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A B S T R A C T   

Sepsis is the major cause of acute kidney injury (AKI) associated with high mortality rates. Mitochondrial 
dysfunction contributes to the pathophysiology of septic AKI. Mitophagy is an important mitochondrial quality 
control mechanism that selectively eliminates damaged mitochondria, but its role and regulation in septic AKI 
remain largely unknown. Here, we demonstrate the induction of mitophagy in mouse models of septic AKI 
induced by lipopolysaccharide (LPS) treatment or by cecal ligation and puncture. Mitophagy was also induced in 
cultured proximal tubular epithelial cells exposed to LPS. Induction of mitophagy under these experimental 
setting was suppressed by pink1 or park2 knockout, indicating the role of the PINK1/PARK2 pathway of 
mitophagy in septic AKI. In addition, sepsis induced more severe kidney injury and cell apoptosis in pink1 or 
park2 knockout mice than in wild-type mice, suggesting a beneficial role of mitophagy in septic AKI. Further-
more, in cultured renal tubular cells treated with LPS, knockdown of pink1 or park2 inhibited mitochondrial 
accumulation of the autophagy adaptor optineurin (OPTN) and silencing Optn inhibited LPS-induced mitophagy. 
Taken together, these findings suggest that the PINK1/PARK2 pathway of mitophagy plays an important role in 
mitochondrial quality control, tubular cell survival, and renal function in septic AKI.   

1. Introduction 

Acute kidney injury (AKI) is a major kidney disease featured by rapid 
decline and even loss of renal function [1,2]. The main causes of AKI 
include sepsis, nephrotoxins, and renal ischemia-reperfusion (IR) [3,4]. 
Sepsis, which is characterized by systemic inflammation, protracted host 
immunosuppression and multiple organ dysfunction, contributes to 
nearly half of AKI in hospitalized patients [5,6]. Unfortunately, septic 
AKI is associated unacceptably high morbidity and mortality rates [7]. 
Accumulating evidence suggests that pathogenesis of septic AKI is 
multifactorial and complex, involving the interplay among inflamma-
tion, tubular epithelial cell injury, and endothelial cell injury [8]. 
Notably, mitochondrial dysfunction has emerged as a converging point 
of multiple pathological pathways for AKI [8–13]. Specific interventions 

that preserve and restore mitochondrial function, or timely eliminate 
damaged mitochondria may provide effective therapeutic strategies for 
AKI [8,12–15]. 

Mitophagy is a selective form of autophagy that specifically elimi-
nates unwanted or damaged mitochondria. Under stressful conditions 
that cause mitochondrial damage, mitophagy represents an important 
quality control mechanism that maintains mitochondrial homeostasis 
and thereby preserves cell viability [16,17]. In mammalian cells, 
mitophagy requires efficient recognition of targeted mitochondria and 
subsequent engulfment of mitochondria within autophagosome for final 
lysosomal degradation [18]. Currently, two major pathways of 
mitophagy have been proposed, which are respectively mediated by the 
PTEN-induced kinase 1 (PINK1)-parkin RBR E3 ubiquitin protein ligase 
(PARK2) pathway [19,20] and mitophagy receptors such as BCL2 and 
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adenovirus E1B 19-kDa-interacting protein 3 (BNIP3), BNIP3-like 
(BNIP3L/NIX), and FUN14 Domain Containing 1 (FUNDC1) [21]. In 
healthy mitochondria, PINK1 is constitutively imported into mitochon-
dria, where it is cleaved by the intramembrane serine protease PARL and 
ultimately proteolytically degraded [22]. When mitochondria are 
depolarized in stressful condition, the import of PINK1 is impeded, 
leading to PINK1 accumulation at the mitochondrial outer membrane 
(MOM). PINK1 in MOM recruits PARK2 from cytosol and activates 
PARK2 E3 ligase activity though direct phosphorylation of PARK2 and 
ubiquitin. Activated PARK2 builds poly-ubiquitin chains on MOM pro-
teins, which in turn recruits autophagy adaptor proteins, such as NDP52 
(calcium binding and coiled-coil domain 2) and optineurin. These 
adaptor proteins simultaneously bind to poly-ubiquitinated MOM pro-
teins on mitochondria and LC3B (microtubule-associated protein 1 light 
chain 3 beta) on autophagosome membranes, ultimately resulting in 
autophagosomal engulfment of poly-ubiquitinated mitochondria for 
degradation [23,24]. 

Recent studies have demonstrated that mitophagy in renal tubular 
cells represents a beneficial response to AKI. For instances, PINK1- 
PARK2-mediated mitophagy has been shown to play an important role 
in mitochondrial quality control, tubular cell survival, and renal func-
tion during AKI that is induced by ischemia-reperfusion or cisplatin 
nephrotoxicity [14,25–27]. Mitophagy receptor BNIP3-mediated 
mitophagy has also been implicated in AKI [14,25–27]. Emerging evi-
dence also suggests a role of mitophagy in the pathogenesis of septic AKI 
[28]. Despite these studies, the role and regulation of mitophagy in 
septic AKI remain largely unclear. In the present study, we have shown 
the activation of the PINK1-PARK2 pathway of mitophagy in septic AKI, 
demonstrated the protective role of this pathway by using gene 
knockout models, and suggested the involvement of optineurin as the 
adaptor protein for mitophagy. 

2. Materials and methods 

2.1. Antibodies and special reagents 

The antibodies used in this study were as follows: anti-Parkin 
(4211S), anti-TOM20 (42406S), anti-LC3 (12741S), anti-Cleaved cas-
pase-3 (9664S), anti-GAPDH (5174S) and anti-COX IV (4850P) from Cell 
Signaling Technologies; anti-TIM23 (11123-1-AP), anti-OPTN (10837- 
1-AP), and anti-p62 (18420-1-AP) from Proteintech; and anti-PINK1 
(P0076) from Sigma-Aldrich. All secondary antibodies were purchased 
from Thermo Fisher Scientific. Lipopolysaccharide (LPS) was purchased 
from Sigma Aldrich. 

2.2. Cell culture and LPS treatment of RPTCs 

Immortalized RPTC line was initially from Dr. Ulrich Hopfer (Case 
Western Reserve University, Cleveland, OH) [29]. The cells were 
cultured in DMEM/F12 medium with 10% fetal bovine serum (FBS). For 
LPS treatment, RPTCs at a confluence of 50–60% were incubated in 
DMEM/F12 medium with 0.2% FBS for 24 h. The cells were then treated 
with DMEM/F12 medium plus 100 μg/ml LPS for 0, 12, 24, 36 h. 

2.3. Plasmids, short interfering RNA, and transfection 

The COX8-EGFP-mCherry plasmid was obtained from Addgene 
(78520; deposited by Dr. David Chan). The short interfering RNA 
(siRNA) oligonucleotides were synthesized from GenePharma (China). 
The sequences of Pink1 siRNA, Park2 siRNA and Optn siRNA oligonu-
cleotides were as follows: 

Pink1 siRNA, 5′-GCCTTGGGTTCAGCAAACA; 
Park2 siRNA, 5′-GGAACAACAGAGTATCGTT; 
Optn siRNA, 5′-GCATGGCCTCGGAAATCAA; 
Transient transfections of RPTCs with plasmid DNA or siRNA were 

conducted with Lipofectamine 2000 reagents (Thermo Fisher Scientific, 

11668019). 

2.4. Animals 

8–10-week old male C57/BL6 mice were purchased from SJA Lab-
oratory Animal Corporation (Changsha, Hunan, China). Pink1 KO mice 
and Park2 KO mice were previously described [30,31]. All mice had free 
access to water and food in a pathogen-free setting under 12 h light and 
12 h dark daily. All animal experiments were performed according to a 
protocol approved by the Institutional Animal Ethnics Committee of the 
Second Xiangya Hospital of Central South University. 

2.5. Mouse model of septic AKI 

Septic AKI was induced by lipopolysaccharides (LPS) treatment or by 
cecal ligation and puncture (CLP). LPS was administrated by intraperi-
toneal injection at the dosage of 10 mg/kg body weight, and control 
mice were injected with 0.9% saline. CLP-induced AKI in mouse was 
generated as previously described [32]. Briefly, laparotomy was con-
ducted under anesthesia with pentobarbital (60 mg/kg, intraperitone-
ally) in mice. The cecum was ligated at 1 cm and colon with a 4-0 silk 
ligature and punctured in two sites with a needle. After removing the 
needle, a small number of feces was squeezed from the mesenteric and 
antimesenteric penetration holes to insure patency. Control mice per-
formed the same operation without ligation and perforation. All mice 
were resuscitated with 40 ml/kg of saline after surgery. The mice were 
sacrificed at 24 h after LPS injection or CLP, and kidney tissues and 
blood were harvested for further analysis. 

2.6. Renal function analysis 

Renal function was indicated by serum creatinine and BUN using 
commercial kits purchased from BioAssay Systems as previously 
described [33]. In brief, blood samples were coagulated and then 
centrifugation at room temperature to gather serum. For serum creati-
nine measurement, serum samples were added to a pre-warmed reaction 
solution. The absorbance of 510 nm was monitored at 0 and 5 min of 
reaction. For BUN measurement, samples were added to reaction 
mixture at RT for 20 min, and the absorbance at 520 nm was recorded. 
Serum creatinine and BUN levels were then calculated based on stan-
dard curves, and shown as mg/dl. 

2.7. Renal histology 

For routine analysis, kidney tissues were fixed with 4% para-
formaldehyde for paraffin embedding, and kidney section of 4 μM for 
hematoxylin-eosin (HE) staining. Tissue damage was scored in a blinded 
manner by the percentage of injured renal tubules and histological 
injury that was indicated by brush border lost, tubular dilation/flatte-
ning, tubular degeneration, tubular cast formation, and vacuolization. 

2.8. Apoptosis analysis 

Apoptosis were examined in cultured proximal tubular cells by 
TUNEL assay by using an In Situ Cell Death Detection Kit from Roche 
Applied Science (Indianapolis, IN) as described previously [34,35]. For 
quantification, 4 fields with 200 cells per field were determined for 
TUNEL-positive cells in each experimental condition to evaluate the 
percentage of apoptosis. Besides, apoptosis was evaluated using flow 
cytometry. Cell preparation was conducted according to FITC Annexin V 
Apoptosis Detection Kit I (BD, No.556547). Briefly, cells were washed 
twice with cold PBS and then resuspended in 1X Binding Buffer. 5 μl of 
FITC Annexin V and 5 μl PI were added to a 100 μl cell suspension. The 
cells were then subjected to gentle vortexing and then incubation for 15 
min at RT in the dark. Finally, 400 μl of 1X Binding Buffer were added 
and the cells were analyze by flow cytometry within 1 h. In addition, 
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Fig. 1. Mitophagy is induced in RPTC cells during LPS treatment. (A-E). RPTC cells were treated with 100 μg/ml LPS for 0 (Ctrl-control) to 36 h. (A) Representative 
images of TUNEL staining. (B) Apoptosis. The percentage of cells with typical apoptotic morphology was evaluated. (C) Immunoblots of LC3II/I and GAPDH (internal 
loading control). (D) Densitometry analysis of LC3II. (E) Immunoblots of TIM23 and TOM20. (F, G) Densitometry analysis of TOM20 and TIM23. (H) Mitophagy in 
RPTC cells transfected with COX8-EGFP-mCherry. After transfection, the cells were subjected to LPS treatment for 24 h. The red puncta in the bottom panel represent 
mitochondria in lysosomes with acidic pH. (I) Quantification of the cells with red-only puncta. Data in B, F, G and I are expressed as mean ± SD. n = 3. *P < 0.05, 
**P < 0.01, ***P < 0.001, significantly different from the control group without LPS exposure. (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. 2. Knockdown of Pink1 or Park2 suppresses LPS-induced mitophagy in RPTC cells. (A-C) RPTC cells were subjected to 100 μg/ml LPS treatment for indicated 
time to collect whole cell lysate for immunoblot analysis of PINK1, PARK2, and GAPDH. (A) Representative blots. (B, C) Densitometry analysis of PINK1 and PARK2. 
(D, E) Silencing of Pink1 or Park2 expression by siRNA in RPTC cells. RPTC cells were transfected with negative control siRNA (NC siRNA), Pink1 siRNA and Park2 
siRNA for 48 h to collect whole cell lysate for immunoblot analysis of PINK1, PARK2 and GAPDH. (F, G) Preservation of TOM20 and TIM23 by silencing of Pink1 and 
Park2 during LPS treatment of RPTC cells. RPTC cells were transfected with Pink1 siRNA and Park2 siRNA alone or NC siRNA. At 48 h after transfection, the cells 
were subjected to LPS treatment to collect whole cell lysate for immunoblot analysis of TOM2O, TIM23, and GAPDH. (H, I) Inhibition of LPS-induced mitophagosome 
formation by silencing Pink1 or Park2. RPTC cells were first transfected NC siRNA, Pink1 siRNA and Park2 siRNA, and 24 h later these cells were transfected with 
COX8-EGFP-mCherry. After 8 h, the cells were subjected to LPS treatment. Finally, the cells were stained with DAPI (blue) and fixed for confocal microscopy. (H) 
Representative images. (I) Quantification of the cells with red-only puncta. Data in I are expressed as mean ± SD. n = 3. *P < 0.001 vs. the control group, #P < 0.05 
vs. NC siRNA-LPS group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Y. Wang et al.                                                                                                                                                                                                                                   



Redox Biology 38 (2021) 101767

5

apoptosis was also assessed by immunoblot analysis of cleaved caspase-3 
(C-CAS). 

In kidney tissues, apoptosis was also examined by TUNEL assay as 
described previously. In short, kidney tissue sections were deparaffi-
nized. Sections were then pretreated with 0.1 M sodium citrate, pH 6.0 
at 65 ◦C for 30 min, followed by incubation with a TUNEL reaction so-
lution for 1 h at 37 ◦C in a humidified-dark chamber. Positive staining 
was detected by fluorescence microscopy. Ten representative fields were 
randomly chosen for each section, and the TUNEL-positive cells per 
mm2 was counted. In addition, apoptosis in kidney tissues was also 
evaluated by immunoblot analysis of C-CAS. 

2.9. Quantification of mitochondrial DNA content 

Total cellular DNA was extracted from renal cortex tissue by using 
the DNeasy Blood and Tissue kit (Qiagen, 69506). The relative content 
of mtDNA was measured as previously described [36]. In briefly, both 
mtDNA (evaluated by mitochondrial 16S rRNA gene) and nDNA (eval-
uated by β2-microglobulin gene) in the same experimental samples were 
measured by quantitative PCR using a CFX96 Real-Time PCR Detection 
System from BiO-RAD with the SyBR GreenER qPCR SuperMix (Thermo 
Fisher Scientific). The primers were as follows: 

mt16S forward, 5′-ATTCCAATTCTCCAGGCATACG-3’; 
mt16S reverse, 5′-GGGGTTCTTGTTTGCCGAGTT-3’; 
β2-microglobulin forward, 5′-AGGGTGTGCAGAATGGGATG-3’; 
β2-microglobulin reverse, 5′-GCTTCCCCCAAAGTCTACCC-3’; 
GAPDH forward, 5′-AGGTCGGTGAACGGATTG-3’; 
GAPDH reverse, 5′-TGTAGACCATGTAGTTGAGGTCA-3’. 

2.10. Mitochondrial isolation 

Mitochondria were extracted from cultured proximal tubular cells 
using the mitochondrial extraction kit (Solarbio). In briefly, cells were 
rinsed in pre-cold PBS and homogenized in 1 ml ice-cold lysis buffer with 
a pre-cold Dounce-type glass homogenizer. Then the homogenate was 
centrifuged for 3 times (1000×g for 10 min, 4 ◦C) to pellet cell debris and 
nuclei, and collect the supernatant with mitochondria. Finally, mito-
chondria from the supernatant were pelleted by centrifugation at 
12,000×g for 10 min at 4 ◦C. 

2.11. Co-localization of OPTN with mitochondria 

Cells were washed with phosphate-buffered saline (PBS). Mito-
chondria in these cells were labeled with MitoTracker Red FM (Molec-
ular Probes) according to the manufacturer’s instructions. The cells were 
then fixed in pre-cold methanol for 10 min at − 20 ◦C. After additional 
washing with PBS, the fixed cells were blocked in 10% normal goat 
serum for 1 h. Cells were then incubated with anti-OPTN antibody 
overnight at 4 ◦C, followed by incubation with Alexa Fluor 488-labeled 
secondary antibodies for 1 h at 37 ◦C. Then, the cells were stained with 
DAPI to indicate nuclei. Finally, the cells were examined with an 
Olympus FV 1000 lasers canning confocal microscope (Olympus Cor-
poration, Tokyo, Japan). 

2.12. Transmission electron microscopy 

The kidney cortex tissues were fixed with 2.5% glutaraldehyde, and 
then treated with standard procedures, including dehydration, osmosis, 
embedding, sectioning and staining. The ultrastructure of renal cells was 
observed using a Hitachi H7700 electron microscope. 

2.13. Immunoblot analysis 

Renal cortex tissue and cell lysates were lysed with 2% sodium 
dodecyl sulfate (SDS) solution with protease inhibitor cocktail (Sigma- 
Aldrich). Protein concentration was measured with the bicinchoninic 

acid (BCA) reagent (Thermo Fisher Scientific). 100 μg proteins were 
loaded per lane and separated on SDS-polyacrylamide electrophoresis 
gel, and the proteins were then transferred onto polyvinylidene 
difluoride membrane. After blocking with 5% fat-free milk for 1 h, blots 
were incubated with primary antibodies and horseradish peroxidase- 
conjugated secondary antibodies. Antigens were visualized with a 
chemiluminescence kit (Thermo Fisher Scientific). The protein bands 
were analyzed by Image J software (NIH) for densitometry. 

2.14 Statistical analysisIn this study, qualitative data represents at 
least 3 separate experiments, and quantitative data is expressed as 
means ± SD. T-test was conducted to examine the statistical significance 
between 2 groups. ANOVA followed by Tukey’s post-tests was used to 
determine the statistical differences among multiple groups. Statistical 
analysis was determined with the GraphPad Prism software. P < 0.05 
was regarded as significant differences. 

3. Results 

3.1. Mitophagy is induced in RPTC cells following LPS treatment 

We firstly examined the occurrence of mitophagy in renal proximal 
tubular cells (RPTCs) exposed to LPS, the main endotoxin in sepsis. To 
this end, RPTCs were cultured in medium containing 0.2% fetal bovine 
serum for 24 h before the treatment with 100 μg/ml LPS. TUNEL 
staining showed an increase of TUNEL-positive cells following LPS 
treatment, suggesting the occurrence of apoptosis (Fig. 1A and B). 
Immunoblot analysis showed that following LPS treatment, the levels of 
LC3 II was increased and peaked at 24 h (Fig. 1C and D), whereas the 
levels of mitochondrial outer membrane protein TOM20 (translocase of 
outer mitochondrial membrane 20 homolog) and TIM23 (translocase of 
inner mitochondrial membrane 23) (Fig. 1E–G) were reduced, suggest-
ing that mitophagy was induced. To further verify the induction of 
mitophagy, COX8-EGFP-mCherry (a tandem fluorescent-tagged mito-
chondrial targeting sequence of inner membrane protein COX8) were 
expressed in RPTCs to monitor the delivery of mitochondria to lysosome 
based on different pH stability of EGFP and mCherry fluorescent pro-
teins [37]. As shown in Fig. 1H, control cells displayed a yellow staining 
of tubular or filamentous mitochondria with the merge of green (EGFP) 
and red (mCherry) signals. In sharp contrast, mitochondria became 
fragmented with distinct red puncta in LPS-treated cells (Fig. 1H and I), 
indicating increased delivery of mitochondria into lysosomes. Notably, 
the distinct red puncta were rarely observed in the cells with typical 
apoptotic nucleus (Fig.S1). Together, these findings suggest that 
mitophagy is induced in renal tubular cells in response to LPS treatment. 

3.2. Knockdown of Pink1 or Park2 inhibits LPS-induced mitophagy in 
RPTC cells 

During LPS treatment of RPTCs, PINK1 and PARK2 were increased in 
a time-dependent manner (Fig. 2A–C). To examine the PINK1-PARK2 
pathway in LPS-induced mitophagy, we determined the effect of 
knock-down of Pink1 or Park2 with specific siRNAs (Fig. 2D and E). As 
shown in Fig. 2F and G, knockdown of Pink1 or Park2 partially restored 
TOM20 and TIM23 in RPTCs during LPS treatment (Fig. 2F and G), 
supporting an important role of PINK1 and PARK2 in mitochondrial 
degradation in this setting. We further examined the effect of knock-
down Pink1 or Park2 on the delivery of mitochondria to lysosomes in 
COX8-EGFP-mCherry expressing cells. Compared with RPTCs trans-
fected with scrambled siRNA, the cells transfected with either Pink1 
siRNA or Park2 siRNA showed a reduction in the levels of mitochondria 
in lysosomes (Fig. 2H and I). In addition, in response to LPS treatment, 
mitochondrial translocation of Park2 was dramatically increased 
(Fig. S2). Together, these results indicate that the PINK1-PARK2 
pathway mediates mitophagy in renal tubular cells during LPS 
treatment. 
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Fig. 3. Knockdown of Pink1 and Park2 aggravates LPS-induced apoptosis in RPTC cells. RPTC cells were transfected with NC siRNA, Pink1 siRNA or Park2 siRNA. At 
48 h after transfection, cells were subjected to 24 h of 100 μg/ml LPS treatment. Apoptosis was assessed by flow cytometry following Annexin V-FITC and PI staining, 
TUNEL assay, and immunoblot analysis of caspase 3 activation. (A) Flow cytometry following Annexin V-FITC and PI staining. (B) Representative images of TUNEL 
staining. (C) Percentage of Apoptosis. Greater than 200 cells in each group were evaluated to determine the percentage of TUNEL positive cells. (D, F) Whole cell 
lysate was collected for immunoblot analysis of active/cleaved caspase-3 (C-cas3) and GAPDH. (E, G) Densitometry of active/cleaved caspase-3. Mean ± SD. n = 3. 
*P < 0.001, **P < 0.01 vs. the control group, #P < 0.01 vs. NC siRNA-LPS group. (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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3.3. Knockdown of Pink1 or Park2 sensitizes RPTC cells to LPS-induced 
apoptosis 

To determine the role of mitophagy, we evaluated the effect of 
knockdown of Pink1 and Park2 on LPS-induced apoptosis in RPTCs. Flow 
cytometry analysis of RPTCs stained with FITC Annexin V and PI showed 
that knockdown of Pink1 or Park2 resulted in an increase of apoptosis 
during LPS treatment (Fig. 3A). The flow cytometry results were 
confirmed by TUNEL staining and immunoblot analysis of cleaved cas-
pase3 (C-CAS3). TUNEL assay demonstrated that following LPS treat-
ment, Pink1 siRNA and Park2 siRNA markedly increased the number of 
TUNEL-positive cells compared to negative control siRNA (NC siRNA) 
group (Fig. 3B). Quantification by counting TUNEL-positive cells 
revealed that LPS induced apoptosis in around 10% cells transfected 
with NC siRNA, but in about 16% and 14.5% apoptosis in Pink1 siRNA or 
Park2 siRNA-transfected cells, respectively. Consistently, immunoblot 
analysis showed that Pink1 siRNA or Park2 siRNA-transfected cells had 
remarkably high levels of C-CAS3 than NC siRNA-transfected cells after 
LPS treatment (Fig. 3D–G). Collectively, these results suggest that 
PINK1/PARK2-mediated mitophagy has a cytoprotective role in LPS- 
treated renal tubular cells. 

3.4. OPTN participates PINK1-PARK2-mediated mitophagy in RPTCs 

In the PINK1/PARK2 pathway of mitophagy, autophagy adaptor 
proteins simultaneously bind to poly-ubiquitinated proteins on mito-
chondria and LC3B on autophagosome membranes, resulting in 

autophagosomal engulfment of poly-ubiquitinated mitochondria for 
degradation. Optineurin (OPTN) is one of the selective autophagy 
adaptors in mitophagy that recognizes the ubiquitin chains on mito-
chondrial proteins [24]. We firstly determined the subcellular localiza-
tion of OPTN and its changes during LPS treatment following the 
expression of GFP-OPTN. In control RPTCs, GFP-OPTN was evenly 
distributed in cytosol and rarely localized within mitochondria. In 
LPS-treated cells, GFP-OPTN puncta appeared on fragmented mito-
chondria, suggesting the translocation of OPTN from cytoplasm to 
damaged mitochondria under this condition (Fig. 4A). We further 
analyzed the effect of knockdown of Pink1 and Park2 on the mito-
chondrial translocation of OPTN. As shown in Fig. 4B and C, LPS 
increased the levels of OPTN in mitochondrial fraction of RPTCs, and the 
increase was significantly attenuated in cells transfected with Pink 1 
siRNA or Park2 siRNA. In addition, knockdown Pink1 or Park2 
dramatically reduced the levels of mitochondrial protein ubiquitination 
(Fig. S3). To further investigate the role of OPTN in mitophagy in RPTCs, 
we determined the effect of knockdown of Optn on LPS-induced 
mitophagy (Fig. 5A). As shown in Fig. 5B–D, LPS-induced reduction of 
TOM20 and TIM23 was partially prevented in the cells transfected with 
Optn siRNA. Consistently, suppression of Optn expression significantly 
inhibited LPS-induced delivery of mitochondria to lysosomes in RPTCs 
(Fig. 5E and F). Together, these findings support a pivotal role of OPTN 
in PINK1-PARK2-mediated mitophagy in RPTC cells during LPS 
treatment. 

Fig. 4. Knockdown of Pink1 or Park2 inhibits OPTN 
recruitment to mitochondria during LPS treatment. 
(A) Co-localization of OPTN with mitochondria upon 
LPS treatment. RPTC cells were subjected to 24 h of 
100 μg/ml LPS treatment. Mitochondria in these cells 
were then labeled with MitoTracker Red FM, while 
OPTN was stained by immunofluorescence. These 
cells were examined by confocal microscopy to show 
the co-localiztion of OPTN (green) and mitochondria 
(red) in LPS-treated cells (arrows). (B, C) Immunoblot 
analysis of OPTN accumulation in mitochondria and 
the effects of Pink1 or Park2 knockdown. RPTC cells 
transfected with siRNAs for Pink1 or Park2 or nega-
tive control siRNA (NC siRNA) were subjected to LPS 
treatment. These cells were harvested and fraction-
ated to cytosolic (cyto) and mitochondrial (mito) 
fractions for immunoblot analysis of OPTN, COX4 
(mitochondrial marker), and GAPDH (cytosolic 
marker). (B) Representative blots. (C) Densitometry 
of OPTN. Mean ± SD. n = 3. *P < 0.001 vs. control 
group. #P < 0.01 vs. siRNA-LPS group. (For inter-
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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3.5. Induction of mitophagy in renal proximal tubular cells in the mouse 
model of LPS-induced AKI 

To study mitophagy in vivo in septic AKI, we first evaluated the 
mouse model induced by LPS. To this end, C57/B6 mice were intra-
peritoneally injected with 10 mg/kg LPS or saline as previously describe 
[5]. Histological analysis by H&E staining showed a moderate tubule 

injury in around 12.5% renal tubules in LPS-treated mice (Fig. 6A and 
B). TUNEL assay showed renal tubular cell apoptosis in kidney tissues of 
these mice (Fig. 6C and D). Immunoblot analysis demonstrated an in-
crease in LC3II expression and a reduction of p62, along with decreases 
in TOM20 and TIM23 in kidney tissues of LPS-treated mice compared 
with untreated control mice (Fig. 6E), suggesting induction of mitoph-
agy in LPS-induced AKI. The ratio of mitochondrial DNA to nuclear DNA 

Fig. 5. OPTN knockdown inhibits mitophagy in LPS-treated RPTC cells. (A) Immunoblot analysis of Optn knockdown by siRNA. RPTC cells were transfected with 
Optn siRNA or negative control siRNA (NC) for 48 h to collect lysate for immunoblot analysis. (B–D) RPTC cells transfected with Optn siRNA or negative control 
siRNA (NC) were subjected to LPS treatment. (B) Representative blots of TOM20 and TIM23. (C–D) Densitometry of TOM20 and TIM23. (E–F) RPTC cells were first 
transfected Optn siRNA or negative control siRNA (NC), and 24 h later these cells were transfected with COX8-EGFP-mCherry. After another 8 h, the cells were 
subjected to LPS treatment. Finally, the cells were stained with DAPI and fixed for confocal microscopy. (E) Representative images. (F) Quantification of the cells with 
red-only puncta-mitolysosomes. Mean ± SD. n = 3. *P < 0.001 vs. control group, ▴P < 0.01 VS. LPS group, #P < 0.01 vs. NC siRNA-LPS group. (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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(mtDNA: nDNA) decreased in renal cortex tissues of LPS-injected mice 
compared to control mice (Fig. 6F), further indicating the degradation of 
mitochondria during LPS treatment. PINK1 and PARK2 were increased 
in renal tissues of LPS-treated mice (Fig. 6G). Transmission electron 
microscopy (TEM) showed the formation of autophagosome and mito-
phagosome in renal tubular cells in mice after LPS treatment (Fig. 6H), 
which was rarely seen in renal tissues of saline-injected mice. Together, 
these findings indicate that mitophagy is activated in renal tissues 

during LPS-induced septic AKI in vivo. 

3.6. Pink1 or Park2 deficiency reduces mitophagy and aggravates LPS- 
induced mitochondrial injury in mice 

To determine the role of PINK1/PARK2 pathway-mediated mitoph-
agy in the pathogenesis of septic AKI in vivo, we tested pink1 knockout 
(KO) or park2 KO mouse models. As shown in Fig. 7A and B, LPS 

Fig. 6. Mitophagy is activated in LPS-induced AKI in C57/BL6 mice. C57BL/6 mice (male, 8–10 weeks old) were injected with 10 mg/kg LPS or saline for 24 h. (A) 
Representative histology of kidney cortex shown by hematoxylin and eosin (H&E) staining. (B) Tubular injury evaluated by counting the renal tubules with signs of 
injury. (C) Representative images of TUNEL staining of kidney cortex. (D) Quantification of TUNEL positive cells. (E) Immunoblot analysis of TOM20, TIM23, LC3 II/ 
I, p62 and GAPDH (loading control) in kidney tissues. (F) Relative mitochondrial DNA content (mtDNA/nDNA). (G) Immunoblot analysis of PINK1 and PARK2. (H) 
Representative electron micrographs showing autophagosomes (arrowhead in the left panel) and mitophagosomes (arrowhead in the right panel) in renal proximal 
tubule cells after LPS treatment. Mean ± SD. n ≥ 3. *P < 0.001 and #P < 0.01 vs. the control group. (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. 7. Pink1 or Park2 deficiency inhibits mitophagy and aggravates LPS-induced mitochondrial injury in mice. Pink1 KO, park2 KO, and WT mice were injected with 
10 mg/kg LPS or saline. (A) Kidney cortex tissues were collected from pink1-or park2- KO mice and WT littermates for immunoblot analysis of PINK1, PARK2 TOM20, 
TIM23, and GAPDH. (B) Densitometry of TOM20 and TIM23 signals. (C–D) Renal cortex was fixed and processed for transmission electron microscopy. (C) 
Representative electron micrographs. (D) Quantification of mitochondrial fragmentation. The length of mitochondria was evaluated in each tubular cell to calculate 
the percentage of cells in which mitochondrial length >2 μm was less than 1%. A total of 30 cells in control and 30 cells in LPS-treated kidneys from three animals in 
each condition were assessed. Mean ± SD. n = 3. *P < 0.01 and #P < 0.05 vs. WT-LPS group. (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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treatment reduced the mitochondrial proteins TOM20 and TIM23 in 
kidney tissues in wild-type (WT) mice, and this reduction was partially 
inhibited in pink1-or park2-KO mice, suggesting the involvement of 
PINK1 and PARK2 in mitophagy in septic AKI. We also examined 
mitochondrial morphology in kidney tubular cells in these mice by 
electron microscopy (Fig. 7C). Without treatment, KO and WT mice 
showed similar mitochondrial size and shape in kidney tubular cells 
with most mitochondria showing a tubular morphology of greater than 

2 μm in length. After LPS treatment, kidney tubular cells in WT mice 
showed many small and round mitochondria, indicating mitochondrial 
fragmentation. In pink1-or park2-KO mice, mitochondria in kidney 
tubular cells were more severely injured showing loss of cristae, frag-
mentation, swelling, and vacuoles in the mitochondria matrix. Quanti-
tative analysis verified that KO mice had significantly more kidney 
tubular cells with fragmented mitochondria than WT mice (Fig. 7D). 
Together, these results support a critical role of PINK1-PARK2-mediated 

Fig. 8. Pink1 or Park2 deficiency increases kidney damage and tubular apoptosis during LPS treatment in mice. Pink1 KO, park2 KO, and WT mice were injected with 
10 mg/kg LPS or saline. (A–B) Blood samples were harvested for measurement of serum creatinine (A) and BUN (B) to indicate renal function decline. (C) 
Representative images of HE staining. (D) Quantification of tubular damage by counting the renal tubules with signs of injury. (E) Representative images of TUNEL 
staining. (F) Quantification of TUNEL-positive cells in renal tissues. (G) Representative immunoblots of cleaved/active caspase-3 (C-CAS3) in kidney tissues. (H) 
Densitometry of C-CAS3 signals. Mean ± SD. n ≥ 3. #P < 0.001 vs. WT-Ctrl group, ▴P < 0.001 vs. PINK1 KO-Ctrl group, □P < 0.001 vs. PARK2 KO-Ctrl group, ***P 
< 0.001 and **P < 0.01 vs. WT-LPS group. (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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mitophagy in preserving mitochondrial integrity during septic AKI. 

3.7. Pink1 or Park2 knockout aggravates kidney damage and tubular cell 
apoptosis during LPS treatment 

Control Pink1 KO or Park2 KO mice and their WT littermates had 
similarly low levels of serum creatinine and blood urea nitrogen (BUN), 
indicating normal renal function in these mice (Fig. 8A and B). At 24 h 

after LPS treatment, both WT and KO mice showed increases in serum 
creatinine, but the increase in KO mice was significantly higher 
(Fig. 8A). Consistently, KO mice had higher levels of BUN than WT mice 
following LPS treatment (Fig. 8B). In HE staining of histology, pink1-and 
park2-KO mice showed more severe renal tubular injury than WT mice, 
as indicated by tubular swelling, vacuolization, dilatation and occa-
sional detachment (Fig. 8C and D). We further examined renal tubular 
apoptosis by TUNEL staining and by immunoblot analysis of caspase-3 

Fig. 9. Mitophagy is induced in CLP-induced AKI in mice. C57BL/6 mice (male, 8–10 weeks old) were subjected to CLP or sham-surgery for analysis 24 h later. Blood 
samples were collected for measurements of serum creatinine (A) and BUN (B). (C) Representative images of HE staining. (D) Percentage of damaged tubules. (E) 
Representative images of TUNEL staining, (F) Quantification of TUNEL positive cells. (G) Immunoblot analysis of TOM20, TIM23 and LC3 II/I. (H) Immunoblot 
analysis of PINK1 and PARK2. Mean ± SD. n ≥ 4. *P < 0.001 vs. the control group. (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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cleavage. TUNEL assay showed more apoptotic cells in kidney tissues of 
KO mice compared to WT mice after LPS injection (Fig. 8E and F). 
Consistently, LPS induced higher levels of cleaved caspase-3 in KO 
mouse kidneys than in WT (Fig. 8G and H). Together, these in vivo re-
sults support that the PINK1/PARK2 pathway of mitophagy plays a 
protective role in septic AKI. 

3.8. CLP-induced mitophagy is suppressed in Pink1-or Park2-KO mice 

While endotoxic injury by LPS is commonly used to study septic AKI, 
the model of cecal ligation puncture (CLP) may better mimic the clinical 
condition [38]. Thus, we further examined mitophagy in a mouse model 
of CLP. C67/B6 mice were subjected to CLP as describe [32] and samples 
were collect 24 h later for analysis. Following CLP, the mice showed 
increases in both serum creatinine and BUN (Fig. 9A and B). Histological 
analysis and TUNEL staining also revealed renal tubular injury and 
apoptosis in CLP-treated mice (Fig. 9C–F). In addition, these mice 
showed increases in LC3II, PINK1 and PARK2 in kidney tissues, which 
were associated by decreases in TOM20 and TIM23, suggesting an in-
duction of mitophagy (Fig. 9G and H). Notably, CLP-induced reduction 
of TOM20 and TIM23 in kidney tissues was partially inhibited by pin-
k1-or park2 knockout (Fig. 10A and B). These findings suggest that the 
PINK1-PARK2 pathway has an important role in mitophagy in 
CLP-induced AKI. 

3.9. Pink1 or Park2 knockout aggravates CLP-induced AKI 

Following CLP, Pink1 KO or Park2 KO mice showed a significantly 
higher increase in serum creatinine than WT mice, although they had 
similar levels of BUN (Fig. 11A and B). HE staining of histology revealed 
more severe kidney tissue damage in KO mice than in WT mice. The 
tubular damage score was 13.4% for WT, 22.5% for pink1-KO mice, and 
23.5% for park2-KO mice (Fig. 11C and D). In TUNEL assay, CLP induced 
a higher level of apoptosis in kidney tissues of KO mice than in WT mice 
(Fig. 11E and F). Consistently, CLP-induced a higher level of cleaved 

caspase-3 in Pink1 or Park2 KO kidney tissues (Fig. 11G and H). These 
results support a protective role of PINK1/PARK2-mediated mitophagy 
in CLP-induced septic AKI. 

4. Discussion 

Mitochondrial dysfunction has been implicated in the pathogenesis 
of septic AKI [8], but the mechanism of mitochondrial quality control in 
this devastating disease remains largely unknown. In the present study, 
we have demonstrated that mitophagy was induced in cultured RPTCs 
treated with LPS, and in renal tubules in mouse models of septic AKI 
induced by LPS and CLP. Mitophagy induction in these experimental 
settings was suppressed by Pink1 or Park2 deficiency. Functionally, 
Pink1 or Park2 deficiency aggravated LPS- or CLP-induced AKI in mice. 
We further show that knockdown of Pink1 or Park2 reduced the trans-
location of autophagic adaptor OPTN to damaged mitochondria in 
cultured tubular cells exposed to LPS, and silencing Optn inhibited 
mitophagy following LPS treatment. These findings support an impor-
tant role for the PINK1/PARK2 pathway of mitophagy in mitochondrial 
quality control, tubular cell survival, and renal function during septic 
AKI. 

Recent studies demonstrate that mitochondrial injury contributes to 
the pathophysiology of sepsis-induced AKI [39–41]. Especially, specific 
interventions to increase mitochondrial biogenesis or mitochondrial 
oxidative capacity ameliorated septic-AKI [40]. Tran and colleagues 
demonstrated that loss of PGC1α, the master regulator of mitochondrial 
biogenesis, facilitated sepsis AKI and delayed renal recovery [40], sug-
gesting a critical role of loss of mitochondrial homeostasis in the path-
ogenesis of septic AKI. Mitochondrial biogenesis and mitophagy are two 
important mitochondrial quality control mechanisms. Mitochondrial 
biogenesis is essential for replacing the damaged mitochondria removed 
by mitophagy and also repopulating regenerating renal tubular cells, 
while timely removal of damaged mitochondrial by mitophagy may 
prevent the replication of damaged mitochondria. Mitophagy is an 
important mitochondrial quality control mechanism that selectively 

Fig. 10. CLP-induced mitophagy is inhibited in Pink1-or Park2-KO mice Pink1 KO, park2 KO, and WT mice were subjected to CLP or sham-surgery for analysis 24 h 
later. Kidney tissues were collected for immunoblot analysis of TOM20 and TIM23. (A) Representative blots. (B–C) Densitometry analysis. Mean ± SD. n = 3. *P <
0.01 vs. WT-LPS group. (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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eliminates damaged mitochondria. A very recent study by Liu et al. 
demonstrated the co-localization of mitochondrial cytochrome c oxidase 
IV (COX IV) and autophagy marker LC3 in CLP-induced AKI, suggesting 
mitophagy [41]. Dai et al. further suggested an increase in the formation 
of mitophagosome in renal tubular cells at 4 h after CLP in mice by 
electronic microscopy [28]. In the present study, we have provided 
compelling evidence that mitophagy was induced in renal tubular cells 
during septic AKI, which includes 1) increases in mitophagosome 

formation and in mitochondrial protein degradation in RPTCs exposed 
to LPS, 2) increases in mitophagosome formation and in mitochondrial 
protein degradation, and reduction in mtDNA mass in the kidney of 
mouse model of AKI induced by LPS or CLP; and 3) mitophagosome 
formation and mitochondrial clearance in septic AKI are suppressed by 
blocking the PINK1-PARK2 pathway. Future studies by using the 
mitophagy reporter mouse model [14] will provide more information on 
the spatial and temporal changes of mitophagy in the kidney during 

Fig. 11. Pink1 or Park2 deficiency worsens CLP-induced AKI in mice. Pink1 KO, park2 KO, and WT mice were subjected to CLP or sham-surgery for analysis 24 h 
later. Blood samples were harvested for measurements of serum creatinine (A) and BUN (B). (C) Representative images of HE staining. (D) Percentage of damaged 
tubules. (E) Representative images of TUNEL staining. (F) Quantification of TUNEL-positive cells. (G) Representative immunoblots of cleaved/active caspase-3 (C- 
CAS3). (H) Densitometry of cleaved/active caspase-3. Mean ± SD. n ≥ 3. #P < 0.001 vs. WT-Ctrl group, ▴P < 0.001 vs. Pink1 KO-Ctrl group, □P < 0.001 vs. Park2 
KO-Ctrl group, *P < 0.01 vs. WT-LPS group. (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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septic AKI. Notably, induction of PINK1-PARK2 pathway of mitophagy 
has also been demonstrated as a protective mechanism in other tissues 
during sepsis, including heart, lung, and liver [42–44]，suggesting that 
mitophagy may represent a common defense mechanism in different 
tissues during sepsis [45]. In the present study, since Pink1 or park2 was 
globally deleted in mice, the potential effects of the loss of PINK1-PARK2 
pathway of mitophagy in those tissues beyond kidney on sepsis-induced 
AKI awaits future investigation. 

The PINK1-PARK2 pathway of mitophagy has been implicated in 
ischemic and nephrotoxic AKI [25,26,46]. Mitophagy receptor 
BNIP3-mediated mitophagy has also been shown in renal tubular cells of 
ischemic AKI [47]. Liu et al. showed that PINK1 and PARK2 expression 
was increased within 4 h after CLP, which was in parallel to the changes 
in the colocalization of mitochondrial protein and LC3 in renal tubular 
cell in the AKI models, suggesting a potential role of PINK1-PARK2 
pathway in the regulation of mitophagy in this experimental setting. 
Dai and colleagues further demonstrated that Pink1 knockdown signif-
icantly attenuated LC3-II protein expression in during LPS treatment of 
RPTC cells, whereas PINK1 overexpression enhanced LC3-II protein 
expression [28]. Despite these initial studies, it remains unclear whether 
the PINK1-PARK2 pathway is critical to mitophagy, mitochondrial ho-
meostasis, tubular cell survival and kidney function in septic AKI. In the 
present study, we provide both in vitro and in vivo evidence that the 
expression of PINK1 and PARK2 was increased in renal tubular cells 
during septic AKI, and moreover, Pink1 or Park2 deficiency markedly 
reduced mitophagy and exaggerated tubular damage and septic AKI, 
proving an important role of the PINK1-PARK2 pathway in mitophagy 
and tubular cell viability in septic AKI. These observations, the together 
previous studies, indicate that induction of the PINK1-PARK2 pathway 
of mitophagy in renal tubular cells represents a common feature in AKI. 
In this pathway, PINK1 acts upstream of PARK2 by recruiting PARK2 to 
damaged/depolarized mitochondria and regulating PARK2’s ubiquitin 
E3 ligase activity through direct phosphorylation of PARK2 and ubiq-
uitin. The PARK2-mediated ubiquitination of mitochondrial surface 
proteins leads to the recruitment of autophagy adaptor proteins such as 
TAX1BP1, NBR1, p62, NDP52, and OPTN [48], which simultaneously 
bind poly-ubiquitin chains and LC3, and thus results in the engulfment 
of target mitochondria within autophagosomes. In the present study, we 
show that inhibition of PINK1-PARK2 pathway in RPTCs exposed to LPS 
reduced mitochondrial translocation of OPTN to mitochondria, and 
moreover, knockdown Optn reduced mitophagy, suggesting that OPTN 
is an important adaptor in the PINK1-PARK2 pathway of mitophagy in 
septic AKI. These results provide new insights into the molecular 
pathway of mitophagy in septic AKI. Of note, PARK2 was induced by LPS 
in PINK1 KO mice (Fig. 7) albeit at a lower level than in WT mice. This 
observation suggests that PARK2 expression may not depend on PINK1, 
but the pathway that regulates PARK2 expression during LPS treatment 
awaits further investigation. 

Induction of mitophagy may act as a protective mechanism in 
ischemic and nephrotoxic AKI [25–27,46]. Our present study has pro-
vided further evidence that the PINK1-PARK2 pathway of mitophagy is 
protective against sepsis-induced AKI. We demonstrated that in vitro, 
silencing Pink1 or Park2 sensitized RPTCs to LPS-induced apoptosis. In 
vivo, Pink1 or Park2 knockout aggravated LPS- or CLP-induced tubular 
cell apoptosis, kidney tissue damage, and kidney dysfunction. It is 
conceivable that, at the initial stage of kidney injury, induction of 
mitophagy removes damaged mitochondria, thereby preventing ROS 
accumulation, proapoptotic factor release and ultimately decreasing 
tubular cell injury and death. Elimination of damaged mitochondria 
may also prevent the release of damage-associated molecular patterns 
from mitochondria, such as mtDNA, thus mitigating the stimulation of 
immune response or inflammation that has been implicated in AKI 
pathogenesis [49]. However, as the disease progresses or under the 
context of severe kidney injury, when the number of damaged mito-
chondria exceeds the capacity of mitophagy or the mitophagy becomes 
impaired, cell death will become dominant to induce excessive tissue 

damage. Thus, pharmacological enhancement of mitophagy may rep-
resents a novel therapeutic approach for AKI. It is noteworthy that the 
PINK1-PARK2 pathway has also been implicated in the regulation of a 
mitophagy-independent quality control mechanism called 
mitochondria-derived vesicles (MDVs), which selectively transport 
cargo from mitochondria to lysosomes [50]. PINK1 and PARK2 may also 
function as repressors of adaptive immunity by suppress mitochondrial 
antigen presentation in mitophagy-independent mechanism [50]. The 
contribution of these mechanisms to septic AKI remains to be investi-
gated. Moreover, Bhatia and colleagues recently demonstrated that the 
PINK1-PARK2 pathway of mitophagy has a role in the regulation of 
macrophage reprogramming [51]. Thus, it is important to determine the 
role of mitophagy in different cell types in the pathogenies of septic AKI 
by using cell-types specific mitophagy deficiency animal models. 
Moreover, Park2-or Pink1-independent mitophagy has also been re-
ported in the pathogenesis of AKI [18]. For instance, Tang et al. 
demonstrated that activation of BNIP3-mediated mitophagy in renal 
tubular cells was protective against renal ischemia-reperfusion-induced 
AKI [47]. More recently, Wang et al. showed that Fundc1-dependent 
mitophagy was critically important to ischemic 
preconditioning-conferred renoprotection in ischemic AKI [52]. How-
ever, the involvement of these pathways of mitophagy in septic AKI 
awaits future investigation. 

In summary, this study has provided substantial evidence that 
mitophagy is induced in renal tubular cells during septic AKI. Under this 
condition, mitophagy is mainly mediated by the PINK1-PARK2 pathway 
where OPTN is the major adaptor protein. Functionally, induction of this 
pathway of mitophagy in renal tubular cells is a renoprotective response 
in septic AKI. Therefore, mitophagy may represent a promising thera-
peutic target for the prevention and treatment of septic AKI, a devas-
tating disease. 
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