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Abstract
Background: Studies have reported mitophagy activation in renal tubular epithelial cells (RTECs) in acute kidney injury (AKI).
Phosphatase and tensin homolog-induced putative kinase 1 (PINK1) and E3 ubiquitin-protein ligase Parkin are involved in
mitophagy regulation; however, little is known about the role of PINK1-Parkin mitophagy in septic AKI. Here we investigated
whether the PINK1-Parkin mitophagy pathway is involved in septic AKI and its effects on cell apoptosis in vitro and on renal
functions in vivo.
Methods: Mitophagy-related gene expression was determined using Western blot assay in human RTEC cell line HK-2 stimulated
with bacterial lipopolysaccharide (LPS) and in RTECs from septic AKI rats induced by cecal ligation and perforation (CLP).
Autophagy-related ultrastructural features in rat RTECs were observed using electron microscopy. Gain- and loss-of-function
approaches were performed to investigate the role of the PINK1-Parkin pathway in HK-2 cell mitophagy. Autophagy activators and
inhibitors were used to assess the effects of mitophagy modulation on cell apoptosis in vitro and on renal functions in vivo.
Results: LPS stimulation could significantly induce LC3-II and BECN-1 protein expression (LC3-II: 1.72± 0.05 vs. 1.00± 0.05,
P< 0.05; BECN-1: 5.33± 0.57 vs. 1.00± 0.14, P< 0.05) at 4 h in vitro. Similarly, LC3-II, and BECN-1 protein levels were
significantly increased and peaked at 2 h after CLP (LC3-II: 3.33± 0.12 vs. 1.03± 0.15, P< 0.05; BECN-1: 1.57± 0.26 vs.
1.02± 0.11, P< 0.05) in vivo compared with those after sham operation. Mitochondrial deformation and mitolysosome-mediated
mitochondria clearance were observed in RTECs from septic rats. PINK1 knockdown significantly attenuated LC3-II protein
expression (1.35± 0.21 vs. 2.38± 0.22, P< 0.05), whereas PINK1 overexpression markedly enhanced LC3-II protein expression
(2.07± 0.21 vs. 1.29± 0.19, P< 0.05) compared with LPS-stimulated HK-2 cells. LPS-induced proapoptotic protein expression
remained unchanged in autophagy activator-treated HK-2 cells and was significantly attenuated in PINK1-overexpressing cells, but
was remarkably upregulated in autophagy inhibitor-treated and in PINK1-depleted cells. Consistent results were observed in flow
cytometric apoptosis assay and in renal function indicators in rats.
Conclusion: PINK1-Parkin-mediated mitophagy might play a protective role in septic AKI, serving as a potential therapeutic target
for septic AKI.
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ubiquitin-protein ligase Parkin
Introduction

Sepsis-associated acute kidney injury (AKI) is one of the
leading causes of sepsis-related death in intensive care
units, accounting for 50% of all AKI cases.[1,2] Septic AKI
may cause prolonged hospitalization and increased
mortality in critically ill patients.[2,3] Current evidence
suggests that the pathogenesis of septic AKI differs from

that of non-septic AKI.[4,5] It has been reported that
hemodynamic changes might play a minor role in sepsis-
induced renal dysfunction.[6,7] Our previous studies
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showed that stressful conditions such as oxidant injury
and mitochondrial dysfunction contribute to the patho-
genesis of septic AKI.[8,9] However, the exact pathophysi-
ology of septic AKI remains poorly understood. A better
understanding of these mechanisms may provide new
therapeutic strategies for septic AKI.

Autophagy is an evolutionarily conserved pathway to

maintain intracellular homeostasis through lysosomal
degradation and recycling of damaged organelles and
macromolecules.[10] Cellular stresses, including sepsis,
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or 2 h (for other drugs) prior to CLP. These rats were
hypoxia, cell starvation, oxidant injury, and insults, can
trigger autophagy.[11,12] Increasing evidence suggests that
autophagy can prevent kidney injury from sepsis,[13-15] but
its regulation remains unclear. The phosphatase and tensin
homolog-induced putative kinase 1 (PINK1)-E3 ubiquitin
protein ligase Parkin pathway has been extensively studied
in Parkinson’s disease for its association with mitophagy, a
process of removing dysfunctional mitochondria by
autophagy.[16,17] Previous studies revealed an essentially
protective role of the PINK1-Parkin mitophagy pathway
against renal tubular epithelial cell (RTEC) injury in AKI
induced by cisplatin, contrast, or ischemia-reperfusion
injury.[18-21] However, little is known about the role of this
pathway in septic AKI. Recent studies showed that
mitochondrial dysfunction occurs during sepsis, and
PINK1-Parkin mitophagy can protect cardiomyocytes
and macrophages in response to septic insults.[22-25] We
therefore hypothesized that PINK1-Parkin mitophagy
might exert a protective function against sepsis-induced
renal injury.

In this study, we stimulated human RTEC cell line HK-2
with lipopolysaccharide (LPS) in vitro and established a
cecal ligation and perforation (CLP)-induced septic AKI
model in rats. Gain- and loss-of-function methods were
performed to investigate the role of PINK1-Parkin in HK-2
cell mitophagy. Autophagy activators and inhibitors were
used to assess the effects of mitophagy modulation on cell
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apoptosis in vitro and on renal functions in vivo. Our

using Percoll gradient density centrifugation. The purity of
results suggest that PINK1-Parkin-modulated mitophagy
is a potential therapeutic target in septic AKI treatment.

Methods

Ethical approval

This study was conducted in accordance with the Guide for
the Care and Use of Laboratory Animals (National
Institutes of Health, Bethesda, MD, USA). The protocol

was approved by the Committee on Ethics in Animal

with LPS (10 mmol/L) for 4 h, followed by treatment with
Experiments of Southern Medical University (Guangzhou,
China).

Animal model

A total of 66 specific pathogen-free Sprague-Dawley rats
(male or female; 180–220 g) were obtained from the
Experimental Animal Center at Southern Medical Univer-
sity (Guangzhou, China). The rats were housed in plastic
cages under controlled conditions (temperature, 25°C;
humidity, 50%–55%; and 12:12 h light/dark cycle), with
free access to food and water. All rats were anesthetized
with ketamine and xylazine (0.1 mL/100 g) intraperitone-
ally before the operation. CLP was performed as
previously described.[8,9] Briefly, the cecum was ligated
near the junction of ileum and colon using a 4–0 silk
ligature, punctured in two locations using an 18-gauge
needle, and gently compressed until the feces were
extruded. The bowel was then returned to the abdomen
and the incision closed. Rats in the sham group suffered the

same surgical procedures, but the cecum was neither
ligated nor punctured. At the end of the operation, all rats
were subcutaneously resuscitated with normal saline
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(20 mL/kg). All rats were deprived of food but had free
access to water after surgery.

Thirty rats were randomly divided into five groups (one
sham operation group and four CLP groups for different
time points, n = 6 in each group) to explore the time course
of CLP-induced autophagy. Kidney tissues were obtained
for RTEC isolation in the sham operation group or at 2, 4,
8, and 16 h after CLP to examine mitochondrial
morphology and autophagy-related protein expression.

To explore the effects of mitophagy activators and
inhibitors on kidney function in septic AKI, the remaining
rats were randomly divided into six groups (n= 6 in each
group): control, CLP + vehicle, CLP + 3-methyladenine (3-
MA), CLP + chloroquine (CQ), CLP + brefeldin A (BFA),
and CLP + rapamycin (RAPA) groups. Following
anesthesia, rats in the control group underwent sham
operation without any other treatment, whereas other rats
were given dimethyl sulfoxide (DMSO, 0.3 mL), 3-MA
(0.2 mL, 20 mg/kg), CQ (0.2 mL, 60 mg/kg), BFA (0.2 mL,
4 mg/kg), or RAPA (0.2 mL, 4 mg/kg) 30min (for DMSO)
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sacrificed at 24 h after surgery, and the blood urea nitrogen
(BUN) and serum creatinine levels were measured.

RTEC isolation

RTECs were isolated from the renal tissue of each rat as
previously described.[8,9] Briefly, the cortex was cut into
fragments, and cells were dissociated by incubation with
1 mg/mL type-I collagenase for 30min at 37°C. Red blood
cells were removed by lysis. RTECs were then separated
the RTECs was determined by immunostaining with
cytokeratin-18 and Hoechst dye.

Cell culture and treatment

HK-2 cells were obtained from Sigma-Aldrich (St. Louis,
MO, USA) and cultured in Dulbecco’s modified Eagle’s
medium/F12 media supplemented with 10% fetal bovine
serum at 37°C in a humidified atmosphere of 5% CO2. To
explore the time course of LPS-induced mitophagy, HK-2
cells were harvested at 0, 2, 4, 8, 16, and 24 h following LPS
(10 mmol/L; Sigma-Aldrich; Merch Millipore, Darmstadt,
Germany) treatment for determination of autophagy-related
gene expression. To explore the role of the PINK1-Parkin
pathway in mitophagy, HK-2 cells were treated with LPS
10 mmol/L) for 4 h, followed by transient transfection with
control short interfering RNA (siRNA), PINK1 siRNA,
control plasmid Ad-lacZ, or Ad-PINK1. To explore the
effectsof autophagyonapoptosis,HK-2cellswere stimulated
0.5mL of normal saline, 3-MA (5 nmol/L), CQ (50mmol/L),
BFA (1 mg/mL), or RAPA (100 nmol/L) for 2 h.

PINK1 overexpression or knockdown

HK-2 cells were transfected with Ad-PINK1 (Addgene,

Cambridge, MA, USA) or siRNA against human PINK1
(Santa Cruz Biotechnology, CA, USA) in 6-well plates
using Lipofectamine 2000 (Invitrogen, Life Technology,
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Carlsbad, CA, USA) following the manufacturer’s instruc-
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tions. An empty vector Ad-lacZ (Addgene) and scrambled

siRNA (Santa Cruz Biotechnology) were used as negative
controls, respectively.

Electron microscopy

Kidney tissues were fixed with 2.5% glutaraldehyde for 24
h at room temperature and stained with cacodylate-
buffered osmium tetroxide for 4 h at 4°C. Sections (60 nm

thickness) were cut and examined under an electron in the dark at room temperature. The fluorescence was

measure the BUN and serum creatinine levels using a

one-way analysis of variance in SPSS 22.0 statistical
microscope (H-7500; Hitachi, Tokyo, Japan) at �10,000
magnification.[26]

Western blot assay

HK-2 cells or rat RTECs were centrifuged at 14,000� g for
10min after homogenization in radioimmunoprecipitation
assay lysis buffer. Total protein concentrations in the
supernatants were determined using the bicinchoninic acid
method. Equal amounts of protein (30 mg) were separated
by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred onto polyvinylidene difluoride mem-
branes using wet transfer at 100 V for 90min at 4°C.
Nonspecific binding sites were blocked using 1% bovine
serum albumin in 0.05%Tween-20 Tris-buffered saline for
1 h, followed by incubation with primary antibodies
recognizing microtubule-associated protein 1 light chain 3
alpha (LC3II; Sigma-Aldrich), p62 (sequestosome 1; Sigma-
Aldrich), BECN-1 (Abcam, Cambridge, UK), PINK1
(Abcam), Parkin (Abcam), cleaved caspase-3 (Sigma-
Aldrich), BAX (Sigma-Aldrich), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; Cell Signaling Tech-
nology, Beverly, MA, USA) overnight at 4°C. The
membranes were then incubated with corresponding
secondary antibodies. The gray values of the immunoreac-

tive protein bands of interest were quantified using Image
Lab software (Bio-Rad, Hercules, CA, USA). Each
measurement was performed at least three times.

Figure 1: Dynamic expression analysis of autophagy proteins in response to septic insults. (A)
harvested at 0, 2, 4, 8, 16, and 24 h after LPS (10 mmol/L) treatment. (B) Western blot analys
randomly divided into five groups (one sham operation group and four CLP groups for different
sham-operated rats (0 h) and from CLP rats at 2, 4, 8, and 16 h after CLP. Data are expressed as
perforation; LC3: Microtubule-associated protein light chain 3; LPS: Lipopolysaccharide; RTEC
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Flow cytometry

Flow cytometry assay was performed to examineHK-2 cell
apoptosis using a fluorescein isothiocyanate (FITC)-
Annexin V apoptosis detection kit (BD Biosciences, San
Jose, CA, USA). Cells were washed twice with phosphate-
buffered saline and resuspended in 1� binding buffer at a
concentration of 1� 105 cells/mL prior to incubation with
FITC-Annexin V (5 mL) and propidium iodide (PI; 10 mL
of 50-mg/mL; Sigma-Aldrich–Merck Millipore) for 20min
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determined using a flow cytometer (Becton Dickinson
FACScan; BD Biosciences).

Measurements of BUN and serum creatinine levels

Blood samples were collected from rats prior to sacrifice to
FUJIFILM PRI-CHEM 3500S system (Fujifilm, Tokyo,
Japan).

Statistical analysis

Data were expressed as the mean ± standard deviation.
Statistical analysis between groups was performed using
software (version 22.0; SPSS Inc., Chicago, IL, USA). A
P< 0.05 was considered statistically significant.

Results

Septic insults induce mitophagy in RTECs both in vitro and
in vivo

To explore whether mitophagy is involved in the
pathogenesis of septic AKI, we assessed autophagy-related

gene expression and ultrastructural features in LPS-
stimulated HK-2 cells in vitro and in CLP-induced septic
AKI in vivo. As shown in Figure 1A, LC3-II and BECN-1

Western blot analysis was performed to quantify LC3-II and BECN-1 levels. HK-2 cells were
is was performed to quantify LC3-II, BECN-1, and p62 protein expression. Thirty rats were
time points, n= 6 in each group). Kidney tissues were obtained for RTEC isolation from the
the mean ± standard deviation. ∗P< 0.05 vs. 0 h. BECN-1: Beclin1; CLP: Cecal ligation and
: Renal tubular epithelial cell.
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protein levels were significantly increased in HK-2 cells
within the first 4 h after LPS stimulation and were
gradually decreased thereafter. Especially, LPS stimulation
induce LC3-II and BECN-1 protein expression (LC3-II:
1.72± 0.05 vs. 1.00± 0.05, P< 0.05; BECN-1:
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5.33± 0.57 vs. 1.00± 0.14, P< 0.05) at 4 h compared

with 0 h. We therefore used 4 h LPS stimulation in the
following in vitro experiments.

Similarly, in rat RTECs, LC3-II, BECN-1, and p62
protein levels were consistently and significantly in-
creased and peaked at 2 h after CLP compared with
those after sham operation (LC3-II: 3.33 ± 0.12 vs.
1.03 ± 0.15, P< 0.05; BECN-1: 1.57 ± 0.26 vs.
1.02 ± 0.11, P< 0.05; p62 1.51 ± 0.28 vs. 1.01 ± 0.23,
P< 0.05; Figure 1B). Furthermore, electron microscopy
showed that, compared with RTECs from sham-operated
rats, RTECs from CLP-treated rats exhibited pronounced
accumulation of swollen and malformed mitochondria
and mitophagosome formation that began at 2 h and
peaked at 4 h after CLP [Figure 2A–2C]. We also
observed that lysosome membrane fused with mitopha-
gosomes to form mitolysosomes at 2 h after CLP
[Figure 2B]. The mitolysosomes gradually disappeared
thereafter and were replaced by irregularly shaped,
swollen, and disrupted mitochondria with poorly defined
cristae and electron-lucent matrices [Figure 2D and 2E].
Taken together, these data suggest that septic insults can

induce mitophagy in RTECs both in vitro and in vivo
and that mitophagy might be involved in the pathogene-
sis of septic AKI.

Figure 2: Electron microscopy imaging of mitochondria in renal tubular epithelial cells from sept
were randomly divided into five groups (one sham operation group and four CLP groups for differe
of healthy mitochondria in sham-operated rats. (B and C) Swollen and malformed mitochondria
swollen, and disrupted mitochondria with poorly defined cristae and electron-lucent matrices
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The PINK1-Parkin pathway is essential for LPS-induced LC3-
II upregulation in HK-2 cells

To explore the role of the PINK1-Parkin pathway in LPS-
induced mitophagy protein expression, we performed loss-
and gain-of-function experiments in HK-2 cells. As shown
in Figure 3A, knockdown of PINK1 significantly reduced
the protein expression of downstream Parkin (0.13 ± 0.03
vs. 0.82± 0.13, P< 0.05) and effectively reversed LPS-
induced upregulation of LC3-II expression compared with
control siRNA (1.39 ± 0.14 vs. 1.68± 0.19, P< 0.05),
whereas overexpression of PINK1 showed the opposite
effects (Parkin: 1.98± 0.16 vs. 0.85± 0.13, P< 0.05; LC3-
II: 1.98± 0.17 vs. 1.29± 0.19, P< 0.05; Figure 3B). These
results suggest that the PINK1-Parkin pathway might play
an essential role in sepsis-related mitophagy in RTECs.

Mitophagy protects LPS-stimulated HK-2 cells from
apoptosis

To explore the roles of mitophagy and the PINK1-Parkin
pathway in RTECs exposed to septic environment, we
assessed apoptosis in LPS-stimulated HK-2 cells. As shown
in Figure 4A, LPS significantly enhanced the protein
expression of proapoptotic cleaved caspase-3 and BAX in
HK-2 cells in a generally time-dependent manner,
suggesting that sepsis may induce apoptosis in RTECs.
In LPS-stimulated HK-2 cells, the protein levels of cleaved
caspase-3 and BAX remained unchanged in response to

www.cmj.org
autophagy activators RAPA (cleaved caspase-3:
0.98± 0.09 vs. 0.99± 0.04, P> 0.05; BAX: 1.17± 0.09
vs. 0.99± 0.05, P> 0.05) and BFA (cleaved caspase-3:

ic rats induced by cecal ligation and perforation (original magnification�10,000). Thirty rats
nt time points, n= 6 in each group). (A) Well-developed cristae and electron-dense matrices
containing many autophagosomes (white arrows) after CLP (2 and 4 h). (D and E) Irregular,
after CLP (8 and 16 h). CLP: cecal ligation and perforation.
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mmol/L vs. 147.86± 6.21 mmol/L, P> 0.05). These results

Figure 3: Phosphatase and tensin homolog-induced putative kinase 1 modulated autophagy-related protein expression in HK-2 cells. (A) Western blot analysis was performed to
determine PINK1, Parkin, and LC3-II protein expression, cells were transfected with control siRNA or PINK1 siRNA. (B) Western blot analysis was performed to determine PINK1, Parkin,
and LC3-II protein expression, cells were transfected with control plasmid Ad-lacZ or Ad-PINK1. HK-2 cells were treated with LPS (10mmol/L) for 4 h, and collected at 48 h after transfection.
GAPDH was used as an internal control. Data are expressed as the mean ± standard deviation. ∗P< 0.05 vs. control; †P< 0.05 vs. control + LPS treatment. GAPDH: glyceraldehyde-3-
phosphate dehydrogenase; LC3: microtubule-associated protein light chain 3; LPS: lipopolysaccharide; PINK1: Phosphatase and tensin homolog-induced kinase 1; siRNA: short interfering
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1.01± 0.19 vs. 0.99± 0.04, P> 0.05; BAX: 0.91 ± 0.03
vs. 0.99± 0.05, P> 0.05), but were significantly increased
in response to autophagy inhibitors 3-MA (cleaved
caspase-3: 2.63± 0.39 vs. 0.99± 0.04, P< 0.05; BAX:
2.78± 0.13 vs. 0.99± 0.05, P< 0.05) and CQ (cleaved
caspase-3: 2.45± 0.11 vs. 0.99± 0.04, P< 0.05; BAX:
3.01± 0.13 vs. 0.99± 0.05, P< 0.05; Figure 4B). Consis-
tently, flow cytometry analysis revealed an increased
apoptotic rate in LPS-stimulated HK-2 cells in response to
autophagy inhibitors (3-MA: 41.28± 2.38%; CQ:
43.45± 4.38%) compared with that in cells exposed to
DMSO (0.05 ± 0.04%; P< 0.05) or autophagy activators
(3-MA: 0.75± 0.08%; CQ: 1.25± 0.07%; P< 0.05,
Figure 4C). These results suggest that autophagy activation
might protect RTECs from sepsis-induced apoptosis
whereas autophagy inhibition might exacerbate apoptosis.

To explore the effect of the PINK1–Parkin pathway on
apoptosis, we determined the protein expression of cleaved
caspase-3 in HK-2 cells with PINK1 depletion or over-
expression. As shown in Figure 4D and 4E, compared with
the control siRNA group, PINK1 depletion significantly
enhanced (4.25 ± 0.83 vs. 2.02± 0.08, P< 0.05), whereas
PINK1 overexpression markedly attenuated the protein
expression of cleaved caspase-3 in LPS-stimulated HK-2
cells (1.21 ± 0.25 vs. 2.92± 0.69, P< 0.05). Combining its
promotive role in LC3-II expression in LPS-treated HK-2
cells shown in Figure 3B, the PINK1-Parkin pathwaymight
protect HK-2 cells from LPS-induced apoptosis possibly
via activation of mitophagy.

RNA.
Mitophagy improves renal functions of rats with septic AKI

Next, we examined the renal functions of rats with CLP-
induced septic AKI in response to autophagy activators
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or inhibitors. As shown in Figure 4F, compared with
sham operation, CLP induced significant increases
in the BUN (RAPA: 9.98± 0.85 mmol/L vs.
13.24± 0.39mmol/L, P< 0.05; BFA: 9.73± 0.37mmol/L
vs. 13.24± 0.39mmol/L, P< 0.05) and serum creatinine
levels (RAPA: 108.45± 12.21 mmol/L vs. 148.87± 10.16
mmol/L, P< 0.05; BFA: 101.54± 6.25 mmol/L vs.
148.87± 10.16 mmol/L, P< 0.05) that were effectively
reversed by treatmentwith autophagy activators RAPAand
BFA. In contrast, treatment with autophagy inhibitors
3-MA or CQ further increased the BUN (3-MA:
20.12± 2.35mmol/L vs. 13.24± 0.39mmol/L, P< 0.05;
CQ: 19.99± 3.31mmol/L vs. 13.24± 0.39mmol/L,
P< 0.05) in rats with septic AKI, However, the levels of
serum creatinine remained unchanged in response to
autophagy inhibitors (3-MA: 155.64± 23.19 mmol/L vs.
147.86± 6.21 mmol/L, P> 0.05; CQ: 168.54± 24.32
suggest that autophagy activation might be a potential
therapeutic strategy for septic AKI.

Discussion

Autophagy activation during AKI has been observed in
various experimental models.[27] In this study, septic
insults induced mitophagy-related protein expression in
RTECs both in vitro and in vivo. Gain- and loss-of
functional PINK1 assays suggest that the PINK1-Parkin
pathway is essential for mitophagy protein expression in
RTECs. We also found mitophagy activation could
prevent RTEC apoptosis and improve renal functions,

consistent with a recent study showing that the activated
PINK1-Parkin mitophagy can prevent renal ischemia-
reperfusion injury.[15,19] We therefore conclude that

http://www.cmj.org


Figure 4: The effects of autophagy activators and inhibitors HK-2 cell apoptosis and rat renal function in septic environment. (A) Western blot analysis was performed to determine protein
levels of cleaved caspase-3 and BAX. HK-2 cells were treated with LPS (10 mmol/L) for 0, 2, 4, 8, 16, or 24 h. ∗P< 0.05 vs. 0 h. (B) Western blot analysis was performed to determine
protein levels of cleaved caspase-3 and BAX. HK-2 cells were stimulated with LPS (10 mmol/L) for 4 h, followed by treatment with 0.5 mL of DMSO, 3-MA (5 nmol/L), CQ (50 mmol/L), BFA
(1 mg/mL), or RAPA (100 nmol/L) for 2 h. ∗P< 0.05 vs. DMSO. (C) Flow cytometry analysis was performed to assess apoptosis in HK-2 cells. (D and E) Western blot analysis was performed
to determine protein level of cleaved caspase-3 at 48 h after transfection. HK-2 cells were treated with LPS (10 mmol/L) for 4 h, followed by transfection with control siRNA, PINK1 siRNA,
Ad-lacZ, or Ad-PINK1. ∗P< 0.05 vs. control, †P< 0.05 vs. Control + LPS treatment. (F) The blood urea nitrogen and serum creatinine levels in rats. Rats were randomly divided into
six groups (n= 6 in each group). Following anesthesia, rats in the control group underwent sham operation without any other treatment, whereas other rats were given DMSO (0.3 mL),
3-MA (0.2 mL, 20 mg/kg), CQ (0.2 mL, 60 mg/kg), BFA (0.2 mL, 4 mg/kg), or RAPA (0.2 mL, 4 mg/kg) 30 min (for DMSO) or 2 h (for other drugs) prior to CLP. These rats were sacrificed at
24 h after surgery, and the blood urea nitrogen and serum creatinine levels were measured. ∗P< 0.05 vs. the control, †P< 0.05 vs. CLP + vehicle treatment. Data are expressed as
mean ± standard deviation. 3-MA: 3-methyladenine; BFA: Brefeldin A; BUN: blood urea nitrogen; Cl-Cas3: cleaved caspase-3; CQ: chloroquine; DMSO: dimethyl sulfoxide; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; LPS: lipopolysaccharide; PINK1: phosphatase and tensin homolog-induced kinase 1; RAPA: rapamycin; Scr: serum creatinine; siRNA: short
interfering RNA.
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and improves renal function in the septic environment.

Natural Science Foundation of China (Nos. 81601708,
PINK1-Parkin-modulated mitophagy might play a protec-
tive role in septic AKI, providing PINK1-Parkin mitophagy
activation as a potential therapeutic approach against
septic AKI.

Autophagy, another type of programmed cell death different
from apoptosis, occurs in all eukaryotic cells and contributes
to the turnover of cellular components and energy
homeostasis.[28] Cell death is the endpoint of apoptosis,
while autophagy is a “double-edged sword” for both cell
survival and cell death.[29] To some extent, autophagy and
apoptosis are inseparable. Autophagy, prior to apoptosis, is
activated to protect cells from apoptosis and necrosis under
stress; however, excessive autophagy can promotemitochon-
drial damage, leading to increased apoptosis. Previous study
showed that autophagy is initiated early after sepsis,
rendering protection against endotoxic kidney injury.[12,15]

Consistently, we observed autophagy marker protein
upregulation and autophagosome formation in RTECs
within 2 h after septic insults. Pathological results from
patients dying of septic AKI showed that apoptosis
commonly occurs in RTECs.[30] Our results showed that
autophagy activators could prevent further apoptosis
whereas autophagy inhibitors could exacerbate apoptosis
in LPS-stimulated HK-2 cells, suggesting that autophagy
activation canprotect RTECs from sepsis-induced apoptosis.

Mitochondria play a critical role in oxidative phosphory-
lation to supply energy for cellular activities in eukar-
yotes.[31] Mitochondrial damage promotes the production
of reactive oxygen species (ROS) and apoptotic factors,
leading to cell damage and apoptosis.[32] Mitophagy, a
process that selectively degrades mitochondria via autoph-
agy, contributes to mitochondrial quality control by
regulating mitochondria numbers and diminishing ROS
production. PINK1-Parkin is one of the major pathways
that mediate mitophagy.[33,34] Mutations in both genes
disrupt mitophagy through different mechanisms.[35] Dou-
ble deletion of PINK1 and Parkin impairs hepatic
mitophagy and exacerbates acetaminophen-induced liver
injury in mice.[36] In our study, transient knockdown and
overexpression of PINK1 accompanied downregulation
and upregulation of Parkin expression, respectively, in HK-
2 cells. Our results revealed essential roles of the PINK1-
Parkin pathway in LC3-II induction and cleaved caspase 3
suppression in LPS-stimulated HK-2 cells, suggesting that
the PINK1-Parkin pathway might protect HK-2 cells from
LPS-induced apoptosis possibly via activation of mitoph-
agy. However, how PINK1 affects Parkin expression in
septic RTECs remains unclear and needs to be addressed in
the future study. It has been reported that both PINK1
overexpression and a loss of mitochondrial membrane
potential can trigger translocation of cytosolic Parkin to
mitochondria. As a putative serine/threonine kinase, PINK1
might promote Parkin translocation via phosphorylation of
Parkin that thereby ubiquitinates multiple mitochondrial
proteins, leading to p62 recruitment and subsequent
targeting of the damaged mitochondria to LC3-positive
phagophores for lysosomal clearance.[37-39] In this study,we
observed significantly increased LC3-II, BECN-1, and p62
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protein levels in RTECs that peaked at 2 h after CLP.
Consistently, RTECs from septic rats exhibited pronounced
mitochondria deformation and mitophagosome formation

2346
that began at 2 h and peaked at 4 h after CLP. Combining
with the promotive effect of PINK1 overexpression on LC3-
II expression, these data suggest that septic insults can
rapidly inducemitophagy inRTECspossibly via thePINK1-
Parkin pathway.

In summary, this study showed that septic insults can
activate mitophagy in RTECs in vitro and in vivo,
suggesting that mitophagy is involved in septic AKI. The
PINK1-Parkin pathway might play an essential role in
mitophagy activation that possibly favors RTEC survival

www.cmj.org
Mitophagy activation might serve as a potential therapeu-
tic strategy against septic AKI.
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