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Mitochondrial dysfunction is one of the key features of acute kidney injury (AKI) and associated fibrosis. Leucine-
rich repeat kinase 2 (LRRK2) is highly expressed in kidneys and regulates mitochondrial homeostasis. How it
functions in AKI is unclear. Herein we reported that LRRK2 was dramatically downregulated in AKI kidneys.
Lrrk2™/~ mice exhibited less severity of AKI when compared to wild-type counterparts with less mitochondrial
fragmentation and decreased reactive oxygen species (ROS) production in proximal renal tubular cells (PTCs)
due to mitofusin 2 (MFN2) accumulation. Overexpression of LRRK2 in human PTC cell lines promoted LRRK2-
MKK4/JNK-dependent phosphorylation of MFN25%?7 and subsequently ubiquitination-mediated MFN2 degra-
dation, which in turn exaggerated mitochondrial damage upon ischemia/reperfusion (I/R) mimicry treatment.
Lrrk2 deficiency also alleviated AKI-to-chronic kidney disease (CKD) transition with less fibrosis. In vivo pre-
treatment of LRRK2 inhibitors attenuated the severity of AKI as well as CKD, potentiating LRRK2 as a novel target
to alleviate AKI and fibrosis.

1. Introduction

Acute kidney injury (AKI), characterized by rapid loss of kidney
function, affects approximately 10-15% of patients admitted to the
hospital among whom the prevalence can exceed 50% in the intensive
care unit [1,2]. Despite the improvement in medical care, AKI remains
high mortality approaching 50%-70% [3]. Moreover, AKI survivors
bear approximately ~8.8-fold and ~3.1-fold increases in the risk to
develop chronic kidney disease (CKD) and end-stage renal disease
(ESRD) respectively [4], leading to great medical and economic burdens

in the long run. Moreover, there is currently no definite therapy to
prevent or treat established AKI per se.

Proximal tubular cells (PTCs) are responsible for the reabsorption of
most nutrients existing in the glomerular ultrafiltrate [5]. PTCs located
in S3 segment are extremely vulnerable to ischemia, toxic insults or
mitochondrial damage related stimuli due to the high energy require-
ment and unique microvascular environment [6], mostly determining
the severity of AKI. Impairment of PTC regeneration will prevent tissue
repair, driving inflammation and fibrosis [7,8]. Therefore, maintaining
PTC homeostasis is indispensable for AKI prevention and treatment.
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Fig. 1. Lrrk2 expression decreased dramatically in acute phase of kidney injury

(a-b) UMAP plots (a) and gene expression analysis (b) of a scRNA-seq dataset from mice kidneys upon I/R at different time points.

(c) Representative images of LRRK2 immunostaining of the mouse kidneys upon I/R at different time points. Scale bar: 100 pm

(d) Immunoblotting analysis of LRRK2 in sham and I/R mouse kidneys upon I/R at different time points and quantification (n = 3/group).

(e) The mRNA level of Lrrk2 in mouse kidneys after different ways of AKI induction (n = 3/group).

(f) Immunofluorescence staining of LRRK2 and MFN2 in human renal biopsy. Scale bar: 100 pm. The mean fluorescence intensity of LRRK2 was quantified.
Abbreviations UMAP Uniform Manifold Approximation and Projection, scRNA-seq single-cell RNA sequencing, I/R ischemia/reperfusion, PT-S1 S1 segment of
proximal tubule, PT-S2 S2 segment of proximal tubule, PT-S3 S3 segment of proximal tubule, DTL descending limb of loop of Henle, ATL thin ascending limb of loop
of Henle, MTAL thick ascending limb of loop of Henle in medulla, CTAL thick ascending limb of loop of Henle in cortex, MD macula densa, DCT distal convoluted
tubule, CNT connecting tubule, ICA type A intercalated cells of collecting duct, ICB type B intercalated cells of collecting duct, Uro urothelium, Pod podocytes, PEC
parietal epithelial cells, EC endothelial cells, Per pericytes, Fib fibroblasts, My macrophages, Cis cisplatin, AA Aristolochic acid, AKI acute kidney injury

All the pooled data were presented as mean =+ standard deviation (SD). The data were the representative of two independent experiments. A Student’s t-test was used
for statistical analysis between two groups. *p < 0.05, ***p < 0.001, ****p < 0.0001.

o

Non-AKI AKI

Mitochondria have been increasingly recognized as a critical player mechanisms for the mitochondria in response to functional adaptation
in AKI. PTCs need to generate a large amount of ATP via mitochondrial and the requirement for energy is highly dynamic that constantly un-
oxidative phosphorylation due to high-energy demand to fulfill their dergoes fusion and fission transformation. Mitochondria fusion is a
reabsorption function [9]. Being the powerhouse of the cells, one of the process where two mitochondria merge their membranes to form a
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Fig. 2. Lrirk2 ™/~ mice display less severity of acute kidney injury than WT mice.

(a) Experimental scheme of I/R-induced AKI model.

(b—c) Comparison of sCr (c¢) and BUN (d) between WT and Lrrk2~/~ mice 24 h after I/R injury (n = 5/group).

(d) Representative image of H&E staining of the kidneys (left) and quantification of the tubulointerstitial damage (n = 10 fields/section) 24 h after I/R injury (right).
Scale bar: 50 pm

(e) Representative images of KIM-1 immunostaining of the kidneys (left) and quantification of the Kim-1 positive ratio 24 h after I/R injury (right). Scale bar: 50 pm
(f) Experimental scheme of cisplatin-induced AKI model.

(g) Mortality rates after cisplatin injection in WT and Lrrk2™/~ mice (n = 12/group).

(h) Comparison of dynamic sCr levels in WT and Lrrk2™/~ mice after cisplatin injection (n = 5/group).

(i) Representative images of H&E staining of the kidneys (left) and quantification of the tubulointerstitial damage (right) (n = 10 fields/section) 3 days after cisplatin
injection. Scale bar: 50 pm

(j) Representative images of KIM-1 immunostaining of the kidneys (left) and quantification of KIM-1 positive ratio (right) 3 days after cisplatin injection. Scale bar:
50 pm

(k) Comparisons of I11b and Il6 mRNA levels (fold change vs. one replicate in WT group) in cisplatin-injured kidneys from WT and Lrrk2~/~ mice (n = 4/group).

(1) Experimental scheme of AA-induced AKI model.

(m-0) Comparisons of dynamic sCr (m), BUN (n), and serum KIM-1 (o) in WT and Lrrk2~/~ mice after AA injury (n = 5/group).

(p) Representative images of H&E staining of the kidneys (left) and quantification of the tubulointerstitial damage (right) (n = 10 fields/section) 3 days after AA
injury. Scale bar: 50 pm.

Abbreviations sCr serum creatinine, BUN blood urea nitrogen, WT wild type, KO Lrrk2 knockout, I/R ischemia/reperfusion, KIM-1 kidney injury molecule-1, Cis
cisplatin, AA Aristolochic acid

All the pooled data were presented as mean + standard deviation (SD). The data were representative of two independent experiments. A Student’s t-test was used for
“*p < 0.0001 vs. KO, #p < 0.05 vs. DO, ns: no significance.

statistical analysis between two groups. *p < 0.05,**p < 0.01,***p < 0.001, *

<

larger mitochondrion which is mainly mediated by Mitofusin 1/2
(MFN1/2). Fission is the opposite process where a mitochondrion di-
vides into two daughter organelles, which is mainly mediated by
dynamin-related protein 1 (DRP1) [10]. The balance between fusion and
fission is very important for mitochondria function. Unopposed mito-
chondrial dynamics could lead to abnormal generation of ATP [11],
extra production of mitochondrial reactive oxygen species (mtROS)
[12], release of cytochrome c¢ [13], leakage of mitochondrial DNA
(mtDNA) into the cytosol [14], and ultimately cell death which dedi-
cates to aggravated AKI. It also gives rise to renal microvascular damage
and fibrosis, which are the most important pathogenic factors for CKD
progression after AKI [15,16]. Therefore, maintaining mitochondria
integrity and function in PTCs is beneficial for the outcome of the
injured kidney.

Leucine-rich repeat kinase 2 (LRRK2) is a protein containing multiple
functional domains including ankyrin repeat region, leucine-rich repeat
(LRR) domain, ROC (Ras of complex proteins) GTPase domain, C-ter-
minal of ROC (COR) domain, kinase domain related to mitogen-
activated protein kinase kinase kinase (MAPKKK) and C-terminal
WD40 region [17]. It is highly expressed in various tissues including the
kidney, lung, brain, and certain immune cells [18]. Mutations of LRRK2
have emerged as closely associated with Parkinson’s disease (PD) [19]
and some immune-related disorders [20-22] where the underlying
mechanism is still ambiguous. Recent studies have gradually elucidated
the modes of LRRK2 in regulating mitochondrial homeostasis. In PD
patients, LRRK22°1% mutation enhances RAB10 phosphorylation,
resulting in the accumulation of RAB10 and autophagy receptor opti-
neurin on depolarized mitochondria and the impairment of mitophagy
[23]. In LRRK2XM 441G mutant Parkinsonian mice, aberrant mitochon-
drial morphology and function are companied by impaired mitophagy
and the activation of DRP1-MAPK/ERK signaling pathway [24].
Dysfunction of LRRK2 has been demonstrated to be involved in lung
fibrosis [25,26], heart remodeling [27], kidney function [28-30], etc.
Previously, we have reported that LRRK2 deficiency attenuated
pristane-induced lupus-like pathology and renal injury in mice [33].
However, how LRRK2 regulates mitochondrial function during AKI
pathogenesis remains unclear.

In this study, we report that LRRK2 is highly expressed in PTCs and
markedly downregulated during kidney injury. Lrrk2~/~ mice display
less severity of kidney injury in the model of AKI, characterized by
reduction of mitochondrial fragmentation and ROS production in PTCs.
These defects are aggravated by LRRK2 overexpression. Mechanisti-
cally, LRRK2 indirectly phosphorylates MFN2 via the MKK4-JNK
pathway, leading to ubiquitination-mediated MFN2 degradation.

MFN2 reduction causes mitochondrial damage and ROS accumulation,
contributing to the cell death of PTCs and aggravation of kidney injury.
Furthermore, LRRK2 deficiency alleviates chronic kidney fibrosis.
Finally, pretreatment of LRRK2 inhibitors attenuated the severity of AKI
and chronic kidney fibrosis in vivo. Therefore, LRRK2 downregulation
represents an important mechanism to prevent mitochondrial dysfunc-
tion and protect AKI and chronic kidney fibrosis, suggesting LRRK2 in-
hibition as a novel strategy for these diseases.

1.1. Methods

1.1.1. Mice

Lrk2~/~ mice (Lrrk2~/~ C57BL/6N-Lrrk2tm1.Mjff/J; approved by
the Michael J. Fox Foundation for Parkinson’s research; JAX stock
016121) were purchased from the Jackson Laboratory (USA). Age- and
gender-matched WT mice were used as controls in all experiments. All
mice were maintained in individually ventilated cages under specific
pathogen-free (SPF) conditions in the animal facility of Shanghai Jiao
Tong University School of Medicine.

1.1.2. Animal models

Male mice between 8 and 12 weeks old were used in the induction of
kidney injury. An ischemia/reperfusion (I/R) AKI mouse model was
induced by ischemia for 30 min at 37 °C in the left kidney using the flank
approach as previously reported and contralateral nephrectomy [31].
Alternatively, cisplatin toxic AKI mouse model was induced by intra-
peritoneal injection of cisplatin (P4394, Merck) in 0.9% saline (20
mg/kg) [32], and Aristolochic acid (AA) toxic AKI mouse model was
induced by intraperitoneal injection of AA (A5512, Merck) (10 mg/kg)
for 3 consecutive days [33]. Three AKI-CKD mice models were generated
in this study. I/R AKI-CKD mice were induced by ischemia for 45 min at
37 °Cin the left kidney while the right kidney was preserved for 2 weeks
[34]. Cisplatin-induced AKI-CKD model was generated by repeated in-
jection of low-dose cisplatin (10 mg/kg) once weekly for four times [35].
UUO (unilateral ureteral obstruction) AKI-CKD mouse model was
established by complete obstruction of the left ureter for 7 days [36].

1.1.3. Invitro I/R mimicry treatment

For imitating I/R injury in vitro, HK-2 cells were induced by changing
the culture medium to serum/glucose-free medium containing 10 pM
CCCP (HY-100941, MedChemExpress). After 4 h, the medium was
replaced with fresh culture medium containing serum and glucose for 2
h.



S. Zhang et al. Redox Biology 66 (2023) 102860

b
40 .
w
o
I 30 %
2 .
8 20 ns
o — |°
z
E 10
50 EgE
0 FIi1 T T T
ayo& & 4{‘\\@ Ny
&8
c Sham I/R injury 24h d ROS e —
100~ * 40+ .
WT 8 s0- SEP
§ ols 5 30
g o1 5
S L 3 20-
= 40 <
S L o [=]
KO S 20 ﬁ "** = 10+
0 1 1 I T 0-
&
& 6@“ {é\\ oS WTIR KO IR
f WT Sham KO Sham WT I/R KO I/R 9
Sa@ g it ; e ns *
= 60
'ct o
£3 3
c
£5 w0 :
oy
L3 .
gg 20 : .
$5 ‘
® 8
= 0 T T T T
<& & \\Q' \\Q'
CHIFC A N
& e
j

KO IR

L= £
S £
sgkoal--——-—------l MFN2 L 5
[-§ (- %
S =
= =
0.5 o
78kDa S o BBEEREBERE L or = &
42kD2 NS WD S e e - - - o - - -] (-ctin -
{é‘b

Fig. 3. Lrrk2~/~ AKI mice exhibit less mitochondrial injury together with increased MFN2 protein levels in the kidneys.

(a-b) Representative of TUNEL staining of the kidneys from WT and Lrrk2~/~ mice (a) and quantification of TUNEL" cells (b) (n = 5 fields/section) at 24 h after I/R
injury. Red arrows showed the TUNEL" cells. Scale bar: 50 pm

(c-d) DHE staining (c) and quantification (d) of ROS production in the kidneys from WT and Lrrk2~/~ mice (n = 5 fields/section) at 24 h after I/R injury. Scale bar:
50 pm

(e) Comparison of MDA levels in the kidneys from WT and Lrrk2~/~ mice at 24 h after I/R injury.

(f-g) Transmission electron microscope assay of the kidneys from WT and Lrrk2 ™/~ mice at 24 h after I/R injury (n = 3/group). Normal Mitochondria were intact and
approximately 1-3 pm in length. The red arrows showed fragmented mitochondria which appeared shorter lengths of <0.5 pm (f). Scale bar: 5 pm (up), 2 pm (down).
Raito of fragmented mitochondria per cell was quantified in individual cells (n = 5 cells in sham group and n = 10 cells in I/R group) (g).

(h-j) Detection (h) and quantification of MFN2 (i) and DRP1 (j) expression in WT and Lrrk2~/~ kidneys at 24 h after I/R injury by Western blot.

Abbreviations WT wild-type, KO knockout, I/R ischemia/reperfusion, ROS reactive oxygen species, MDA malonic dialdehyde, MFN2 mitofusin 2, DRP1 dynamin-
related protein 1

All the pooled data were presented as mean + SD. The data were representative of two independent experiments. A Student’s t-test was used for statistical analysis
between two groups. Ns: no significance, *p < 0.05,**p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 4. LRRK2 overexpression in HK-2 cells aggravates cell injury with mitochondrial defects after in vitro I/R mimicry treatment.

HK-2 cells were transiently transfected with 2xMyc-LRRK2-WT and control vector for 48 h. Cells were subjected to the induction of I/R by changing the medium to
serum/glucose-free medium containing 10 pM CCCP to mimic the ischemia condition in vivo. After 4 h, the medium was replaced with fresh medium containing
serum and glucose for 2 h to mimic the reperfusion in vivo.

(a) Cell viability of HK-2-Vector and HK-2-LRRK2-OE cells by the CCK-8 assay. Cell viability was normalized to HK-2-Vector without treatment (UNS group) (n = 3/
group). (b) LDH release assay on HK-2-Vector and HK-2-LRRK2-OE cells. LDH release level was normalized to HK-2-Vector without treatment (UNS group) (n = 3/

group).

(c) Detection (left) and quantitative analysis (right) of apoptotic HK-2 Vector and HK-2-LRRK2-OE cells by Annexin V-PI analysis (n = 3/group).
(d) Detection (left) and quantitative analysis (right) of mitochondrial transmembrane potential of HK-2-Vector and HK-2-LRRK2-OE cells by JC-1 staining (n = 3/

group). Scale bar: 100 pm

(e) Representative images of mtROS staining (left) in HK-2-Vector and HK-2-LRRK2-OE cells (n = 3/group) and quantification (right). Scale bar: 100 pm

(f) MDA detection in HK-2-Vector and HK-2-LRRK2-OE cells (n = 3/group).

(g-h) OCR influxes of HK-2-Vector cells versus HK-2-LRRK2 cells detected by Seahorse (n = 4/group).

(i) Transmission electron microscope assay of HK-2-Vector and HK-2-LRRK2-OE cells (left). Red arrows showed fragmented mitochondria. Scale bar: 10 pm (up), 1
pm (down). Fragmented mitochondria were counted in 10 cells/group and compared between HK-2-Vector and HK-2-LRRK2-OE cells (right).

Abbreviations WT wild-type, OE overexpression, UNS unstimulated, LDH lactate dehydrogenase, mtROS mitochondrial reactive oxygen species, MDA malonic dia-

ldehyde, OCR oxygen consumption rate.

All the pooled data were presented as mean + SD. The data were representative of three independent experiments. A Student’s t-test was used for statistical analysis

between two groups. Ns no significance, *p < 0.05,**p < 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

1.1.4. Statistical analysis

Data were presented by mean + standard deviation (SD). Statistical
comparisons were performed using the statistical software GraphPad
Prism 9 (GraphPad Software, San Diego, CA, USA). The differences be-
tween two groups were tested using a Student’s t-test. The intergroup
differences among three or more groups were tested using one-way
analysis of variance (ANOVA).

Details for the rest methods are given in the Supplementary Methods.

2. Results

2.1. Lrrk2 expression is dramatically decreased in acute phase of kidney
injury

To find out the role of LRRK2 in AKI, we analyzed single-cell RNA
sequencing data from mouse I/R-induced kidneys at different time
points [37] (Fig. 1a). It was found that Lrrk2 was mainly expressed in
normal PTCs including PTS1-PTS3 cells (Fig. 1b). However, we observed
a quick down-regulation of Lrrk2 gene in acute phase of I/R injury and a
restoration after 2 days (Fig. 1b). Results from immunostaining and
immunoblot also proved the changes of LRRK2 protein in tubular cells in
mouse renal cortex along with the induction time of I/R, but the change
rate at protein level was slower than at mRNA level (Fig. lc-d).
Consistently, in other AKI mice models including cisplatin and aristo-
lochic acid (AA) models, the mRNA levels of Lrrk2 in the kidneys also
showed dramatic decreases as compared to control kidneys (Fig. 1e). In
addition, in human AKI renal biopsy specimens, we observed much
lower expressions of LRRK2 compared to non-AKI patients (Fig. 1f).
These results suggest that LRRK2 may play an important role in kidney

injury.
2.2. Lrrk2 deficiency leads to less severity of AKI in mice

We thereafter used Lrrk2 ™/~ mice (Figs. Sla-b) to determine the role
of LRRK2 during AKI. AKI was induced in WT and Lrrk2~/~ mice by I/R
injury (Fig. 2a). It was apparent that there exhibited lower levels of sCr
and BUN (Fig. 2b-c) in Lrrk2™/~ mice. Consistently, we found less
tubular necrosis, cast formation, and tubular dilation in the kidneys
from Lrrk2~/~ mice, which was represented by the kidney injury score
(Fig. 2d). Kidney injury molecule-1 (KIM-1) is a biomarker of kidney
injury [38]. KIM-1" cell numbers were lower in Lrk2~/~ kidneys than
those in WT kidneys (Fig. 2e) as well.

AKI was also induced by cisplatin (Fig. 2f) where WT mice showed
higher mortality than Lrrk2~/~ mice within 3 days after cisplatin in-
jection (Fig. 2g). WT mice showed higher sCr levels 2 and 3 days after
cisplatin injection (Fig. 2h). At day 3, kidney injury score (Fig. 2i) and

KIM-1" cell number (Fig. 2j) were also lower in Lrrk2~/~ kidneys than
those in WT kidneys. Consistently, mRNA levels of key proinflammatory
cytokines including I11b and 116 were less detectable in Lrrk2~/~ kidneys
(Fig. 2K).

We also validated the protection of Lrrk2 deficiency in the AA-
induced AKI model (Fig. 21). Similarly, both sCr and BUN (Fig. 2m-n)
levels were dramatically lower in Lrrk2~/~ mice. The concentrations of
serum KIM-1 were significantly lower in Lrrk2~/~ mice (Fig. 20)
together with less kidney damage (Fig. 2p). Although it was reported
that there were age-dependent alterations in the kidneys of Lrrk2~/~
mice [29], there showed no dramatic difference in sCr and BUN levels
between 3-month and 6-month-old mice in cisplatin-induced AKI
models (Figs. S1c—d). Based on the data from three AKI mice models, it is
well supported that Lrrk2 deficiency protects the mice from AKI with less
severity.

2.3. Lrrk2 deficiency in immune cells does not dedicate to the alleviation
of kidney injury in Lrrk2~/~ mice

Infiltration and function impairment of immune cells, especially the
macrophages, are key features during pathogenic injury and tissue
repair after AKI [39,40]. Since LRRK2 is also abundant in specific im-
mune cells including monocytes and macrophages [41,42], we tested
whether Lrrk2 in immune cells played a role in AKI. Flow cytometric
analysis revealed no difference in the numbers of macrophages, Ly6C™
monocytes, and Ly6Cl°"" monocytes as well as other immune cells in the
kidneys between WT and Lrrk2~/~ mice in the I/R AKI model
(Figs. S2a—f, S3a-c). In addition, upon in vitro stimulation of lipopoly-
saccharide (LPS) and Pam3CSK4, there displayed no difference in the
expressions of Tnf, 16, and Il1b (Figs. S3d-f) by BMDMs from WT and
Lrrk2™/~ mice. When stimulated with M-CSF and IL-4 in vitro, the hall-
marks of alternatively activated macrophages such as Argl and Chil3
(Figs. S3g-h) also showed no difference. The expressions of CD86 (a
biomarker of classically activated macrophages) and CD206 (a
biomarker of alternatively activated macrophages) on BMDMs upon
stimulation were also comparable (Fig. S3i). Inflammatory cytokines
like TNF-a and IL-6 (Figs. S3j-k) were also at similar levels in the culture
supernatants of BMDMs from WT and Lrrk2~/~ mice upon LPS
stimulation.

We further generated bone marrow (BM) chimeric mice by trans-
ferring BM cells either from WT and Lrrk2~/~ mice to irradiated Lrrk2~/
~ mice (Fig. S31). The levels of sCr and BUN (Fig. S3m-n) were similar
between BM-WT and BM-Lrrk2~/~ transferred mice after AKI induction,
together with no obvious difference in kidney damage and KIM-1
expression (Fig. S30-p). These data demonstrate that Lrrk2 deficiency
in immune cells does not dedicate to the alleviation of experimental AKI
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Fig. 5. LRRK2 promotes ubiquitination-mediated MFN2 degradation in the MKK4/JNK-dependent pathway in response to I/R mimicry treatment.

(a-b) Immunoblot analysis and quantification of MFN2 and DRP1 in whole cell lysate (WCL) (a) and isolated mitochondria (b) in HK-2-Vector and HK-2-LRRK2-OE
cells upon I/R mimicry treatment. p-Actin was used as WCL loading control. COX IV was used as the mitochondrial loading control.

(¢) Mitochondrial morphology was evaluated by immunostaining of mitochondrial protein COX IV. Mitochondrial of untreated cells were filamentous, while
mitochondrial in stressed cells were fragmented and appeared shortened and punctate. The ratios of fragmented mitochondria were quantified in individual cells
(right). Scale bar: 20 pm

(d) Detection of ubiquitination of MFN2 after immunoprecipitation with an anti-MFN2 antibody through immunoblotting with antibodies recognizing ubiquitin or
MEN2.

(e) Expression levels of MFN2 in whole-cell lysates of HK-2-Vector and HK-2-LRRK2-OE cells upon I/R mimicry treatment in vitro with or without MG132 (20 pM) for
2 h. The data were representative of three independent experiments.

(f) Immunoprecipitated endogenous MFN2 in HK-2-Vector and HK-2-LRRK2-OE cells upon I/R mimicry treatment was immunoblotted with antibodies recognizing
either S*PXR/K (S* = phospho-serine) or MFN2.

(g) Whole-cell lysates of HK-2-Vector and HK-2-LRRK2-OE cells were immunoblotted with antibodies recognizing JNK/p-JNK™183/T¥1185 o q MKK4,/p-MKK45¢2%7
The data were representative of three independent experiments.

(h) HK-2-Vector and HK-2-LRRK2-OE cells were treated with or without JNK inhibitor SP600125 (20 pM) 2 h prior to I/R mimicry treatment. Whole-cell lysates were
immunoblotted with an antibody recognizing MFN2. The data were representative of three independent experiments.

(i-j) HK-2 cells were transfected with 2xMyc-LRRK2 or co-transfected with 2xMyc-LRRK2-WT and MFN2, and subjected to I/R mimicry treatment. Cell viability was
detected by CCK8 assay (n = 3/group) (i) and mtROS was detected by mtSOX Deep Red staining (j, left) and quantified by fluorescence intensity was detected (j,
right) (n = 3/group).

(k-1) Detection of the mitochondrial transmembrane potential of the cells by JC-1 staining (n = 3/group) in HK-2-LRRK2-OE and HK-2-LRRK2-OE-MFN2 cells. Scale
bar: 100 pm

(m-n) Mitochondrial morphology was evaluated by immunostaining of mitochondrial protein COX IV (m). The ratios of fragmented mitochondria were quantified in
individual cells (n). Scale bar: 20 pm.

Abbreviations I/R ischemia/reperfusion, IP immunoprecipitation, OE overexpression, UNS unstimulated, mtROS mitochondrial reactive oxygen species, DRPI
dynamin-related protein 1, MFN2 mitofusin2, Ub ubiquitin

All the pooled data were presented as mean + SD. One-way ANOVA was used for statistical analysis among the different groups. Ns no significance, ns no signif-
icance, *p < 0.05,**p < 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

pathogenesis.

2.4. Lrrk2~/~ AKI mice exhibit less mitochondrial injury together with
increased MFN2 protein levels in the kidneys

We further determined whether LRRK2 modulated the fate of PTCs
upon I/R. TUNEL  cells were less detectable in the kidneys of Lrrk2 ™/~
mice, suggesting less apoptosis of PTCs (Fig. 3a-b). LRRK2 has been
demonstrated to be involved in mitochondrial homeostasis [23], which
is one of the key causes of death of PTCs during AKI. We noticed that less
ROS was generated in the kidneys from Lrrk2”'mice after I/R
(Fig. 3c—d). Consistently, the end product of lipid peroxidation malonic
dialdehyde (MDA) levels were lower in the kidneys of Lrrk2” mice
(Fig. 3e). By TEM, we observed no difference of mitochondrial
morphology in the uninjured Lrk2~/~ and WT mice kidneys, but there
existed more fragmented mitochondria in PTCs from WT mice after I/R
(Fig. 3f-g). We further detected the expression of MFN2 and DRP1, the
most relevant proteins engaged in fusion and fission, respectively [43].
Lrrk2 deficiency partially restored MFN2 levels of the kidneys after I/R
when compared to WT mice (Fig. 3h-i). Consistently, in human kidney
biopsy specimens, we observed lower MFN2 expression where LRRK2
expression was higher (Fig. 1f). On the contrary, no difference was found
between Lrrk2”” and WT mice (Fi g. 3j). Our data from in vivo AKI mouse
model demonstrate that Lrrk2 deficiency alleviates mitochondrial injury
accompanied by the alteration of MFN2 levels after kidney injury.

2.5. LRRK2 overexpression in HK-2 cells aggravates cell injury with
mitochondrial defect after in vitro I/R mimicry treatment

To investigate how LRRK2 modulated the function of renal tubular
cells during AKI, we overexpressed LRRK2 in human kidney PTC cell line
HK-2 cells (HK-2-LRRK2) whose LRRK2 expression was dramatically
low (Fig. S4). Then HK-2-LRRK2 and HK-2-Vector cells were treated
with I/R in vitro [44]. HK-2-LRRK2 cells showed less cell viability after in
vitro I/R mimicry treatment (Fig. 4a). LDH release was more dramatic by
HK-2-LRRK2 cells (Fig. 4b). More apoptotic cells were detected in
HK-2-LRRK2 cells than in HK-2-Vector cells (Fig. 4c). These results
indicated that LRRK2 overexpression led to more cell death upon I/R

injury.

We further detected the effects of LRRK2 overexpression on mito-
chondrial homeostasis. JC-1 is a widely-used probe for the assessment of
mitochondrial membrane potential. At higher potentials, JC-1 aggre-
gates accumulate within mitochondria and form red fluorescent. When
the membrane potential is low, it exists as a monomer and forms green
fluorescent. It was apparent that HK-2-LRRK2 cells exhibited fewer JC-1
aggregates in the cytosol, indicating the loss of mitochondrial membrane
potential to more extent (Fig. 4d). On the contrary, mtROS induction
and MDA levels were much higher in HK-2-LRRK2 cells (Fig. 4e-f). HK-
2-LRRK2 cells also showed significantly lower mitochondrial oxygen
consumption rate (OCR) with lower mitochondrial spare respiratory
capacity and ATP production than HK-2-Vector cells (Fig. 4g-h). How-
ever, no difference of extracellular acidification rate (ECAR) was found
in HK-2-LRRK2 cells when compared with HK-2-Vector -cells
(Figs. S5a-b). Results from TEM analysis showed that there were more
fragmented mitochondria in HK-2-LRRK2 cells after I/R (Fig. 4i). These
results indicate that overexpression of LRRK2 in PTC cells causes more
cell death upon I/R accompanied by mitochondrial injury.

2.6. LRRK2 promotes ubiquitination-mediated MFN2 degradation
through MKK4/JNK-dependent pathway in response to I/R treatment

ROS levels are well regulated by the mitochondrial antioxidant de-
fense system consisting of antioxidant enzymes including superoxidase
dismutases (SODs) and glutathione peroxidases (GSH-Px) [9]. Although
the levels of mtROS and MDA (Fig. 4e-f) were higher in HK-2-LRRK2
cells, the activity of GSH-Px, T-SOD, and CuZn-SOD were comparable
between HK-2-LRRK2 and control cells (Figs. S6a—c). Therefore, we
further detected the influence of fusion and fission. We found that DRP1
showed no difference between HK-2-LRRK2 and HK-2-Vector cells.
However, both cytosolic and mitochondrial MFN2 levels were
down-regulated with more extent in HK-2-LRRK2 cells, which was in
accordance with in vivo I/R results from Lrrk2~/~ mice (Fig. 5a-b). To
visualize the influence of mitochondrial fusion, we further detected
mitochondrial integrity through immunostaining of a mitochondrial
protein COXIV. It was apparent that more fragmented mitochondria
were detected in HK-2-LRRK2 cells after I/R (Fig. 5c). These results
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Fig. 6. LRRK2 kinase activity promotes the apoptosis of HK-2 cells with decreased MFN2 levels and more mitochondrial injury exposed to in vitro I/R treatment.
(a) MFN2 expression in HK-2-LRRK2-OE cells treated with LRRK2-IN-1 (1 pM) or MLi-2 (1 pM) 2 h prior to being induced by I/R in vitro by immunoblotting.

(b) Immunoprecipitated endogenous MFN2 from HK-2-LRRK2-OE cells was immunoblotted with the antibodies recognizing either S*PXR/K or MFN2. c-g HK-2 cells
transfected with Vector, 2xMyc-LRRK2"", 2xMyc-LRRK2°21%5 | or 2xMyc-LRRK2P9°*A were induced by I/R in vitro.

(c-d) Comparisons of cell viability (c) and mtROS (d) levels among HK-2-LRRK2"™T, HK-2-LRRK29%°1%5 and HK-2-LRRK2 P199%4 cells. The cell viability(%) was
normalized to one replicate in HK-2-Vector group.

(e) Detection (left) and quantification (right) of mitochondrial transmembrane potential of HK-2-LRRK2"", HK-2-LRRK26201%5 and HK-2-LRRK2P1%?*4 cells by flow
cytometry.

(f) Detection of MFN2 levels in HK-2-Vector, HK-2-LRRK2"", HK-2-LRRK29%91%5 and HK-2-LRRK2P199%4 cells upon I/R mimicry treatment.

(g) Immunoprecipitated endogenous MFN2 from HK-2-Vector, HK-2-LRRK2"7, HK-2-LRRK2%?01%8 and HK-2-LRRK2P9°*A cells were immunoblotted with antibodies
recognizing either S*PXR/K (S* = phospho-serine) or MFN2.

Abbreviations WT wild-type, OE overexpression, IP immunoprecipitation, mtROS mitochondrial reactive oxygen species, A¥m mitochondrial transmembrane po-
tential, I/R ischemia/reperfusion

All the pooled data were presented as mean + SD. The data were representative of three independent experiments. One-way ANOVA was used for statistical analysis
among the different groups. Ns no significance, *p < 0.05, **p < 0.01, ***p < 0.0001, ****p < 0.0001.

further support that LRRK2 overexpression leads to the perturbation of influence the activation of the MKK4/JNK pathway and MFN2 degra-
mitochondrial homeostasis with more fragmentation where MFN2 levels dation. Notably, LRRK2 kinase inhibitors (LRRK2-IN-1 and MLi-2)

are down-regulated. attenuated MFN2 loss after I/R (Fig. 6a) and reduced the phosphoryla-
It has been previously reported that MFN2 underwent degradation tion of MFN2 (Fig. 6b). To further confirm the influence of LRRK2 kinase
through ubiquitination in response to cellular stress [45]. In activity, we generated LRRK29%97% (kinase activated) and LRRK2P19%44

HK-2-LRRK2 cells we have observed more ubiquitination of MFN2 (kinase dead) mutations and transfected them into HK-2 cells.
protein (Fig. 5d). Proteasome inhibitor MG132 (Fig. 5e) treatment LRRK29%9195 further reduced cell viability while LRRK2PT97#4 3lleviated
completely eliminated the difference in MFN2 levels. In addition, the injury after I/R (Fig. 6¢). Consistently, HK-2-LRRK29201% cells dis-
phosphorylation of MEN2T111/5442 by PINK1 [46,47] or phosphorylation played higher mtROS levels and mitochondrial transmembrane poten-
of MFN25¢'?7 by JNK [45] results in ubiquitin-mediated degradation of tial loss while HK-2-LRRK2P192#4 cells showed less severe mitochondrial
MFN2. We found that inhibition of PINK1 by 3-methyladenine (3-MA) injury (Fig. 6d—e). Furthermore, LRRK2°?01% aggravated the loss of
could not save the loss of MFN2 in HK-2-LRRK2 cells (Figs. S6d-¢). We MFN2 while LRRK2P199#4 attenuated the loss of MFN2 (F ig. 6f) when
also did not observe the difference of mitophagy between Lrrk2~/~ and compared to HK-2-LRRK2 cells. LRRK292°7% also led to higher phos-
WT mice (Figs. S6a—f), which means that the degradation of MFN2 is phorylation of MFN25¢?7 while LRRK2P1?°# failed to increase MFN2
PINK1-PARKIN independent. When we immunoprecipitated MFN2 and phosphorylation (Fig. 6g). These results indicate the critical roles of
immunoblotted with an antibody that recognized phosphorylated LRRK2 enzymatic activity in modulating mitochondrial dynamics
MFN25¢"%7 (S*PXR/K [ (*) represents Ser phosphorylation]) [45], we through regulating MFN2 expression.

observed that phosphorylation of MFN2 5?7 was apparently higher in
HK-2-LRRK2 cells and a remarkable increase further with the addition of
MG132 (Fig. 5f). These results indicate that LRRK2 promotes MFN2
degradation through ubiquitination accompanied by Ser27 phosphory-
lation of MFN2.

LRRK2 has been reported to belong to a family member of MAPKKKs,
which can phosphorylate downstream MAPK kinase (MKK) [48]. We
thereafter determined whether JNK has been activated with the over-
expression of LRRK2 to regulate MFN2 levels. In HK-2-LRRK2 cells, we
have observed phosphorylation of MKK4 and JNK with more extent after
I/R (Fig. 5g). Moreover, treatment of a JNK inhibitor SP600125 signif-
icantly increased the protein levels of MFN2 after I/R, indicating that the
degradation of MFN2 was JNK-dependent (Fig. 5Sh). These results
demonstrated that increased MFN2 degradation in HK-2-LRRK2 cells
was MKK4/JNK dependent.

To confirm the critical roles of MFN2 in promoting LRRK2-mediating
HK-2 cell impairment, HK-2 cells were co-transfected with LRRK2 and
MFN2 and subjected to I/R. As shown in Fig. 5i, MFN2 overexpression in
HK-2-LRRK2 cells increased cell viability to similar levels of HK-2-
Vector cells after I/R. MFN2 co-transfection suppressed the generation
of mtROS upon I/R mimicry treatment (Fig. 5j) and loss of membrane
potential (Fig. 5k-1). Less fragmented mitochondria were detected in HK-
2-LRRK2 cells co-transfected with MFN2 after I/R (Fig. 5m-n). All these
results indicate that LRRK2 promotes ubiquitination-mediated MFN2
degradation through phosphorylation of Ser27 in the MKK4/JNK-
dependent pathway, which in turn promotes mitochondrial injury

2.8. Lrrk2™/~ mice are more resistant to fibrosis formation after acute
kidney injury

Since mitochondrial dysfunction also plays a core role in dictating
renal recovery and fibrosis responses following acute injury [49], we
investigated whether LRRK2 also promoted AKI to CKD transition. 12
weeks after acute I/R injury, Lrrk2”" mice showed less severe kidney
dysfunction with lower amounts of sCr and BUN (Fig. 7a-c). Lower
levels of Collagen III and a-smooth muscle actin (a-SMA) (Fig. 7d) were
expressed in the kidneys from Lrrk2~/~ mice, which were also confirmed
by Masson staining and immunostaining (Fig. 7e-h).

In the cisplatin-induced AKI-CKD model (Fig. 7i), all Lrrk2~/~ mice
survived within 28 days whereas WT mice had much higher mortality
(Fig. 7j). Similarly, BUN was lower in Lrrk2 ™/~ mice after cisplatin in-
jection (Fig. 7k). Urine albumin-creatinine ratio (ACR), an indicator of
kidney dysfunction, was also lower in Lrrk2~/~ mice than (Fig. 71). There
was less collagen volume fraction and a-SMA expression (Fig. 7m-p) in
the kidneys from Lrrk2~/~ mice.

We also investigated the role of Lrrk2 in unilateral ureteral
obstruction (UUO) (Fig. 7q). Similarly, we found less collagen III
deposition, a-SMA expression, and less severe kidney injury in Lrrk2~/~
mice (Fig. 7r-v). Based on staining, collagens were less deposited in the
kidneys from Lrrk2~/~ mice after UUO (Fig. 7u,7w-x), while no differ-
ence was found in a-SMA staining (Fig. 7u and y), These results indicate
that deficiency in Lrrk2 retards AKI-to-CKD transition with less fibrosis

upon I/R. in the kidneys.
2.7. LRRK2 engymatic activity promotes the apoptosis of HK-2 cells with 2.9. Inhibition of LRRK2 activity alleviates acute kidney injury and
decreased MFN2 levels and more mitochondrial injury exposed to in vitro chronic kidney fibrosis

I/R treatment
We next explored whether commercial LRRK2 inhibitors could be
Next, we explored whether the kinase activity of LRRK2 could efficient in improving kidney injury. Two LRRK2 inhibitors LRRK2-IN-1

11
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Fig. 7. Lrrk2™/~ mice are more resistant to fibrosis formation after acute kidney.

(a) Experimental scheme of I/R-induced AKI-CKD model.

(b-¢) Comparisons of sCr (a) and BUN (b) dynamics in WT and Lrrk2~/~ mice after I/R injury (n = 5/group).

(d) Immunoblotting analysis and quantification of collagen III and a-SMA in sham and I/R kidneys from WT and Lrrk2~/~ mice.

(e-h) Representative images of H&E staining (e) and comparisons of total collagen deposition by Masson staining (f), collagen III deposition (g), and a-SMA (h) in the
kidneys from WT and Lrrk2~/~ mice at 12 weeks after I/R injury (n = 5/group, n = 10 fields/section). Scale bar: 100 pm

(i) Experimental scheme of cisplatin-induced AKI-CKD model.

(§) Overall survival of WT and Lrrk2~/~ mice after cisplatin injection (n = 5/group).

(k) sCr dynamics in WT and Lrrk2~/~ mice after cisplatin injection (n = 5/group).

(1) Urine albumin-creatinine ratio of WT and Lrrk2~/~ mice at 4 weeks after cisplatin injection (n = 5/group).

(m-o0) Representative Masson staining and a-SMA immunostaining of the kidneys and quantification (n = 10 fields/section) 4 weeks after cisplatin injection. Scale
bar: 50 pm. (p) Immunoblot analysis of collagen III and a-SMA in cisplatin-injured mouse kidneys from WT and Lrrk2~/~ mice.

(q) Experimental scheme of UUO-induced AKI-CKD model.

(r-t) Immunoblot analysis and quantification of collagen III and a-SMA in UUO injured mouse kidneys from WT and Lrrk2~/~ mice.

(u-y) Representative images of H&E staining(o) to detect kidney injury scores (p), Masson staining to detect total collagen deposition (q), collagen III immunostaining
(1), and 0-SMA immunostaining (s) of the kidneys from WT and Lrrk2™/~ mice at 7 days after UUO injury. Quantification was performed respectively (n = 10 fields/
section). Scale bar: 50 pm.

Abbreviations: sCr serum creatinine, BUN blood urea nitrogen, WT wild type, KO Lrtk2~/~, I/R ischemia/reperfusion, Cis cisplatin, COL3 collagen III, UUO unilateral
ureteral obstruction, a-SMA a-smooth muscle actin

All the pooled data were presented as mean + SD. The data were representative of two independent experiments. A Student’s t-test was used for statistical analysis
Eetween two groups. Ns: no significance. *p < 0.05,**p < 0.01, ****p < 0.0001, ns: no significance.

and MLi-2 have been used before I/R-induced AKI and cisplatin-induced more extent.

AKI-CKD (Fig. 8a). It was apparent that BUN, sCr, and serum KIM- MFN2 is reported to be involved in another mitochondrial quality
llevels were significantly lower upon LRRK2-IN-1 and MLi-2 treat- control process of mitophagy by the PARKIN-PINK1 axis to remove
ment (Fig. 8b—d) 24 h after I/R with lower kidney injury score, reduced defective mitochondria [47], which is also one of the pathogenic
TUNEL cells, and lower KIM-1 expression in the kidneys (Fig. 8e-h). In mechanisms of AKI [53-55]. In fetal cardiomyocytes PINK1 phosphor-
vivo treatment of LRRK2 inhibitors also reduced the loss of MFN2 with ylates MFN25442, enabling its binding to PARKIN for the induction of
lower ROS levels and less mitochondrial fragmentation according to mitophagy [46,47]. However, in our study, we did not observe the dif-
TEM observation (Fig. 8e and 8i-k). LRRK2-IN-1 and MLi-2 treatment ference in mitophagy between Lrrk2~/~ and WT mice (Figs. S7a-f). In-
also reduced kidney fibrosis 4 weeks after cisplatin treatment with lower hibition of PARKIN did not rescue the loss of MFN2 either (Figs. S6d-e).

kidney injury score, less collagen volume fractions, a-SMA expression, It has been reported that loss of LRRK2 causes age-dependent alterations

and collagen III deposition (Fig. 8l-p). These data further demonstrate of the autophagic activity in Lrrk2~/~ kidneys, which is unchanged at 1

that inhibition of LRRK2 activity before injury can alleviate acute and month of age, enhanced at 7 months but reduced at 20 months [29]. In

chronic kidney injury accompanied by ameliorating mitochondrial our study, we didn’t observe differences in LC3 and p62 between WT

defects. and Lrrk2~/~ kidneys, which may be because the difference is not
obvious in 3-month mice.

3. Discussion Alternatively, we have detected the phosphorylation of MFN2 by

JNK, which was activated by upstream MKK, a substrate of LRRK2 [48,

Mitochondria have been extensively demonstrated to be involved in 56]. Although both JNK and PINK1 could phosphorylate MFN2, the
the pathogenesis of AKI and CKD where mitochondrial homeostasis is serine sites of the two enzymes are not the same. While PINK1 is re-
perturbed through multiple mechanisms [9]. In this study, we have ported to phosphorylate MFN2%4* [46,47], JNK is more likely to
identified LRRK2 as a novel modulator to aggravate AKI and associated phosphorylate MEN2%?7 [45]. In response to cellular stress, MFN2 is
fibrosis through promoting MFN2 degradation. Consequently, mito- phosphorylated by JNK, leading to the recruitment of another E3
chondrial dynamics were interrupted with more fragmented mitochon- ubiquitin ligase Huwel to MFN2 and subsequent ubiquitination and
dria together with increased mtROS levels. Mechanically, LRRK2 degradation [45]. This process is more likely to promote the death of
activated MKK4/JNK to phosphorylate MFN2%¢"%7 for subsequent ubiq- PTCs. We therefore propose that during AKI, LRRK2 in renal tubular

uitination and degradation. Our study thus proposes LRRK2 as a novel cells would facilitate to active MKK/JNK axis in the cytosol, which
intervention target to relieve AKI severity and retard associated profi- further phosphorylates MFN2 at Ser27 site.
brotic responses. LRKK2 is able to regulate macrophage function against Salmonella
Proper mitochondrial dynamic transformation through fusion and Typhimurium infection [57] and adaptive immunity in some autoim-
fission is critical to maintaining mitochondrial population in a healthy mune diseases [58]. Interestingly, in our study, we have excluded the
status. Previous studies have reported that mitochondrial fragmentation engagement of immune cells in LRRK2-mediated severity of AKI. One of
occurred prior to tubular cell apoptosis and inhibition of fission atten- the possibilities is that PTCs with Lrrk2 deficiency are more sensitive to
uated tubular cell death and kidney injury [50]. Consistently, proximal damage stimuli and thereafter undergo cell injury at the early stage of
tubule-specific deletion of Drpl protected the mice from severe experiment AKI whereas impaired immune responses participate in AKI
I/R-induced AKI through reducing tubular cell death and kidney injury in the late stage. Using conditional Lrk2~/~ mice will further clarify the
[51]. In this study, we have revealed an alternative mechanism of roles of LRRK2 in different cell types to affect the severity of AKI and
mitochondrial dynamics in AKI where mitochondria fusion was associated fibrosis.
reno-protective against AKI and subsequent fibrosis. It has been well Interestingly, we have observed the fluctuated dynamics of LRRK2
demonstrated that extra mitochondria fission could generate more expression during experimental AKI (Fig. 1b). At the steady state, LRRK2
mitochondria fragmentation and increased ROS, which could promote is highly expressed in renal tubular cells which probably restrains MFN2
tissue damage during AKI [9]. On the contrary, mitochondria fusion is protein level to maintain the homeostasis of mitochondrial network.
more likely to fulfill functional implementation among mitochondria Once undergoing I/R or other stimuli shock leading to kidney injury,
networks, and sometimes reduce harmful molecules such as ROS to LRRK2 expression is firstly down-regulated which will initiate mito-
release organelle stress [52]. During kidney injury, the increase in fusion chondria dynamics adaptation to stabilize MFN2 proteins for fusion
could meet the energetic and metabolic requirement for tissue repair to processes. This process will help renal tubular cells to undergo metabolic
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Fig. 8. LRRK2 inhibitors alleviate kidney injury in AKI in vivo

(a) Scheme of LRRK2 inhibitors administration and experimental design. In the AKI model, WT mice were treated with LRRK2-IN-1 (100 mg/kg, i.p) or MLi-2 (10
mg/kg, i.g) 2 h prior to I/R (n = 3/group). In the AKI-CKD model, WT mice were treated with cisplatin (10 mg/kg, i.p) weekly for consecutive 4 weeks. LRRK2-IN-1
(100 mg/kg, i.p) or MLi-2 (10 mg/kg, i.g) were administrated 2 h before every cisplatin injection.

(b-d) Comparisons of sCr (b), BUN (c), and serum KIM-1(d) at 24 h after I/R injury.

(e) Representative images of H&E staining (first lane, scale bar: 100 pm), TUNEL (second lane, scale bar: 200 pm), KIM-1 (third lane, scale bar: 50 pm), ROS (fourth
lane, scale bar: 200 pm) and TEM assay (fifth lane, scale bar: 5 pm. Sixth lane, scale bar: 2 pm, red arrows showed the fragmented mitochondrial) of the kidneys at 24
h after I/R injury with or without LRRK2 inhibitor treatment.

(f-§) Quantification of kidney injury score (f), TUNEL™ cells (g), KIM-1 positive ratio (h), ROS production (i), and the ratios of fragmented mitochondria (j) in the
kidneys at 24 h after I/R injury with or without LRRK2 inhibitor treatment.

(k) Immunoblot analysis of MFN2 in mice kidneys treated with or without LRRK2 inhibitors.

(1-p) Representative images of H&E, Masson, a-SMA, and Collagen III staining of the kidneys (1) and quantification (m-p, n = 10 fields/section) at 4 weeks after
cisplatin injection. Scale bar: 100 pm.

Abbreviations AKI acute kidney injury, CKD chronic kidney diseases, KIM-1 kidney injury molecular 1, ROS reactive oxygen species, TEM Transmission electron
microscope, I/R ischemia/reperfusion, BUN blood urea nitrogen, sCr serum creatinine, WT wild-type, MFN2 mitofusin 2, a-SMA a-smooth muscle actin, i.p intra-
peritoneal injection, i.g intragastric administration

All the pooled data were presented as mean + SD. The data were representative of three independent experiments. One-way ANOVA was used for statistical analysis
among the different groups. *p < 0.05,**p < 0.01, ***p < 0.001, ns: no significance. (For interpretation of the references to colour in this figure legend, the reader is
Eeferred to the Web version of this article.)

adaption for cell proliferation and tissue repair. When AKI has been Data sharing statement
developed, LRRK2 has been observed up-regulated, which should inhibit
excessive fusion and promote clearance of apoptotic PTCs [59]. Raw data from Figures were deposited on Mendeley data at https://

Although LRRK2 is dramatically downregulated with injury, we still doi.org/10.17632/s7jndhxn7k.1(https://data.mendeley.com/datasets/
found LRRK2 knockout could significantly alleviate the severity of s7jndhxn7k/draft?a=260c1721-1028-46bb-a29e-16ff249e5401). The

kidney injury. This may be because although the down-regulation of original western blots are given in supplemental material.
Lrrk2 gene expression is quick, the degradation of LRRK2 protein is
slower, which needs more than 24 h (Fig. 1c-d). LRRK2, which has not Declaration of competing interest
yet been reduced during the first 24 h, is sufficient to affect the prognosis
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