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DUSP1 protects against ischemic acute kidney injury through
stabilizing mtDNA via interaction with JNK
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The mechanism underlying acute kidney injury (AKI) and AKI-to-Chronic kidney disease (CKD) transition remains unclear, but
mitochondrial dysfunction may be a key driving factor. Literature reports suggest that dual-specificity phosphatase 1 (DUSP1) plays
a critical role in maintaining mitochondrial function and structural integrity. In this study, ischemic Acute Kidney Injury (AKI) and
post-ischemic fibrosis models were established by clamping the renal pedicle with different reperfusion times. To investigate the
role of DUSP1, constitutional Dusp1 knockout mice and tubular-specific Sting knockout mice were used. Mitochondrial damage was
assessed through electron microscopy observation, measurements of mitochondrial membrane potential, mtDNA release, and BAX
translocation. We found that Dusp1 expression was significantly upregulated in human transplant kidney tissue and mouse AKI
tissue. Dusp1 gene deletion exacerbated acute ischemic injury, post-ischemic renal fibrosis, and tubular mitochondrial dysfunction
in mice. Mechanistically, DUSP1 could directly bind to JNK, and DUSP1 deficiency could lead to aberrant phosphorylation of JNK
and BAX mitochondria translocation. BAX translocation promoted mitochondrial DNA (mtDNA) leakage and activated the cGAS-
STING pathway. Inhibition of JNK or BAX could inhibit mtDNA leakage. Furthermore, STING knockout or JNK inhibition could
significantly mitigate the adverse effects of DUSP1 deficiency in ischemic AKI model. Collectively, our findings suggest that DUSP1
is a regulator for the protective response during AKI. DUSP1 protects against AKI by preventing BAX-induced mtDNA leakage and

blocking excessive activation of the cGAS-STING signaling axis through JNK dephosphorylation.
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INTRODUCTION

AKl is a clinical syndrome characterized by a sudden and sharp
decline in renal function due to multiple factors, which has
become a global clinical problem with high incidence and
mortality [1, 2]. Although progress has been made in prevention
and treatment, a significant proportion of AKI survivors cannot
fully recover their kidney function and progress to CKD, even end-
stage renal disease. Follow-up studies of hospitalized AKI patients
have shown that 15-30% of them progress to CKD [3, 4]. Kidney
fibrosis is one of the main pathological changes in CKD and a
major mechanism leading to its progression and eventual renal
failure [5, 6]. Due to the complex mechanisms underlying the
transition of AKl to CKD, there is currently scarce specific
treatment, but extensive clinical observations and animal studies
have shown that mitochondrial dysfunction is involved in the
pathogenesis of this process [7, 8].

The possible mechanisms of mitochondrial dysfunction mainly
include mtDNA mutations, decreased mitochondrial biogenesis,
imbalanced mitochondrial dynamics, and abnormally elevated
oxidative stress [9-14]. The latest research has found that
dysfunctional mitochondria can trigger inflammatory reactions

by releasing mitochondrial DNA (mtDNA) [15-17]. Mitochondrial
dysfunction and subsequent mtDNA-cGAS-STING pathway activa-
tion are key regulatory factors in kidney injury [18]. The
cytoplasmic translocation of mtDNA and cGAS-STING pathway
activation are also key factors leading to renal fibrosis in CKD mice
[19, 20]. Although the pathological changes of mitochondria in
AKI-CKD have been well studied, the pathways that induce
mitochondrial dysfunction and lead to injury in renal tubular
epithelial cells have not been fully determined.

DUSP1 encoded by the Dusp1 gene, is also known as mitogen-
activated protein kinase phosphatase-1 (MKP1). DUSP1 can
dephosphorylate multiple molecules involved in signal transduc-
tion pathways, such as p38 mitogen-activated protein kinase, JNK
(c-Jun N-terminal kinase), and ERK (Extracellular signal-regulated
kinases) [21-24]. Recent studies have shown that DUSP1 plays a
critical role in maintaining mitochondrial function and structural
integrity. DUSP1 could also improve the metabolism of mitochon-
dria in inflammatory-induced cardiomyocytes by regulating
mitosis and apoptosis [25]. Additionally, decreased expression of
DUSP1 may lead to overactivation of MAPK and JNK signaling
pathways, which can stimulate fibroblast proliferation and
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collagen synthesis, thereby promoting the progression of diabetic
kidney disease and renal fibrosis [26]. Therefore, DUSP1 may play a
regulatory role in mitochondrial dysfunction and kidney fibrosis.
However, the role of DUSP1 in AKI and post-AKI fibrosis remains
unknown.

RNA screening data showed that Duspl expression was
upregulated in kidney tissues both from kidney transplant patients
and mice with ischemic stimulation. This study aimed to
investigate the role and mechanism of DUSP1 in ischemic AKI
and post-AKl fibrosis, with a focus on mitochondrial dysfunction
and mtDNA release in proximal tubular cells. Dusp1 deficiency
exacerbated ischemia-induced renal dysfunction and mitochon-
drial dysfunction in renal cells. Mechanistically, DUSP1 could
prevent BAX translocation to mitochondria via JNK and mtDNA
release followed by BAX mitochondria accumulation. These
findings support the protective role of DUSP1 in ischemia-driven
renal function and mitochondrial dysfunction, providing new
insights and approaches for the prevention and treatment of AKI.

MATERIALS AND METHODS

Animals

Dusp1 knockout (Dusp1-KO) mice were obtained by crossing male and
female of heterozygous for C57BL/6N-Dusp1°™'?29%" ysing CRISPR/Cas-
mediated genome engineering (Cyagen Biosciences). The Sting exon 3, 4,
5-floxed mice (Stingﬂ°)‘/ﬂ°x, stock#031670, Jackson Lab) and Ksp-cadherin-
Cre mice (stock#012237, Jackson Lab) were crossed to generate tubule-
specific Sting knockout (Sting-cKO) mice Sting™1°% Cre. Dusp1 knockout
and Sting double knockout mice (Dusp1~/~ with Ksp-Cre/Sting™/") were
generated by crossing Dusp1 knockout mice with Ksp-Cre/Sting™/*"t
mice. All mice were bred and maintained under specific pathogen-free
conditions at the Experimental Animal Center of Three Gorges University.
All mice were age-matched and then randomized into the different
groups. The animal research program was approved by the Institutional
Review Committee (Ethics Committee) of the Ministry of Health of the
People’s Republic of China and the Ethics Committee of Three Gorges
University (202205010T2).

Bilateral/unilateral renal ischemia-reperfusion injury

(IRI) model

The bilateral/unilateral renal pedicle was clamped for 28 min with a
microaneurysm clamp, as previously mentioned [12]. The renal pedicle was
exposed in the sham operation without clamping. For unilateral IRl model,
the right kidney of the unilateral left renal ischemia-reperfusion model
needs to be removed 24 h before euthanasia. Sp600125 (MedChemEx-
press, stock in DMSO) diluted in PBS (30mg/kg) or vehicle were
administered intraperitoneally to inhibit JNK activation.

Cell culture and treatment

The mouse proximal tubular cells (mPTCs) were originally obtained from
Sciencell Research Laboratories and cultured in DMEM/F-12 medium
supplemented with 10% fetal bovine serum and growth factors. The cells
were incubated with H,O, at 500 uM for 6 h. Small interference RNAs
(siRNAs) were synthesized by Sangon Biotech (Shanghai) Co., Ltd. Small
interfering RNAs were transfected by Lipofectamine RNAIMAX reagent
(Thermo Fisher Scientific; 13778030), according to the manufacturer’s
protocol. A non-silencing siRNA oligonucleotide that does not recognize
any known homolog of mammalian genes was used as a negative control.
The pcDNA3.1-Dusp1 expressing plasmid was transfected by Lipofecta-
mine 3000 (Thermo Fisher Scientificc L3000001), according to the
manufacturer’s protocol. A pcDNA3.1 was used as a negative control.
Plasmids were transfected into mouse proximal tubular cells (mPTCs)
following incubation for 48 h. Specific silencing or overexpression of the
targeted Dusp1 gene was confirmed by western blot analysis.

Histology

For histologic analysis, kidney tissue was embedded in paraffin and cut
into 4 pm thick sections for Hematoxylin and Eosin (H&E), Masson, Periodic
Acid-Schiff stain (PAS), immunohistochemistry and immunofluorescence
staining. Tubular injury was examined in a blinded manner and scored by
the percentage of injured tubules, as follows: 0, no damage; 1, <25%; 2,
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25-50%; 3, 50-75%; 4, >75%. At least 10 randomly selected fields per
mouse were scored for quantification, and the mean was used as the
tubular injury score. The ImageJ tool was used to calculate the collagen
volume fraction, that is, the percentage of the blue area (collagen) to the
total area of each field. Randomly selected 10 fields of view for each mouse
kidney under 400x magnification were scored for quantification. For EM
observation, the kidneys were perfused with 1 ml of 10U/ml heparin,
followed by 2 ml fixative containing 100 mM sodium cacodylate, 2 mM
calcium chloride, 4 mM magnesium sulfate, 4% paraformaldehyde, and
2.5% glutaraldehyde. Damaged mitochondria were defined by loss of
electron density and bridging of cristae in more than 20% of the area of a
mitochondrion.

Immunohistochemical staining

We performed immunohistochemical detection using 5 um mouse slices.
After antigen retrieval and blocking, the primary antibodies for immuno-
histochemistry staining included DUSP1 (#48625 s, Cell Signaling Technol-
ogy), anti-COX | (bs-3953R), KIM-1 (#AF1817, R&D System, Minneapolis),
and smooth muscle actin (a-SMA) (#A5228, Sigma-Aldrich), which were
incubated overnight at 4 °C. After incubation with secondary antibodies,
DAB staining or InmPACT® Vector® Red staining was performed, and the
positive staining area was quantified using Image-Pro Plus 6.0
software. Percentage of stained area was calculated using the Image J
software. Randomly selected 10 fields of view for each mouse kidney
under a 200x magnification were scored for quantification.

Western blot

Kidney tissues and cells were homogenized and sonicated in RIPA lysis
buffer (beyotime, Shanghai, China), which included a protease inhibitor
cocktail. The target proteins were separated by SDS/PAGE gel and then
transferred to PVDF membranes of 0.22 um. After blocking with 5% bovine
serum albumin (BSA), PVDF membranes were incubated with primary
antibodies, including anti-DUSP1 (Abcam, #ab195261), anti-COXI (bs-
3953R), anti-p-JNK (Abcam, # ab76572), anti-JNK (Abcam, #ab307802),
anti-BAX (Cell Signaling Technology, #2772), anti-cGAS (Cell Signaling
Technology, #31659), anti-STING (Cell Signaling Technology, #13647), anti-
Cytochrome C (Santa Cruz, sc-13156), and anti-COX IV(Abcam, #ab16056)
overnight at 4 °C. HRP-labeled secondary antibodies were employed for
membrane incubation for 1 h. Films were scanned and detected with a Bio-
Rad calibrated densitometer. The ImageJ software was used for Western
blot image analysis.

Immunofluorescence

The mouse proximal tubular cells (mPTCs) were washed with phosphate-
buffered saline (PBS) and fixed with 4% paraformaldehyde for 30 min at
room temperature, followed by permeabilization with 0.5% Triton X-100
for 10min. mPTCs were fixed and permeabilized sequentially by
incubating them in acetone and methanol at —20 °C for 20 min. the cells
were subjected to overnight incubation with primary antibodies, followed
by incubation with secondary antibodies. The primary antibodies used in
this study were as follows: anti-Cytochrome C (#sc-13156, Santa Cruz), anti-
dsDNA (#ab27156, abcam), anti-cGAS (#31659, Cell Signaling Technology)
and anti-Bax (#60267-1-Ig, Proteintech).These secondary antibodies
included goat anti-rabbit IgG conjugated with Alexa Fluor 488 or 647,
anti-mouse IgG conjugated with Alexa Fluor 488 or 647, or goat anti-rabbit
IgG secondary antibody labeled with Alexa Fluor 405 (Jackson Immuno
Research). The cell nuclei were stained with 4/,6-diamidino-2-phenylindole
(DAPI) at room temperature for 10 min. Cells were stained with 0.1 mM
MitoTracker red or green (ThermoFisher Scientific) for 30 min to observe
mitochondria. The images were captured using a confocal laser scanning
microscope (Leica).

Isolation of mitochondria

The mitochondrial isolation was performed using the Mitochondria/
Cytosol Fractionation Kit (#ab65320, Abcam). Mitochondria were isolated
on ice and prepared as mitochondrial and cytosolic fractions for
immunoblot analysis.

Detection of Cytosolic mtDNA by PCR

The mPTCs were lysed in cell lysis buffer and then centrifuged at 700 X g for
10 min at 4 °C to remove the cell nuclei and intact cells. The volume of the
supernatant was normalized based on the protein concentration. The cell
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lysate was further centrifuged at 10,000 x g for 30 min at 4 °C to separate
the cytoplasmic fraction, and then the DNA from the cytoplasmic fraction
was isolated. Quantitative PCR was performed to detect mtDNA using
primers targeting the mitochondrial cytochrome c oxidase subunit 1
(mtCOI) gene. PCR was also performed to detect nuclear DNA using primers
targeting the 18S ribosomal RNA gene (18S rDNA). The mtDNA copy
number was normalized to the nuclear DNA copy number, and inter-group
comparisons were made. The primers for 18 S rDNA were 5-TGTGTTAGGG
GACTGGTGGACA-3' (forward) and 5-CATCACCCACTTACCCCCAAAA-3'
(reverse). The primers for mtCOX2 were 5-ATAACCGAGTCGTTCTGCCAAT-
3’ (forward) and 5-TTTCAGAGCATTGGCCATAGAA-3’ (reverse).

Measurement of mitochondrial ROS (mtROS) and
mitochondrial transmembrane potential

The cells were incubated with MitoSox Red fluorescent dye (5 pM, Thermo
Fisher, USA) at 37 °C for 30 min. The cells were then washed three times
with warm PBS buffer. Finally, the cells were observed using a Leica
confocal microscope. JC-1 (C2006; Beyotime) was used to measure the
mitochondrial membrane potential (MMP). The experiment was performed
as described previously in the literature [12] and according to the
manufacturer’s instructions.

Mitochondrial respiration measurement

The mitochondrial oxygen consumption rate (OCR) was analyzed using a
Seahorse XFe24 Analyzer (Agilent Technologies, Inc., North Billerica, MA,
USA) to measure mitochondrial respiration. Briefly, cells were seeded at a
density of 20x10A5 cells per well in a 24-well XFe24 cell culture
microplate and treated according to the designed method. In the
respiration assay, cells were exposed to H,O, for 6h, and OCR was
measured every 3 min for at least 90 min. Firstly, OCR was quantified under
basal conditions (20 mM glucose), with 1T pM oligomycin (an ATP synthase
inhibitor) and 0.125 pM FCCP (a mitochondrial respiratory uncoupler), and
finally with 1 uM rotenone/antimycin A (complex | and Ill inhibitors). OCR
was automatically calculated using the Seahorse XF-24 software.

ATP measurement
The ATP concentration in mPTCs was measured using an ATP fluorescence
assay kit (50026; Beyotime) according to the manufacturer’s protocol.

Coimmunoprecipitation

Endogenous co-IP was carried out to analyze the interaction between
DUSP1 and JNK in mPTC cells. Briefly, cells were lysed in mild cell lysis
buffer (P0013; Beyotime). After centrifugation at 14,000 g for 10 min, the
supernatant was incubated overnight at 4°C with control IgG or anti-
DUSP1 (Cell Signaling Technology, #48625 s), and then precipitated with
protein A/G PLUS agarose (Santa Cruz). The immunoprecipitated
complexes were washed and eluted for immunoblot analysis.

Statistical analysis

All quantitative data are presented as mean + standard error of the mean
(SEM). Results were analyzed using Prism 9.0 software (GraphPad, San
Diego, CA). Normal distribution and homogeneity of variance were tested
using Shapiro-Wilk test and Bartlett s test, respectively. For data that
passed both normality and equality of variance, comparisons between two
groups were performed using the unpaired 2-tailed Student’s t test, and
multiple comparisons were analyzed using the analysis of variance
(ANOVA) followed by Tukey's post-hoc test. If not, the non-parametric
Kruskal-Wallis test was applied, followed by Dunn’s test. P<0.05 was
considered as the level of significance.

RESULTS

Dusp1 expression is increased in transplanted kidneys from
deceased donors as well as in mouse kidneys following IRI
Transplanted kidneys from deceased donors inevitably suffer IR,
which may lead to AKI and affect graft survival. To identify
potential targets affecting the prognosis of kidney transplantation,
we analyzed the whole genome microarray transcriptional profile
of human kidney biopsy samples (GSE43974) from a total of 554
kidney biopsy tissues collected from living and deceased donors
at the time of donation, after cold ischemia, and after reperfusion
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[27]. The transcriptional levels of GDF15, ATF3, JUN, FOS, KLFe,
DUSP1, and others were up-regulated, of which GDF15, ATF3, JUN,
FOS, and KLF6 have been identified in renal IRI, while the role of
DUSP1 remains unknown (Fig. 1A). Our results showed that
compared to living donor kidney transplants, various pathways
related to cell apoptosis, IL-17 signaling, MAPK signaling, and TNF
signaling were activated in the kidney tissue of deceased brain
death donors (DBD) as shown in Fig. 1B. Furthermore, the chord
diagram and STRING protein-protein interaction analysis demon-
strated that among the top 20 differential genes, which include
DUSP1, JUN, GADDA458, DDIT3, HSPA18, and FOS6, all are
associated with the MAPK signaling pathway. (Fig. 1C, D).
Interestingly, analysis of transcriptome data (GSE98622) of mouse
kidney tissues at different time points also showed the increased
expression of DUSP1 after IRI (Fig. 1D). Additionally, we confirmed
the significant up-regulation of DUSP1 levels in renal tubular cells
of AKI mice kidney samples through immunohistochemistry
(Fig. 1E).

The absence of Dusp1 exacerbates ischemic AKI in mice

To evaluate the potential role of DUSP1 in IRl-induced AKI, we
generated Dusp1 knockout mice (Fig. 2A) and established AKI
models with Dusp1 knockout (Dusp1~/~) and wild-type (WT) mice
(bilateral ischemia for 28 min followed by reperfusion for 48 h).
Under non-ischemic conditions, Dusp1 knockout did not affect the
renal structure and function. However, after ischemic intervention,
Dusp1 ™/~ mice exhibited significantly increased levels of renal
tubular pathological injury (Fig. 2B, C), expression of kidney injury
molecule 1 (KIM-1) (Fig. 2D, F), kidney injury score (Fig. 2E),
creatinine (Fig. 2G) and blood urea nitrogen levels (Fig. 2H)
compared to WT mice. Western blot results validated the absence
of DUSP1 protein in Dusp1-deficient mice (Fig. 2I). Taken together,
these data suggested that the absence of Dusp1 was associated
with renal dysfunction and tubular injury in renal IRI.

Deletion of Dusp1 exacerbates post-ischemic renal fibrosis
and dysfunction

To further elucidate the long-term impact of Dusp1 knockout on
renal IRl, we established a model of post-ischemic fibrosis.
Unilateral (left) renal ischemia for 28 min followed by reperfu-
sion was performed to induce renal fibrosis, and on post-
operative day 13, the right kidney was removed and blood and
left kidney tissue were collected for analysis on day 14 (Fig. 3A).
Creatinine and blood urea nitrogen levels indicated that
Dusp1~/~ mice had significantly worse renal functional recovery
after IRl (Fig. 3B, C). Hematoxylin and eosin (H&E) and periodic
acid-Schiff (PAS) staining revealed brush border loss, tubular
dilation, and inflammatory infiltration in post-ischemic kidneys,
which were exacerbated in dusp1 knockout mice (Fig. 3D, E).
Immunostaining for a-smooth muscle actin (a-SMA) and
Masson’s trichrome staining showed shrunken kidneys, tubular
atrophy, and collagen deposition at day 14 after renal IR
Compared with WT mice, Dusp1~/~ mice significantly exacer-
bated renal atrophy and fibrosis 14 days after IRl (Fig. 3F-I).
These results indicated that Dusp1 contributed to the progres-
sion of CKD and fibrosis.

Deletion of Dusp1 exacerbates mitochondrial damages in
tubular epithelial cells induced by ischemia-reperfusion
injury (IRI)

Mitochondria dysfunction plays a crucial role in the develop-
ment of AKI and AKI-CKD, and DUSP1 has been reported to have
a significant impact on mitochondrial function [28]. Transmis-
sion electron microscopy (TEM) results showed mitochondrial
damage, swelling of cristae, and dense matrix in some renal
tubular cells of IRl mice. Compared to WT, Dusp1 knockout mice
exhibited worsened mitochondrial morphological damage and a
decrease in mitochondrial matrix (Fig. 4A-C). Next, MitoSOX and
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Western blot results verified that Dusp1-deficient mice exhibited
a more significant reduction in cytochrome C induced by IRI.
(Fig. 4H, 1). Meanwhile, IRl induced a decreased level of
mitochondrial DNA copy number and Dusp1 deletion worsened
the decreasing trend (Fig. 4J). Collectively, these results
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demonstrate that the absence of Dusp1 exacerbates mitochon-
drial damage in renal tubular epithelial cells caused by IRI.

The absence of Dusp1 exacerbates H,0,-induced
mitochondrial damages and mtDNA release

To mimic IRl in vivo, H,0, was used to treat renal tubular cells. We
examined the regulatory role of Dusp1 in H,0,.induced tubular
injury. We found that Dusp1 siRNA exacerbated H,0,-induced cell
death (Fig. 5A, B) and mitochondrial ROS production (Fig. 5C, D),
while Dusp1 overexpression preserved mitochondrial membrane
potential (Supplementary Fig. 1). H,O, impaired the oxygen
consumption rate (OCR) in renal tubular epithelial cells, including
ATP production and maximum respiration, and this effect was
exacerbated by Dusp1 deficiency (Fig. 5G, H). Hydrogen peroxide
led to mitochondrial damage and permeability changes, which
released mitochondrial DNA (mtDNA), a newly discovered
important factor in the conversion of AKI to CKD. Dusp1
knockdown did not affect total mtDNA copy number in cultured
cells (Fig. 5F). To visualize mtDNA distribution, mtDNA release was
assessed using dsDNA immunofluorescence. The results demon-
strated that H202-induced dsDNA signals distributed around the
mitochondria, and this phenomenon was more pronounced in
cells with reduced DUSP1 expression (Fig. 5E). These data suggest
that the deficiency of Dusp1 aggravates H,O,-induced mitochon-
drial damage and mtDNA release in renal tubular epithelial cells.

The absence of Dusp1 activates BAX and promotes cGAS/
STING-mediated inflammatory signaling

IRI-induced tubular cell injury and mitochondrial damage,
particularly the increased permeability of mitochondrial mem-
branes, can lead to the release of mtDNA, which has been shown
to induce the cGAS/STING pathway and affect the AKI outcome
[18]. By comparing wild-type and Dusp1~/~ knockout mice, we
found the overactivation of STING pathway in response to renal IRI
in Dusp1~/~ mice including increased expression of cGAS, Sting,
p-TBK1 and p-p65 (Fig. 6A). Based on previous reports that mtDNA
is released from mitochondria through BAX pores [29], we
examined the mitochondria BAX in isolating mitochondria from
renal tissue. Dusp1 gene deletion promoted the increase of BAX
translocation to mitochondria in response to IRl (Fig. 6B). We
further evaluated the contribution of BAX to mtDNA leakage into
the cytoplasm by triple-fluorescence microscopy analysis of
dsDNA, mitochondria, and BAX in H,O,-treated mouse renal
tubular epithelial cells. In H,O,-treated mouse renal tubular
epithelial cells, cytoplasmic mtDNA appeared to co-localize with
BAX, near the mitochondria (Fig. 6C). To further confirm whether
Dusp1 exerts its function through BAX activation, BAX inhibitor
(BAI1) was used in vitro to evaluate the mtDNA release in each
group. Knockdown of Dusp1l by siRNA-Dusp1 increased the
release of dsDNA and BAI1 significantly attenuated the mtDNA
leakage caused by Dusp1 knockdown (Fig. 6D). Overall, these data
suggested that Dusp1 deficiency further activates BAX after H,0,
treatment, exacerbates mtDNA leakage, and activates the cGAS-
STING pathway.

Depletion of DUSP1 activates BAX by increasing JNK
phosphorylation

To identify potential interacting partners of DUSP1, we down-
loaded the three-dimensional protein structure files of JNK and
Dusp1 from the RCSB database (https://www.rcsb.org/). We
performed three-dimensional and two-dimensional force analysis
and visualization using Discovery Studio and Ligplus software. The
results showed that the binding energy between JNK and Dusp1
was —276.25kcal/mol. In the two-dimensional image, green
dotted lines represent hydrogen bonds, while red dotted lines
represent hydrophobic interactions (Supplementary Fig. 2). Typi-
cally, if the binding energy between the ligand and target protein
is more negative, the binding is more stable. In the three-
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dimensional image, the red ribbon-like structure represents the
JNK protein, while the silver-white ribbon-like structure represents
the Dusp1 protein (Fig. 7A). CO-immunoprecipitation also showed
that Dusp1 could directly bind with JNK (Fig. 7B). Moreover, Dusp1
gene deficiency further upregulated p-JNK levels after renal IRI
(Fig. 7C, D), suggesting that Dusp1 may directly protect against
INK over phosphorylation in renal IRIl. To test whether JNK
activation affects the distribution of BAX after H202 treatment, we
measured the distribution of BAX in mPTCs mitochondria and
cytoplasm. The results showed that JNK silencing significantly
increased the content of mitochondrial BAX (Fig. 7E-G). Further-
more, co-staining of BAX (green fluorescence) and cytochrome C
(red fluorescence) showed that JNK silencing prevented the
mitochondrial translocation of BAX (Fig. 7H, I). These suggested
that JNK may be a potential intermediate protein that mediates
the regulatory effect of DUSP1 on BAX activation.

Inhibition of JNK can alleviate exacerbation of ischemia-
reperfusion injury caused by DUSP1 deficiency

Next, we investigated whether JNK inhibitor (Sp600125) can
alleviate AKI and CKD in Dusp1-deficient mice. AKI model was
established by bilateral ischemia for 28 min followed by reperfu-
sion for 48h, and Sp600125 was administered twice via
intraperitoneal injection 24h and immediately before surgery
(Fig. 8A). In the AKI model, Sp600125 offered moderate protection
to WT mice, however, it significantly attenuated renal pathological
injuries, renal dysfunction and KIM1 expression in Dusp1-knockout
mice (Fig. 8B-F). Unilateral ischemia for 28 min followed by
reperfusion was performed to establish renal fibrosis model, and
Sp600125 was injected intraperitoneally daily from postoperative
day 3 to day 13. Right kidney was removed on day 13 and blood
and left kidney tissue were collected for analysis on day 14
(Fig. 8A). In Dusp1™"~ mice, Sp600125 treatment ameliorated renal
function, renal pathology, renal atrophy, and collagen deposition
compared to the vehicle group (Fig. 8G-K). These data demon-
strated that DUSP1 deficiency leaded to excessive activation of
INK and that inhibition of JNK can alleviate exacerbation of IRI
caused by DUSP1 deficiency.

Sting deficiency alleviates the adverse effects of Dusp1
deficiency

To further investigate whether cGAS-STING pathway mediated the
observed effect of Dusp1 in AKI mice, we generated mice with
double knockout of Dusp1 and Sting by crossing Dusp1~/~ mice
with Ksp-Cre/Sting "®/1°* mice and subjected them to IRI for 48 h
(Fig. 9A). Immunohistochemical staining for STING showed that
there was a significant upregulation of STING in the kidneys of
Sting /1% mice while there was less expression in the kidneys of
Ksp-Cre/Sting °/fox mice after IRI (Fig. 9F). We found that the
double deletion of Dusp1 and Sting did not affect the kidney
structure and function in non-ischemic conditions. Importantly, all
the changes, including KIM1, renal function impairment and
kidney morphological changes were blunted in double-knockout
mice compared to Duspl™/~ knockout mice after ischemic
challenge (Fig. 9B-E). These data above suggested that tubular
Sting pathway activation mediated the adverse effects of Dusp1
deficiency in AKI.

DISCUSSION

In this study, we revealed that the activation of DUSP1 is a
defensive protective mechanism against renal IRI. Specifically, in
renal IRl model, our findings show that: (1) DUSP1 expression is
significantly upregulated in human DBD kidney tissue and mouse
AKI kidney tissue; (2) Dusp1 knockout mice exacerbates IRI-
induced renal injury, kidney fibrosis, and tubular epithelial cell
mitochondrial damage; (3) Silencing of DUSP1 aggravates H,0,-
induced tubular injury, mitochondrial damage, and mtDNA
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Fig. 6 The deficiency of Dusp1 mediates cGAS activation and mtDNA release, which can be inhibited by BAX inhibitor (BAI1).
A Representative Western blot and quantitative data showing cGAS, STING, p-TBK1, TBK1 p-p65, and p65 expression in sham or IRI- treated
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release; (4) loss of DUSP1 increases JNK phosphorylation, activates
BAX, and promotes cGAS/Sting-mediated inflammatory signaling;
(5) the deficiency of STING or inhibition of JNK can significantly
reduce the adverse effects caused by DUSP1 deficiency.

The dual-specificity phosphatase (DUSP) protein family consists of
11 members and 3 categories (Category I: DUSP 1, 2, 4, and 5 in the
nucleus; Category Il: DUSP 6, 7, and 9 are found in the cytoplasm;
Category lll: DUSP 8, 10, and 16 are present in both nucleus and
cytoplasm) [30]. As an enzyme that can remove phosphate groups
from tyrosine and serine residues, DUSP plays a crucial role in
cellular activities, including mitophagy [31], mitochondrial fission
[32], and mitochondrial metabolism [25]. In this study, our data
showed that Dusp1 expression was elevated in brain death donor
(DBD) kidney samples and AKI mouse kidneys (Fig. 1). Dusp1 gene
deletion significantly exacerbated renal function deterioration, renal
tubular injury (Fig. 2), renal fibrosis (Fig. 3), mitochondrial damage
(Fig. 4), and the production of inflammatory cytokines induced by
IRI. Furthermore, in cultured renal tubular epithelial cells, Dusp1
knockdown exacerbated the release of mitochondrial DNA,
accumulation of mitochondrial reactive oxygen species, and
reduction of ATP induced by H,O, (Fig. 5). These findings are
consistent with previous research suggesting that DUSP1 effectively
improves mitochondrial damage and dysfunction [25]. Overall,
DUSP1 in renal tissue may be a potential target for reducing
inflammation and kidney injury [33].

Under conditions of cellular stress and mitochondrial dysfunc-
tion, mitochondrial DNA (mtDNA) can be released into the
cytoplasm or extracellular space, which not only enhances
antimicrobial innate immunity during infection but also poten-
tially drives detrimental inflammatory responses during disease
processes [34, 35]. In AKI, mitochondria dysfunction is found to
trigger an innate immune response by releasing mitochondrial
DNA (mtDNA) outside the mitochondria, which promotes renal
damages [18, 36]. Detection of circulating free mtDNA is even
considered a potential biomarker for assessing tissue damage [37].
In addition, cytoplasmic mislocalization of mtDNA can induce
fibrotic changes in mouse renal tubular epithelial cells [19]. In this
study, we reported that the loss of DUSP1 exacerbates mtDNA
release into the cytoplasm (Fig. 5), while overexpression of
DUSP1 significantly alleviates the reduction of mitochondrial
membrane potential (Supplementary Fig. 2), indicating a critical
role for DUSP1 in mitochondrial dysfunction and the abnormal
leakage of mtDNA. These findings suggested that the role of
DUSP1 in regulating mitochondrial function is more diverse than
previously understood.

Leaked mtDNA can act as an endogenous ligand for cGAS, thus
inducing an innate immune response through the STING pathway
[18, 19] We found that Dusp1 deletion further activates the cGAS-
STING pathway, accompanied by aggravated renal injury, in an
ischemic AKI mouse model (Fig. 6). However, compared to DUSP1
knockout mice, the kidney injury was significantly alleviated in
STING and DUSP1 double-knockout mice (Fig. 9). In addition to
AKl, chronic cellular stress induced by oxidative stress and
mitochondria dysregulation has been found to activate the
cGAS-sting pathway, which is associated with progress of CKD
[19, 38]. Consistently, the fibrotic changes were alleviated in the
Sting and Dusp1 double-knockout mice compared with Dusp1
knockout mice. Therefore, the regulation of mitochondrial
damage by DUSP1 affects the activation of the cGAS-STING
pathway, providing a new explanation for preventing disease
progression in AKI and CKD models.

In order to reveal the molecular mechanism by which DUSP1
loss promoted mtDNA release, we focused on the phosphorylation
status of JNK and the mitochondrial translocation of BAX. DUSP1
could dephosphorylate serine/threonine and tyrosine residues of
its substrates, especially JNK, to exert its biological function
[39-41]. Similarly, in this study, JNK was identified as an
interacting partner of DUSP1 in proximal tubular cells by analyzing
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protein interaction (Fig. 7) and we found that DUSP1 was a key
regulator for phosphorylation status of JNK in AKI model (Fig. 7). It
has been reported that activated JNK can promote the transloca-
tion of BAX to mitochondria [42, 43] through phosphorylation of
the 14-3-3 protein [44] and the formation of BAX/BAK pores in the
mitochondrial outer membrane was closely related to mtDNA
release [29, 45]. Immunofluorescence indicated that cytoplasmic
mtDNA and BAX co-localized on the surface of mitochondria in
H,0,-treated renal tubular epithelial cells (Fig. 6C). The BAX
inhibitor (BAI1) effectively inhibits mtDNA leakage induced by
DUSP1 deficiency under H,0, stimulation (Fig. 6). Interestingly, we
observed that JNK silencing significantly attenuated the mtDNA
release caused by DUSP1 deficiency (Fig. 7), and that treatment of
the JNK inhibitor SP600125 reversed the adverse effects on the
kidney caused by DUSP1 deficiency in mice (Fig. 8). These data
suggested that the loss of DUSP1 led to the overactivation of JNK,
causing BAX translocation to mitochondria and mtDNA release
under the AKI model.

However, there are still some limitations and unresolved issues.
Firstly, the use of systemic knockout mice in the experiments does
not exclude the possibility that the lack of DUSP1 in other types of
cells, such as immune cells, may also lead to activation of the cGAS-
sting pathway. Secondly, previous studies have reported that DUSP1
can alleviate inflammation by improving mitochondrial engulfment
and metabolism [25], and we cannot rule out the possibility that the
beneficial effect of DUSP1 in AKI-CKD may partly come from the
regulation of mitochondrial engulfment and metabolism. In
addition, in a previous study on myocardial IR, DUSP1 was
downregulated after acute cardiac IR injury compared to the control
group [46]. The exact reason for the inconsistency between the two
findings is unclear and may be due to differences in the distribution
of DUSP1 in different organs and tissues, animal models, treatment
methods, and the setting of differential thresholds. Finally, the
precise mechanism by which mtDNA is released from mitochondria
through BAX remains unclear.

In summary, we have reported DUSP1 as a defensive protective
mechanism to alleviate the process of AKI to CKD transition.
DUSP1 inhibits the release of mtDNA through the BAX pore in the
mitochondrial outer membrane by dephosphorylating JNK,
thereby suppressing the cGAS-STING signaling pathway and
subsequent renal injury. Therapeutic strategies targeting DUSP1
and this pathway may offer therapeutic implications for ischemic
kidney disease and subsequent renal fibrosis.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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