTCCGCCTGAGCCATGA- 
AG-3’) and R (5’-CACCAGTGATGATGCCATTCT- 
3’); mouse β-actin, F (5’-GTGACGTTGACATC- 
CGTAAAGA-3’) and R (5’-GCCGGACTCATCGT- 
ACTCC-3’); human PGC-1α, F (5’-TCTGAGTCT- 
GTATGGAGTGACAT-3’) and R (5’-CCAAGTCG- 
TTCACATCTAGTTCA-3’); human CPT-1α, F (5’- 
TCCAGTTGGCTTATCGTGGTG-3’) and R (5’-TC- 
CAGAGTCCGATTGATTTTTGC-3’); and human 
β-actin, F (5’-CATGTACGTTGCTATCCAGGC-3’) 
and R (5’-CTCCTTAATGTCACGCACGAT-3’).

Immunohistochemistry (IHC) staining

Paraffin-embedded kidney sections (4-µm 
thick) were first subjected to heat-induced epit-

ope retrieval at 75°C and then treated with per-
oxidase blocking solution and goat serum at 
room temperature. Subsequently, the sections 
were incubated with primary antibodies [anti-
PGC-1α antibody (1:1000) or anti-CPT-1α  
antibody (1:1000)] overnight at 4°C and then 
with a biotinylated anti-IgG secondary antibody 
(Dako Omnis, Agilent Technologies, Santa 
Clara, CA, USA). Then, a DAB solution (Fuzhou 
Maixin, Fuzhou, Fujian, China) was used to 
detect the presence of HRP bound to the bioti-
nylated secondary antibody, and the sections 
were imaged with an optical microscope (OM, 
Zeiss, Oberkochen, Germany).

Functional FAO assays

HK2 cells subjected to H/R and drug treat- 
ment were plated in poly-D-lysine-coated XF96 
plates. Then, prior to analysis, the cells were 
starved for 12 h in medium supplemented with 
1 mM glucose, 1 mM glutamine, 1% FBS and 
0.5 mM L-carnitine to consume long-chain fatty 
acids. The rates of palmitate oxidation were 
measured by determining the oxygen con- 
sumption rate (OCR) using a Seahorse XFe96 
analyzer following the manufacturer’s instruc-
tions after the cells were incubated with 
Seahorse XF palmitate-BSA FAO reagents. The 
level of OCR was adjusted with respect to the 
number of cells seeded in each well.

Cell viability test

Cell Counting Kit-8 (CCK-8) assay was used to 
assess HK2 cell viability. Cells were seeded  
in 96-well cell culture plates and subjected to 
H/R injury with or without drug treatment 
according to the group. After 72 h of cultivation, 
the medium was discarded and replaced with 
100 μl of fresh DMEM/F12 medium mixed  
with 10 μl of CCK-8 solution (Dojindo, 
Kumamoto, Kyushu, Japan). Then, the cells 
were incubated at 37°C for 2-4 h, and the 
absorbance was measured at 450 nm with a 
microplate reader. The cells in the group with-
out any stimulation were set as the control 
(100%) to calculate the percent viability of  
HK2 cells. The effect of ZLN005 and etomoxir 
on cell viability was also evaluated with a Live/
Dead Cell kit (Thermo Fisher). Cells were  
seeded in 24-well cell culture plates and cul-
tured for 72 h with certain treatments. Then, 
the dye was prepared according to the instruc-
tions, and cells were treated with 100 μl of the 
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dye for 15 minutes in an incubator before being 
evaluated under a fluorescence microscope.

Detection of lipid droplets

Lipid probes were used to detect lipid droplets 
inside cells. Lipi-Red (100 nmol, Dojindo) was 
dissolved in 100 μl of DMSO to obtain a 1 mM 
stock solution, which was then diluted with 
serum-free medium to prepare a 5 μM work- 
ing solution. HK2 cells were seeded in optical 
glass-bottomed dishes and cultured at 37°C 
for 30 minutes under different stimuli accord-
ing to the group. Before analysis, the culture 
medium was removed, and the cells were 
washed twice with serum-free medium. Then, 
working solution was added and the cells were 
incubated at 37°C for 30 minutes in an in- 
cubator under an atmosphere with 5% CO2. 
Subsequently, the samples were observed 
under a laser scanning confocal microscope 
(LSCM, LSM800, Zeiss) and imaged.

Mitochondrial membrane potential detection

MitoTracker Red CMXRos (Beyotime), a cell- 
permeable X-rosamine derivative (chlorometh-
yl-X-rosamine, CMXRos), was used to assess 
mitochondrial membrane potential and specifi-
cally mark biologically active mitochondria in 
HK2 cells. MitoTracker Red CMXRos (50 μg) 
was dissolved in 470 μl of DMSO to obtain a 
200 μM stock solution. The DMSO stock solu-
tion was next diluted with serum-free medium 
to prepare a 200 nM working solution, which 
was then added to the cell dishes and incubat-
ed at 37°C for 30 minutes in an incubator 
under an atmosphere with 5% CO2. Subse- 
quently, the samples were observed and 
imaged under a fluorescence microscope (OM, 
Zeiss).

Analysis of ROS

A hydrogen peroxide assay kit (Beyotime) was 
used to detect ROS levels in the kidney cortex 
according to the manufacturer’s instructions. 
The absorbance was measured in a microplate 
reader at 560 nm, and the calculated amount 
of hydrogen peroxide (H2O2) was adjusted by 
tissue weight. For HK2 cells, ROS assay kit 
(Nanjing Jiancheng, Nanjing, Jiangsu, China) 
was used to measure ROS levels according to 
the manufacturer’s instructions. Briefly, the 
cells were incubated with 10 μM dichlorodihy-

drofluorescein diacetate (DCFH-DA) for 15 min-
utes and then counterstained with Hoechst for 
15 minutes to visualize the nuclei, with images 
obtained using a fluorescence microscope.

Detection of apoptosis

A TUNEL assay kit (Roche, Basel, Switzerland) 
was used to assess apoptosis in the paraffin-
embedded renal sections, and 4’,6-diamidino-
2-phenylindole (DAPI) was used to counterstain 
the nuclei (blue fluorescence) prior to observing 
and imaging the samples by fluorescence 
microscopy.

Statistical analysis

All data are presented as the means ± SD. For 
the in vivo study, there were 4-6 mice in each 
group, and the assays were repeated three 
times. For the in vitro study, all assays were 
performed at least in triplicate, and the experi-
ments were repeated three times. All data anal-
yses were performed with GraphPad Prism 
(Version 5.0, GraphPad Software, San Diego, 
CA, USA). Comparisons between groups were 
performed with two independent samples 
t-tests, and differences were considered signifi-
cant at P<0.05.

Results

I/R induces substantial tubular damage as 
well as changes in PGC-1α and CPT-1α expres-
sion

Renal I/R injury was assessed following the 
protocol described in Figure 1A. H&E staining 
revealed obvious tubular damage, including 
tubular vacuolization, loss of the brush border, 
tubular dilation, cellular necrosis, tubular cell 
detachment and cast formation (Figure 1B). 
The lesions were predominantly in the cortex 
and outer medulla junction. SCr levels gradu- 
ally peaked at 3.49-fold of the baseline value  
in the first 24 h of reperfusion followed by a 
decrease after 48 h of reperfusion (Figure 1C), 
with the tubular damage score paralleling the 
observed change in SCr levels (Figure 1D). TEM 
images (Figure 1E) showed that the proximal 
RTECs experienced severe damage to the  
mitochondria with dilated and fragmented 
mitochondria easily observed after 24 h of 
reperfusion. However, the mitochondrial status 
improved after 48 h of reperfusion. In addition, 
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Figure 1. I/R induced kidney injury. A. Timeline scheme showing the procedures for I/R. Mice were subjected to 30 minutes of bilateral renal pedicles clamping 
followed by reperfusion for different periods of time (0, 2, 6, 12, 16, 24 or 48 h). Mice that received the same treatment without renal pedicle clamping were used 
as controls. B. Representative renal H&E staining images under an optical microscope (magnification of the upper panel, 200×; scale bar, 100 μm; the lower panel 
shows magnified images of the boxed areas in the upper panel). Yellow arrows, suspected lipid droplets. C. Summarized SCr levels. D. Summarized tubular damage 
scores. E. Representative TEM images (magnification of the left panel, 7000×; scale bar, 4 μm; the right panel shows magnified images of the boxed areas in the 
left panel left panel) of kidney tissues in the mice with or without I/R (24 or 48 h). White arrows, lipid droplets. n=6.
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a strong accumulation of lipid droplets (white 
arrow) in proximal RTECs was observed after 
I/R, and a significant decrease in lipids was 
detected after 48 h of reperfusion compared  
to that observed after 24 h of reperfusion. 
These results indicated the successful genera-
tion of renal I/R injury in mice and revealed  
that tubular injury, including mitochondrial 
damage and lipid overload, reached the highest 
level after 24 h of reperfusion. We speculated 
that the severe metabolic disorder was closely 
related to the dysfunction of regulators of mito-
chondrial metabolism; therefore, we examined 
the level of PGC-1α, a critical coregulator of 
energy homeostasis and mitochondrial biogen-
esis, and its downstream factor CPT-1α, the 
MitoFAO rate-limiting enzymes located in the 
outer membrane of mitochondria [36], to inves-
tigate the cause of this phenomenon.

As shown in Figure 2A, 2B, during renal I/R 
injury, the PGC-1α protein in renal cortex tis-
sues was significantly decreased after isch-
emia and reached minimum levels after 24 h of 
reperfusion followed by an increase after 48 h 
of reperfusion. The IHC staining results show- 
ed that the PGC-1α protein was present in both 
the cytoplasm and nuclei of RTECs. After 24 h 
of reperfusion, the PGC-1α protein level in 
nuclei substantially decreased but was partly 
restored after 48 h of reperfusion (Figure 2C). 
The qRT-PCR results showed that the relative 
level of PGC-1α mRNA in the renal cortex 
changed in parallel with the PGC-1α protein 
during I/R injury (Figure 2D). Similarly, the CPT-
1α protein and mRNA levels also gradually 
decreased and reached minimum levels after 
24 h of reperfusion, and were partly restored 
after 48 h of reperfusion (Figure 2E-H). In sum-
mary, the changes in PGC-1α and CPT-1α 
expression paralleled the change in tubular 
injury during I/R, suggesting that increased 
PGC-1α expression may be involved in renal 
tubule self-repair in renal I/R-injured mice.

ZLN005 ameliorates I/R-induced kidney in-
jury concomitant with reductions in oxidative 
stress and apoptosis after a single injection by 
elevating PCG-1α and CPT-1α levels in a dose-
dependent manner

Based on the results described above, we 
injected the mice with the PGC-1α agonist 
ZLN005 (3-12 mg/kg) 24 h before they were 

sacrificed, after which the protein and mRNA 
levels of PGC-1α and its downstream factor 
CPT-1α were evaluated and shown to be elevat-
ed in a dose-dependent manner in renal cortex 
tissues (Figure 3).

Histological analysis of kidney cortex tissues 
showed that when administered to mice with-
out I/R, ZLN005 treatment caused slight tubu-
lar injury. However, for the I/R-treated mice, a 
dose of 12 mg/kg ZLN005 effectively reduced 
tubular vacuolization, dilation and cell lysis 
after both 24 and 48 h of reperfusion (Figure 
4A). In addition, the tubular damage and SCr 
scores showed the greatest decrease in the 
mice treated with 12 mg/kg ZLN005 (Figure 
4B, 4C). Considering that more benefits may be 
achieved with early treatment, we chose 24 h 
of reperfusion (also the time at which PGC-1α 
dropped to its lowest level in the I/R procedure) 
as the intervention time point and selected 12 
mg/kg as the optimum concentration for 
ZLN005 treatment in the subsequent animal 
experiments.

To confirm whether ZLN005 can protect RTECs 
from ischemia- and hypoxia-induced oxidative 
stress, we examined the levels of H2O2 extract-
ed from the renal cortex. As shown in Figure  
4D, H2O2 levels in renal cortex tissues were  
significantly elevated after I/R injury, while 
ZLN005 treatment partly reversed this 
increase. Similar changes were observed for 
another marker of lipid peroxidation, MDA, in 
the I/R-injured and ZLN005-treated mice 
(Figure 4E). In addition, the TUNEL assay 
results showed that I/R-induced apoptosis was 
reduced in ZLN005-treated mice (Figure 4F), 
which may result from the mitigation of oxida-
tive stress by ZLN005 treatment.

CPT-1α inhibition negates the beneficial ef-
fects of ZLN005 on oxidative stress and apop-
tosis

Etomoxir is a potent inhibitor of CPT-1α that 
irreversibly binds to its catalytic site and inhib-
its its activity [37, 38]. According to previous 
studies, 30 mg/kg etomoxir administered by 
intraperitoneal injection and 40 μM etomoxir in 
cell culture medium can inhibit MitoFAO [38, 
39]. Therefore, we used 30 mg/kg etomoxir in 
vivo and 40 μM etomoxir in vitro alone or in 
combination with ZLN005 treatment to assess 
whether MitoFAO is required for the protective 



Protective effect of ZLN005 on ischemic AKI

10022 Am J Transl Res 2021;13(9):10014-10037

Figure 2. Changes in PGC-1α and CPT-1α in the renal cortex during I/R-induced kidney injury. (A) Representative 
Western blot images and (B) summarized data showing the time-dependent effect of reperfusion on PGC-1α protein 
levels. (C) Representative IHC staining image showing PGC-1α protein localization (magnification under an optical 
microscope, 200×; scale bar, 100 μm). (D) Summarized qRT-PCR data of PGC-1α mRNA expression in the renal 
cortex. (E) Representative Western blot images and (F) summarized data showing the time-dependent effect of re-
perfusion on CPT-1α protein expression. (G) Representative IHC staining image showing CPT-1α protein localization 
(magnification under an optical microscope, 200×; scale bar, 100 μm). (H) Summarized qRT-PCR data of CPT-1α 
mRNA expression in the renal cortex. n=6. *P<0.05, **P<0.01, ***P<0.001 vs. the control for PGC-1α and CPT-1α. 
#P<0.05, ###P<0.001 vs. the I/R 24 h group.
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effect of ZLN005. As shown in Figure 5A, the 
mice cotreated with etomoxir developed more 
severe tubular injury, increased lipid accumula-
tion and greater mitochondrial damage than 
the mice administered a single treatment of 
ZLN005. Cotreatment with etomoxir notably 
abrogated the ability of ZLN005 to mitigate 
tubular damage and decrease the level of oxi-
dative stress (Figure 5B-D).

Notably, ZLN005 treatment significantly 
reduced apoptosis in I/R-injured kidneys, as 
demonstrated by the TUNEL assay results 
(Figure 5E). Bcl-2 and Bax are crucial integra-
tors of signals for cell survival and death. Bcl-2 
has been confirmed to have antiapoptotic func-
tions, while Bax has proapoptotic functions 
[40]. These two proteins are fully functional 

only when they are located on membranes of 
the endoplasmic reticulum (ER) or mitochon-
dria [41]. In the present study, we measured 
the ratio of Bcl-2/Bax and the level of the  
apoptotic effector CC3 in renal cortex tissues. 
Figure 5F and 5G shows that the Bcl-2/Bax 
ratio was significantly elevated and the level of 
CC3 was substantially decreased following 
ZLN005 treatment in the renal cortex tissues 
after I/R injury, a benefit that could be partly 
offset by the addition of etomoxir.

Since inhibiting fatty acid β-oxidation in mito-
chondria will reduce the generation of acetyl-
CoA, which is used in the tricarboxylic acid  
cycle to produce ROS, the addition of etomoxir 
or CPT-1α siRNA should lead to decreased ROS 
production. However, the evidence described 

Figure 3. ZLN005 upregulated PGC-1α and CPT-1α expression in a dose-dependent manner. (A) Representative 
Western blot images and (B, D) summarized data showing the dose-dependent effect of ZLN005 (0, 3, 6, 12 mg/kg) 
treatment on PGC-1α and CPT-1α protein expression. (C) Summarized data of PGC-1α mRNA expression in the renal 
cortex of mice intraperitoneally administered 0, 3, 6 or 12 mg/kg ZLN005. (E) Summarized data of CPT-1α mRNA 
expression in the renal cortex of mice intraperitoneally administered 0, 3, 6 or 12 mg/kg ZLN005. n=4-6. *P<0.05, 
**P<0.01, ***P<0.001 vs. the control injected with corn oil.
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Figure 4. ZLN005 improves renal tubular injury and decreases oxidative stress and apoptosis in I/R-injured kidneys. (A) Representative renal H&E staining images 
under an optical microscope (magnification of the left panel, 200×; scale bar, 100 μm; the right panel shows magnified images of the boxed areas in the left panel) 
showing the dose-dependent effect of ZLN005 treatment (0, 3, 6, 12 mg/kg) on I/R induced renal tubular injury. (B) Summarized tubular damage scores. (C) Sum-
marized SCr levels. (D) Summarized levels of H2O2 and (E) MDA extracted from the mouse renal cortex. (F) Representative images of cell apoptosis detected by 
TUNEL assay under a fluorescence microscope (magnification of the left panel, 200×; scale bar, 100 μm; the right panel shows magnified images of the boxed areas 
in the left panel). n=4-6. #P<0.05, ##P<0.01, ###P<0.001.



Protective effect of ZLN005 on ischemic AKI

10026 Am J Transl Res 2021;13(9):10014-10037



Protective effect of ZLN005 on ischemic AKI

10027 Am J Transl Res 2021;13(9):10014-10037

Figure 5. Inhibition of CPT-1α negates ZLN005-mediated changes in oxidative stress and apoptosis in I/R-injured kidneys. (A) Representative renal H&E staining 
images under an optical microscope (magnification of the left panel, 200×; scale bar, 100 μm; the right panel shows magnified images of the boxed areas in the left 
panel) and representative TEM images (magnification of the left panel, 15000×; scale bar, 2 μm; the right panel shows magnified images of the boxed areas in the 
left panel left panel) of kidney tissues in the I/R 24 h groups treated with ZLN005, ZLN005+etomoxir or neither. White arrows show lipid droplets. (B) Summarized 
tubular damage scores. (C) Summarized levels of H2O2 and (D) MDA extracted from the mouse renal cortex. (E) Representative images of cell apoptosis detected 
by TUNEL assays under a fluorescence microscope (magnification of the left panel, 200×; scale bar, 100 μm; the right panel shows magnified images of the boxed 
areas in the left panel). (F) Representative Western blot images and summarized data showing Bcl-2 and Bax expression and the ratio of Bcl-2 to Bax. (G) Represen-
tative Western blot images and summarized data showing CC3 expression. (H) Representative Western blot images and summarized data showing p-Erk1/2 levels. 
n=4-6. #P<0.05, ##P<0.01, ###P<0.001.
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above revealed the opposite result. As ROS 
could originate from either the injured mito-
chondria or ER, we further measured the ratio 
of phosphorylated extracellular signal-regulat-
ed kinases 1/2 (p-ERK1/2) to extracellular sig-
nal-regulated kinases 1/2 (ERK1/2), a classic 
marker of ER stress, to determine whether the 
mitigation of ER stress is involved in the 
MitoFAO-mediated reduction in oxidative 
stress. Figure 5H shows that after the inhibi-
tion of CPT-1α, the level of ERK1/2 phosphory-
lation in I/R-injured RTECs was dramatically 
elevated, indicating that ER stress was reacti-
vated in ZLN005-treated RTECs after cotreat-
ment with etomoxir and that the antistress 
responses of the PGC-1α/CPT-1α axis in isch-
emic AKI may be associated with the suppres-
sion of ER stress. Collectively, these results 
showed that MitoFAO blockade counteracted 
the antistress responses in I/R-injured tubules 
induced by ZLN005 treatment, suggesting that 
MitoFAO is required for the improved antistress 
responses to I/R injury in RTECs mediated by 
ZLN005.

Effect of H/R on PGC-1α and CPT-1α expres-
sion in HK2 cells

We further evaluated whether H/R induces  
similar changes in PGC-1α and CPT-1α expres-
sion in HK2 cells by Western blot assay and 
qRT-PCR. Figure 6A-F shows that the mRNA  
levels of PGC-1α and CPT-1α were significantly 
decreased in HK2 cells after H/R stimulation. 
The protein levels of PGC-1α and CPT-1α paral-
leled the changes in mRNA levels. The tran-
scription levels of the two genes were both 
reactivated after 48 h of reoxygenation, result-
ing in an increase in the protein level. Since  
the lowest levels of PGC-1α and CPT-1α in HK2 
cells were observed after 24 h of reoxygen-
ation, we evaluated the FAO and lipid levels at 
this time point. The FAO test results showed 
that the OCR was substantially decreased in 
HK2 cells exposed to 24 h of H/R stimulation 
after coculture with palmitate (Figure 6G) con-
comitant with a significant accumulation of  
lipid droplets as revealed by Lipi-Red staining 
(Figure 6H). These results suggested that H/R 
inhibited PGC-1α/CPT-1α signaling in renal 
tubular cells, thereby suppressing FAO and 
leading to lipid overload. Subsequently, PGC-
1α/CPT-1α signaling was analyzed to confirm 
its role in H/R-induced HK2 cell injury.

ZLN005 treatment reverses H/R-induced ROS 
production and promotes cell viability by in-
creasing PCG-1α and CPT-1α levels in a dose-
dependent manner

We first performed a safety analysis using dif-
ferent doses of ZLN005 in routinely cultured 
HK2 cells. The results presented in Figure 7A 
show that ZLN005 treatment decreased cell 
viability at concentrations of 10 μM (although 
there was no significant difference) or higher in 
cell culture medium. HK2 cells were treated 
with 5 μM or lower levels of ZLN005 in vitro. 
Treatment with 2.5-5 μM ZLN005 significantly 
improved the viability of HK2 cells under  
H/R stimulation (Figure 7B, 7D). In addition, 
ZLN005 treatment decreased the levels of 
ROS, lipid droplets and MDA that were increas- 
ed by H/R (Figure 7C, 7D). Besides, PGC-1α 
protein and mRNA levels in HK2 cells under 
H/R stimulation increased upon ZLN005 treat-
ment in a dose-dependent manner (Figure 
7E-G). Furthermore, CPT-1α protein and mRNA 
levels also notably increased when the cells 
were treated with 5 μM ZLN005 (Figure 7H, 7I). 
Therefore, 5 μM ZLN005 was used in subse-
quent cell experiments.

CPT-1α inhibition abrogates the beneficial ef-
fects of ZLN005 treatment on oxidative stress 
and apoptosis

To further understand the role of CPT-1α in  
the beneficial effect of ZLN005 against H/R-
induced ROS production, we used etomoxir, 
which inhibits CPT-1α activity, and siRNA  
targeting CPT-1α to inhibit the function of CPT-
1α during the H/R procedure. Etomoxir (40  
μM) effectively inhibited CPT-1α activity, as it 
significantly decreased the OCR of HK2 cells 
injected with palmitate (Figure 8A) while CPT-
1α protein expression was notably knocked 
down by CPT-1α siRNA (Figure 8B, 8C). 
Cotreatment with etomoxir or CPT-1α siRNA 
dramatically offset the ZLN005-mediated 
enhancement of cell viability (Figure 8D). The 
reduced benefits of ZLN005 caused by Mito- 
FAO inhibition included increasing MDA levels 
(Figure 8E), promoting ROS production, de- 
creasing mitochondrial membrane potential 
and aggravating lipid overload (Figure 8F). To 
determine whether blocking MitoFAO induces 
substantial adverse outcomes, we subsequent-
ly measured Bcl-2, Bax and CC3 levels to 
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assess whether CPT-1α inhibition counteracted 
the effect of ZLN005 on mitigating apoptosis 
induced by H/R. The results showed that 
cotreatment with etomoxir or CPT-1α siRNA 
effectively enhanced the level of apoptosis of 
ZLN005-treated HK2 cells without influencing 
PGC-1α levels (Figure 9A-D). In addition, the 
results presented in Figure 9E and 9F show 
that after CPT-1α inhibition, ER stress was acti-
vated in the H/R-stimulated HK2 cells despite 

ZLN005 treatment. These results revealed that 
the alleviation of ER stress is an important part 
of the antistress responses of the PGC-1α/CPT-
1α axis in an ischemic AKI model.

Discussion

In clinical practice, the treatment of AKI remains 
a difficult problem for clinicians despite the 
high level of attention given to this common dis-

Figure 6. Changes in PGC-1α and CPT-1α expression in HK2 cells during H/R. (A) Representative Western blot im-
ages and (B) summarized data showing the time-dependent effect of H/R on PGC-1α protein expression. (C) Sum-
marized qRT-PCR data of PGC-1α mRNA expression in H/R-stimulated HK2 cells. (D) Representative Western blot 
images and (E) summarized data showing the time-dependent effect of H/R on CPT-1α protein expression. (F) Sum-
marized qRT-PCR data of CPT-1α mRNA expression in H/R-stimulated HK2 cells. (G) Summarized OCR data of HK2 
cells in the control and H/R 24 h groups. (H) Representative images of lipid droplets detected with Lipi-Red in HK2 
cells cultured under normoxia or H/R for 24 h (magnification under a confocal microscope, 630×2.5; scale bar, 10 
μm). n=8-9. *P<0.05, **P<0.01, ***P<0.001 vs. the control for PGC-1α and CPT-1α. #P<0.05, ##P<0.01, ###P<0.001 
vs. the H/R 24 h group.
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Figure 7. Effects of ZLN005 treatment on H/R-induced HK2 cell injury. (A) Summarized data of the viability of HK2 
cells treated with 0, 5, 10 or 20 μM ZLN005 under normoxia to identify safe treatment concentrations. (B) Sum-
marized data of the viability of HK2 cells cultured under normoxia or treated with 0, 2.5, or 5 μM ZLN005 under 
H/R conditions for 24 h. (C) Summary of MDA levels in HK2 cells cultured under normoxia or treated with 0, 2.5, 
or 5 μM ZLN005 under H/R for 24 h. (D) Representative images used to assess cell viability detected with a Live/
Dead Cell Kit (magnification under fluorescence microscope, 200×; scale bar, 100 μm), ROS production detected 
by DAFH-DA (magnification under fluorescence microscope, 200×; scale bar, 100 μm) and lipid droplets detected by 
Lipi-Red (magnification under confocal microscope, 630×2.5; scale bar, 10 μm) of HK2 cells treated with or without 
5 μM ZLN005 under H/R for 24 h. (E) Representative Western blot images and (F) summarized data showing the 
dose-dependent effect of ZLN005 on the H/R-induced decrease in PGC-1α protein expression. (G) Summarized 
data of relative PGC-1α mRNA levels in HK2 cells cultured under normoxia or treated with 0, 2.5, or 5 μM ZLN005 
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under H/R for 24 h. (H) Summarized data of CPT-1α protein levels in HK2 cells cultured under normoxia or treated 
with 0, 2.5, or 5 μM ZLN005 under H/R conditions for 24 h. (I) Summarized data of the relative CPT-1α mRNA levels 
in HK2 cells cultured under normoxia or treated with 0, 2.5, or 5 μM ZLN005 under H/R for 24 h. n=8-9, NSP≥0.05, 
#P<0.05, ##P<0.01, ###P<0.001.

Figure 8. Inhibition of CPT-1α decreases the ZLN005-mediated benefits on oxidative stress in H/R-injured HK2 cells. 
(A) Levels of OCR in H/R-injured HK2 cells treated with ZLN005 with or without CPT-1α inhibition. (B) Representa-
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ease [2]. Here, we provide new evidence that 
targeting PGC-1α may achieve some benefits in 
AKI treatment. In the present study, we suc-
cessfully constructed ischemic AKI models in 
vivo and in vitro and performed a series of 
experiments to assess whether ZLN005, a 
PGC-1α agonist, can attenuate ischemic AKI. 
The results showed that ZLN005 treatment 
dose-dependently elevated PGC-1α and CPT-
1α levels and reduced oxidative stress and 

apoptosis. Notably, the addition of etomoxir, an 
inhibitor of MitoFAO targeting CPT-1α, signifi-
cantly abrogated the beneficial effect of 
ZLN005 on reducing oxidative stress and apop-
tosis in both I/R-induced AKI mice and H/R-
induced HK2 cells. In addition, the transfection 
of CPT-1α siRNA effectively reversed the 
ZLN005-induced reduction in the levels of ROS, 
MDA and apoptosis in H/R-injured HK2 cells. 
Further studies revealed that the reactivation 

tive Western blot images and (C) summarized data showing CPT-1α protein levels in HK2 cells treated with CPT-1α 
siRNA. (D) Summarized data of the viability of H/R-injured HK2 cells treated with ZLN005 with or without CPT-1α 
inhibition. (E) Summarized MDA levels in H/R-injured HK2 cells treated with ZLN005 with or without CPT-1α inhibi-
tion. (F) Representative images used to assess ROS production detected by DAFH-DA (magnification under a fluo-
rescence microscope, 200×; scale bar, 100 μm), mitochondrial membrane potential detected by MitoTracker Red 
CMXRos (magnification under a fluorescence microscope, 200×; scale bar, 100 μm) and lipid droplets detected by 
Lipi Red (magnification under a confocal microscope, 630×2.5; scale bar, 10 μm) in H/R-injured HK2 cells treated 
with ZLN005 with or without CPT-1α inhibition. n=8-9, NSP≥0.05, #P<0.05, ##P<0.01, ###P<0.001.

Figure 9. Inhibition of CPT-1α decreases the ZLN005-mediated benefits on apoptosis by activating ER stress in H/R-
injured HK2 cells. (A) Representative Western blot images and (B-D) summarized data showing PGC-1α, Bcl-2, Bax 
and CC3 expression in HK2 cells with or without ZLN005 treatment and/or CPT-1α inhibition under H/R conditions 
for 24 h. (E) Representative Western blot images and (F) summarized data showing p-Erk1/2 levels in HK2 cells with 
or without ZLN005 treatment and/or CPT-1α inhibition under H/R conditions for 24 h. n=8-9, NSP≥0.05, #P<0.05, 
##P<0.01, ###P<0.001.
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of ER stress may be involved in the adverse 
effect of CPT-1α inhibition.

The pathophysiological procedure of I/R-
induced kidney injury can be divided into two 
stages: the ischemia stage and the reperfu- 
sion stage. Ischemic renal injury is character-
ized by acute hypoxia due to the transient inter-
ruption of renal blood flow, whereas reperfu-
sion is characterized by a sudden increase in 
oxygen concentration, resulting in increased 
ROS production and other oxidative stresses 
[42]. As a dominant and oxygen-dependent 
metabolic pathway, MitoFAO is immediately 
inhibited at the early stage of I/R [43]. As I/R 
injury progresses, the metabolic pattern of 
RTECs switches from aerobic to anaerobic  
and then back to aerobic. However, the sup-
pression of MitoFAO may persist because of 
the inhibition of its associated enzymes, espe-
cially CPT-1α, even after a long period of reper-
fusion [44]. As a crucial coregulator of Mito- 
FAO, PGC-1α is currently receiving increased 
attention. In our present study, we observed 
that PGC-1α levels changed with the duration 
of reperfusion. The PGC-1α mRNA and protein 
levels in the mouse renal cortex gradually 
decreased during the first 24 h of reperfusion 
after I/R but were spontaneously restored after 
48 h of reperfusion. Interestingly, the change in 
PGC-1α expression paralleled the alteration of 
tubular injury and SCr during I/R, suggesting 
that increased PGC-1α levels may be involved 
in renal tubule self-repair in renal I/R-injured 
mice.

ZLN005 has been confirmed as a PGC-1α acti-
vator in skeletal muscle [30], vessels [45], 
brain [31], and cardiomyocytes [46, 47] and 
ZLN005 treatment has some benefits in isch-
emia-induced neuronal injury [31]. Given the 
curative potential of ZLN005, we performed a 
series of studies to test its effects on I/R-
induced AKI. Our data demonstrated that 
ZLN005 has a dose-dependent pharmacologi-
cal effect on PGC-1α transcription in I/R-in- 
jured mouse kidneys. Moreover, ZLN005 treat-
ment showed benefits in restoring MitoFAO, 
lowering ROS and MDA levels, ameliorating 
mitochondrial damage and reducing apoptosis 
in I/R-injured RTECs, although high ZLN005 lev-
els were toxic to HK2 cells with respect to cell 
viability. Thus, we believe that an appropriate 
dose of ZLN005 may be a potential treatment 
for ischemic AKI in the future.

In addition, the results of the present study pro-
vide evidence that MitoFAO activation might be 
a crucial factor in ZLN005-mediated antistress 
responses in ischemic AKI. The dysfunction of 
MitoFAO, an important mechanism of ATP pro-
duction, can lead to adverse consequences 
under ischemic conditions, with imbalances in 
ROS production [48], mitochondrial damage 
[49] (including mitochondrial membrane poten-
tial reduction) and increased apoptosis [50] 
commonly observed. The finding that the bene-
ficial effects resulting from ZLN005 treatment 
were dramatically counteracted by inhibiting 
the activity or expression of CPT-1α further  
confirmed the importance of restoring MitoFAO 
in RTECs after ischemic injury. The results also 
confirmed that CPT-1α is a downstream target 
of PGC-1α, supporting the results of several 
other recently published studies [51, 52]. In 
addition, our results showing that CPT-1α  
inhibition activates ERK1/2 phosphorylation 
revealed that the benefits of the ZLN005-
mediated activation of the PGC-1α/CPT-1α axis 
in the ischemic AKI model were related to ER 
stress suppression. As the inhibition of CPT-1α 
limited the use of long-chain fatty acids, espe-
cially palmitate, excess palmitate would lead to 
uncontrolled lipotoxicity due to the exceeding 
amount that could be preserved in the lipid 
pool and result in subsequent alterations in 
phospholipid composition or other changes in 
membrane rigidity and fluidity [53, 54]. Thus, 
we conjectured that the inhibition of ER stress 
by ZLN005 may be attributed to a reduction in 
lipid accumulation and lipotoxicity. Similar find-
ings were recently reported in studies of pan-
creatic acinar cells and hepatic cells [10, 15].  
In summary, our findings demonstrated that 
ZLN005 protects against ischemic AKI by miti-
gating ER stress through the activation of PGC-
1α/CPT-1α signaling.

There are a few limitations in the current study. 
First, the proper dose of etomoxir used in differ-
ent studies is controversial [16, 38]. In the 
present study, we selected 30 mg/kg eto- 
moxir for intraperitoneal injection and 40 μM 
etomoxir in cell culture medium to inhibit 
MitoFAO in an AKI model in accordance with 
the concentration used by other researchers 
when treating mice with kidney injury or proxi-
mal renal tubular cells [39]. Etomoxir may inhib-
it other proteins, such as mitochondrial adenine 
nucleotide transporters and complex Ι of the 
electron transport chain, thereby influencing 
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the tricarboxylic acid cycle. In addition, we only 
evaluated the role of ZLN005 in ischemic AKI 
models. For translation of our findings to clini-
cal applications in AKI, it’s necessary to confirm 
the effect of ZLN005 in additional models of 
cisplatin- or LPS-induced AKI in future studies.

Conclusions

The results of our present study provide  
strong evidence that PGC-1α and CPT-1α 
expression is notably inhibited in an ischemic 
AKI model both in vivo and in vitro. Treatment 
with ZLN005 significantly elevated PGC-1α and 
CPT-1α levels and reduced oxidative stress. 
The blockade of MitoFAO by etomoxir was 
shown to offset the antistress responses 
induced by ZLN005 treatment in hypoxic-isch-
emic injured renal tubule epithelial cells by 
reactivating ER stress. In summary, although 
in-depth studies and pilot trials are still war-
ranted, our findings suggest that ZLN005 treat-

serum creatinine; LC-MS/MS, liquid chroma-
tography tandem mass spectrometry; TEM, 
transmission electron microscopy; MDA, malo-
ndialdehyde; PVDF, polyvinylidene difluoride; 
qRT-PCR, quantitative reverse transcription 
PCR; IHC, immunohistochemistry; OCR, oxy- 
gen consumption rate; CCK-8, cell counting kit-
8; CMXRos, chloromethyl-X-rosamine; H2O2, 
hydrogen peroxide; DCFH-DA, dichloro-dihydro-
fluorescein diacetate; HRP, horseradish peroxi-
dase; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-
associated protein-X; CC3, cleaved caspase 3; 
ER, endoplasmic reticulum; p-ERK1/2, phos-
phorylated extracellular signal-regulated kinas-
es 1/2; ERK1/2, extracellular signal-regulated 
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Figure 10. Diagram showing PGC-1α agonist ZLN005 restores MitoFAO to 
attenuate I/R-induced kidney injury by inhibiting oxidative stress and apop-
tosis.

ment attenuates I/R-induced 
kidney injury by promoting 
antistress responses through 
an enhancement of MitoFAO 
by targeting PGC-1α (Figure 
10).
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