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A B S T R A C T

Aims: The renal tubule cells require a large number of mitochondria to supply ATP due to their high-energy
demand during reabsorption and secretion against chemical gradients and result in mitochondria susceptible to
disorder and injury during stress conditions. Injured mitochondria are eventually degraded by mitophagy, and
disturbances in mitophagy are associated with the pathogenesis of acute kidney injury (AKI) such as diabetic
nephropathy and glomerulosclerosis. However, whether a disturbance in mitophagy has occurred and the role it
plays in (SAKI) is still unclear. Therefore, the aim of this study was to investigate the key features of mitophagy
and mitochondrial dynamics in sepsis-induced acute kidney injury (SAKI).
Main methods: In this study, a murine septic AKI model induced by cecal ligation and puncture (CLP) was built;
mitophagy and mitochondrial dynamics were measured in mice kidney in different time point.
Key findings: The results showed that mitochondrial dynamics were characterized by fission/fusion aberrant,
however more inclined to fission, and mitochondrial associated apoptosis was elevated over-time during SAKI.
Furthermore, mitophagy was impaired in the later phase of SAKI, although elevated in early stage of SAKI. The
results indicate that the underlying mechanisms of impaired mitophagy may associate with the cleavage of
Parkin via caspases activated by NLRP3, at least partly.
Significance: It is conceivable that this selective autophagic process and quality control machinery was impaired,
leading to the accumulation of damaged mitochondria, oxidative stress, and cell death. Therefore, a targeted
approach, by enhancing mitophagy during SAKI, may be a promising therapeutic strategy.

1. Introduction

Sepsis is among the most common causes of acute kidney injury
(AKI), accounting for approximately 50% of all AKI cases [1]. The
mortality of patients who suffer from AKI with sepsis is 30–60%, which
is approximately two-fold of that in patients without AKI [2,3]. While
the pathogenesis of septic AKI (SAKI) has received attention in recent
years, the mechanisms leading to AKI remain unclear and controversial
[4,5]. Notably, disordered renal bioenergetics were found to play a
pivotal role during SAKI [6], and a 70% decrease in ATP levels was
responsible for approximately 30% of the deaths within 8 h in rats with
lipopolysaccharide-induced endotoxic shock [7]. A previous study
showed that depletion of bio-energy was associated with the incapacity
of renal tubular epithelial cells to use available oxygen and changes in
the mitochondrial structure under bacterial endotoxin simulation [8].

It has been confirmed that the mitochondrial structure and function

under stress conditions were the main causes of impaired bio-energy
and cellular oxygen utilization [9–12], and pivotal for trigging frag-
mentation of mitochondrial and mitochondrial-associated pro-apop-
totic protein-mediated apoptosis [13,14]. Dysfunctional mitochondria
can be degraded by selective autophagy called mitophagy that facil-
itates the turnover of damaged mitochondria by engulfing into “au-
tophagosomes” for degradation. In recent years, the vital role of mito-
phagy has been found in multiple diseases, including but not limited to
aging, neurodegenerative disorders, and kidney diseases [15–17], and
insufficient or an overabundance in mitophagy will resulting in the
accumulation of damaged mitochondria or the lack of intracellular
substances during mitochondrial respiration, eventually resulting in
mitochondrial homeostasis quality control and bio-energy metabolism
disorders or cell death [18–20].

Although studies have shown that persistent inflammation or re-
active oxygen species (ROS) result in accumulating damage to
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mitochondria and cells, a decreased capacity to clear damaged mi-
tochondria affects the progression of diabetic nephropathy and glo-
merulosclerosis. However, changes in mitochondrial dynamics and the
degradation process of injured mitochondria in SAKI remain unclear.
Therefore, in this study, a murine septic AKI model induced by cecal
ligation and puncture (CLP) was used to investigate the key features of
mitophagy and mitochondrial dynamics in SAKI.

2. Materials and methods

2.1. Mice

Sixty-six specific pathogen-free (SPF) male C57BL/6 mice, weighing
18.0–22.0 g (approximately 7–8weeks of age), were purchased from
Guangdong Medical Laboratory Animal Center (SCXK-(Guangdong)
2013-0002). The mice acclimated in individually ventilated cages in an
SPF laboratory for 1 week prior to the experiments. The room was
maintained at a temperature of 22 ± 2 °C, with 50 ± 10% relative
humidity and a 12-hours light/dark cycle. Food and water were pro-
vided ad libitum. All animal experiments were approved by the
Laboratory Animal Services Center at Guangdong Medical University
(Zhanjiang, China) (SYXK-(Guangdong) 2015-0147) and performed
according to the guidelines of Animal Welfare and Ethics of the
Institutional Animal Care and Use Committee. All experiments were
carried out in a specific pathogen-free animal lab.

2.2. Materials

The primers were synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China), and primer sequences are shown in Table 1. A
Simply total RNA extraction kit was purchased from Hangzhou Bioer
Technology Co., Ltd. (Hangzhou, China). The reverse transcription kit
and Q-PCR kit were obtained from Takara (Shiga, Japan). Deadend ™
Fluorometric TUNEL system was purchased from Promega (Madison,
WI). The Creatinine kit and Blood Urea Nitrogen kit were purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The
Cystatin C ELISA kit was purchased from Jiangsu Enzyme Industrial
Co., Ltd. (Yancheng, China). Pink1 monoclonal antibody (#6946S),
Parkin monoclonal antibody (#4211S), and Bax polyclonal antibody
(2772S) were purchased from Cell Signaling Technology (Danvers,
MA). PGC-1α polyclonal antibody (ab54481), OPA1 monoclonal anti-
body (ab157457), Drp1 monoclonal antibody (ab184247), NADPH
oxidase 4 monoclonal antibody (ab133303), caspase 1 monoclonal
antibody (ab179515), caspase 9 monoclonal antibody (ab202068),
caspase 3 monoclonal antibody (ab184787), cleaved caspase3 mono-
clonal antibody (ab2302), LC3 polyclonal antibody (ab51520), and P62
monoclonal antibody (ab54616) were purchased from Abcam (Cam-
bridge, UK). Cytochrome C monoclonal antibody (sc-13560) was pur-
chased from Santa Cruz Biotechnology (Dallas, TX) and the NLRP3
polyclonal antibody (NBP177080) was purchased from Novus Biologi-
cals (Littleton, CO). Bcl-2 polyclonal antibody (AB112), GAPDH
monoclonal antibody (AF1186), horseradish peroxidase-goat anti-

mouse (A0216), and horseradish peroxidase-goat anti-rabbit antibody
(A0208) were purchased from Beyotime Biotechnology (Shanghai,
China).

2.3. Preparation of septic acute kidney injury in mice

The mice that were subjected to CLP were randomly assigned to the
following groups: 4 h, 8 h, 12 h, 18 h, and 24 h group (6 mice per
group). The procedure was as described in the literature [21]. Briefly,
the mice were anesthetized with pentobarbital sodium (50mg per kg
body weight, i.p.), and then placed onto Styrofoam pads on their backs.
A midline longitudinal incision (approximately 1 cm) was made; the
cecum was ligated 1 cm from the tip. Next, the cecum was punctured by
single through-and-through puncture with 21-G needles midway be-
tween the ligation and tip, and a small amount of feces was extruded
from both holes to ensure patency. The cecum was replaced into the
abdominal cavity, followed by the closure of the abdominal muscu-
lature and skin. The mice were resuscitated by injecting pre-warmed
normal saline (37 °C; 0.5mL per mouse) subcutaneously. The mice in
the control group (n=6) underwent the same procedure but were
neither ligated nor punctured. Mice were sacrificed at 4 h, 8 h, 12 h,
18 h, or 24 h after the CLP procedure, and the serum and kidneys were
harvested for analysis.

2.4. Renal function evaluation

Creatinine and blood urea nitrogen levels were detected by the
sarcosine oxidase method and urease method [22,23], respectively.
Cystatin C levels in the serum were evaluated with an enzyme-linked
immunosorbent assay kit according to the manufacturer's instructions.

2.5. Histopathology

Mouse kidneys were harvested, and the middle poles of the left
kidney were fixed in 4% paraformaldehyde (pH=7.4), dehydrated,
embedded in paraffin, sectioned (thickness, 3 μm), and stained with
Periodic Acid-Schiff stain. Kidney injury was scored according to the
Paller scoring method [24] (dilatation or flatness of renal tubules: 1
point; brush border injury: 1 point, shedding of brush border: 2 points;
cast: 2 points, detached or necrotic cells in the lumen of the tubule: 1
point) by two pathologists. The total score was the sum of all scores in
the renal tubular lumen.

2.6. Total RNA extraction and RT-PCR

Kidney tissue was disrupted in liquid nitrogen, and total cellular
RNA was extracted and converted to cDNA according to the manufac-
turer's instructions. cDNA was amplified using a Roche Lightcycler 480
(Basel, Switzerland). Polymerase chain reaction (PCR) was carried out
under the following conditions: 95 °C, 30 s (1 cycle); 95 °C, 5 s, 60 °C,
20 s (40 cycles); 95 °C, 5 s, 60 °C, 60 s (1 cycle), and the relative ex-
pression of genes was normalized to that of GADPH.

2.7. Western blotting

The expression of PGC-1α, OPA1, Drp1, caspase 3, caspase 9, Bcl-2,
Bax, Pink1, Parkin, LC3, and P62 in the kidney was determined by
Western blotting. Briefly, the sample was lysed and clarified by cen-
trifugation at 10,000×g for 10min at 4 °C. After denaturation, proteins
were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, transferred to polyvinylidene difluoride membrane, blocked
with 5% bovine serum albumin, and sequentially incubated with the
primary antibodies, followed by the secondary antibody. The area and
integrated optical density of the bands were analyzed using ImagePro
Plus 6.0 software (Media Cybernetics, Rockville, MD).

Table 1
Primer sequences.

Gene name Forward Reverse

PGC-1α AGCCTCTTTGCCCAGATCTCTT GGCAATCCGTCTTCATCCAC
OPA1 TACCACAGTCCGGAAGAACC ATTCGCCAAAACAGGACCAC
Drp1 GCAACTGGAGAGGAATGCTG CACAATCTAGCTGTTCTCGG
TOM 20 GCTAAGGAGAGAGCTGGGCTTT TGGTCCACACCCTTCTCGTAGT
GAPDH AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA

Abbreviation: PGC-1α, peroxisome proliferator-activated receptor gamma
coactivator-1 alpha; OPA1, mitochondrial dynamin-like GTPase; Drp1, dy-
namin-related protein 1; TOM20, translocase of outer mitochondrial membrane
20; GAPDH, glycolytic glyceraldehyde-3-phosphate dehydrogenase.
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2.8. TUNEL assay

Apoptosis was detected by the TdT-mediated dUTP nick-end la-
beling (TUNEL) method according to the Deadend ™ Fluorometric
TUNEL system's instructions. Briefly, the sections were deparaffinized,
rehydrated by graded alcohol washes, and fixed in 4% formaldehyde.
The tissue was then treated with recombinant Terminal
Deoxynucleotidyl Transferase enzyme to form a polymeric tail on
apoptotic cells, and fluorescein was visualized using a Leica TCS SP5
confocal microscope (Wetzlar, Germany).

2.9. Immunohistochemistry and immunofluorescence

The serial section was deparaffinized, rehydrated, and incubated
with 3% H2O2, followed by blocking in 5% bovine serum albumin.
Cleaved caspase 3, NADPH oxidase 4, and NLRP3 were retrieved by
citrate antigen retrieval solution, and caspase 1 was retrieved by a
powerful antigen retrieval solution, then incubated with the appro-
priate primary antibodies. Meanwhile, homotypic negative controls
were processed in parallel with the corresponding IgG species in the
appropriate dilutions, followed by the secondary goat-anti-rabbit IgG
antibody. Immunostaining with DAB was followed by hematoxylin
counterstaining. For immunofluorescence analysis, the sections were
incubated with LC3 and COX IV antibodies and secondary antibodies
conjugated with Alexa Fluor to monitor mitophagy, and the homotypic
negative control was processed in parallel. The sections were counter-
stained with 4,6-diamidino-2 phenylindole, and their fluorescence sig-
nals were visualized using a Leica TCS SP5 confocal microscope. For the
statistical analyses of integral optical density or fluorescence intensity,
10 random fields (about 640 μm×640 μm per section) of the renal
cortex within each section of 6 experimental kidneys from each group
were counted. The overlap coefficient, Pearson's correlation, and col-
location fluorescent density of LC3-COX IV were analysis with Image J
software (NIH, Bethesda, MD). Semi-quantitative analysis of im-
munohistochemistry or immunofluorescence was carried according to
the software instructions. Briefly, the image is converted into an 8-bit
grayscale image, then corrected optical density and applied to all
images of the same antibody. Pixel was chosen as the unit of mea-
surement, adjust the appropriate measurement threshold and applied to
all images of the same antibody. And then the integrated density of
entire image was counted. For fluorescence semi-quantitative analysis,
the image was undergone black and white reversal after being con-
verted into a grayscale image and the rest steps are the same.

2.10. Statistical analyses

The experiments shown are a summary of the data from at least
three independent experiments (each with duplicates). The statistical
analyses were performed using SPSS statistical software (SPSS 20.0,
USA). Firstly, the normality of the data was tested, and the intergroup
differences were evaluated by one-way analysis of variance or Dunnett's
T3 depending on the data normality. The rank-sum test was used to
identify pathological damage. Normally distributed continuous vari-
ables are expressed as means ± standard deviation, while abnormally
distributed continuous variables are expressed as the median.
Categorical variables are expressed as percentage. The results with P-
values of ≤0.05 were considered as statistically significant.

3. Results

3.1. Pathological change and renal function in mice with CLP

Firstly, the morbidity of CLP with a 1 cm cecum ligation and
puncture was verified (n=15), with the time of death varying from
24 h to 108 h with 50% mortality (Fig. 1C). Thus, the longest time point
was set to 24 h in the following experiments. In other experiments, mice

were sacrificed in the respective time to assess whether SAKI occurred
in mice with CLP via morphological and renal functions. The results
showed that renal cast and detached cells were scattered in the renal
tubular lumen together with vacuolar degeneration starting 4 h after
CLP and increased over time. Additionally, TUNEL-positive cells were
also found scattered in the renal tubular epithelium and increased over
time (Fig. 1A and B). In addition, renal functions were detected by
measuring creatinine, blood urea nitrogen, and cystatin C and the re-
sults showed that all increased significantly in CLP mice from 8 h after
CLP (Fig. 1D–F), and remained stable until 24 h after CLP.

3.2. Mitochondrial-mediated apoptotic proteins in the kidneys of CLP mice

Mitochondrial-mediated apoptosis in the kidneys of CLP mice was
measured by immunoblotting assays. The results showed that the levels
of cytochrome C and the pro-apoptotic protein, Bax, were increased
during the early phase of CLP and persisted until 24 h post-CLP; how-
ever, the expression level of Bcl-2 notably decreased at 12 h after CLP.
Additionally, downstream events in apoptosis induced by the leakage of
cytochrome c, caspase 9, and caspase 3 were also detected, indicating
that the expression levels of these pro-apoptotic proteins significantly
increased in the kidneys of CLP mice (Fig. 2).

3.3. Mitochondrial dynamics were aberrant in the kidneys of CLP mice

The expressions of genes associated with mitochondrial biosynth-
esis, fission, and fusion were detected by RT-PCR and Western blotting.
The results showed that the mRNA expression of peroxisome pro-
liferator-activated receptor-gamma coactivator-1 alpha (PGC-1α) dra-
matically decreased in the kidneys of CLP mice in a time-dependent
manner; in addition, the expression of translocase of outer mitochon-
drial membrane 20 (TOM 20), which reflects the total amount of mi-
tochondria, was also decreased from 12 to 24 h after CLP, indicating
that mitochondria biosynthesis was inhibited in the kidneys after CLP.
Additionally, the mRNA expression of Mitochondrial dynamin-like
GTPase (OPA1), which mediates the fusion of mitochondria, decreased
over time, while that of Dynamin-related protein 1 (Drp1), which
mediates the fission of the outer membrane of mitochondria, was in-
creased in the later phase after CLP, indicating that mitochondria fusion
was inhibited and fission was enhanced. Moreover, the results of the
immunoblotting also indicated that mitochondrial biosynthesis and
fusion were inhibited, while fission increased in the kidneys of CLP
mice, which characterized by decreased level of PGC-1α and OPA1 and
an elevated level of Drp1 over the time (Fig. 3).

3.4. Mitophagy was impaired in the kidneys of CLP mice in the later phase

Immunoblotting and immunofluorescence assays were performed to
assess mitophagy levels based on the co-localization of cytochrome c
oxidase IV (COX IV) and autophagy marker light chain 3 (LC3). The
results showed that mitophagy was elevated in the early phase (4–8 h)
in the kidneys of mice with CLP, characterized by elevated levels of LC3
and increased co-localization of COX IV and LC3. However, the level of
LC3 was decreased in the kidneys of CLP mice from 18 h to 24 h, and
the co-localization of COX IV and LC3 also decreased (Fig. 4). More-
over, the results of the immunoblotting assays also showed similar re-
sults. The level of PTEN induced putative kinase 1 (Pink1) and Parkin
RBR E3 ubiquitin protein ligase (Parkin), causing elevated levels in the
kidneys of CLP mice in the range of 4 h to 8 h after CLP, then decreasing
from 18 h to 24 h. A similar trend was found in the expression level of
LC3. In addition, the level of sequestosome 1 (P62) increased in the
kidneys from 18 h to 24 h after CLP (Fig. 5).
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Fig. 2. Levels of mitochondria-associated apoptosis in the kidneys of CLP mice (n=6). The levels of mitochondria-associated apoptotic proteins were analyzed by
Western blotting at different times after CLP. Levels of Cytochrome c (1:1000), Bcl-2 (1:1000), Bax (1:2000), caspase9 (1:1000), and caspase3 (1:1000) detected by
Western blotting (A), and quantified from triplicate experiments (B–G). *P < 0.05, **P < 0.01 compared to control mice. Cyt c: Cytochrome c, Bcl-2: B-cell
lymphoma-2, Bax: Bcl-2 associated X protein.

Fig. 3. Disturbance of mitochondria dynamics in the kidneys of CLP mice (n=6). The dynamics of mitochondria in the kidney was analysis by RT-PCR and Western
blotting at different times after CLP. The mRNA levels of PGC-1α, OPA-1, Drp-1, and TOM20 (A–D). Blotting images of PGC-1α (1:1000), OPA-1 (1:1000), Drp-1
(1:2000) and TOM20 (1:2000) (E), and quantification of triplicate experiments (F–I). *P < 0.05, **P < 0.01 compared to control mice. PGC-1α: peroxisome
proliferator-activated receptor-gamma coactivator-1 alpha, OPA1: mitochondrial dynamin-like GTPase, Drp1: dynamin-related protein 1, TOM20: translocase of
outer mitochondrial membrane 20, GAPDH: glycolytic glyceraldehyde-3-phosphate dehydrogenase.

J.-x. Liu, et al. Life Sciences 235 (2019) 116828

5



Fig. 4. Mitophagy was impaired in the kidneys of CLP mice in the later phase (n=6). Paraffin sections were stained with anti-LC3 (1:300, green) and anti-COX IV
(1:400, red) antibodies to reflect mitophagy by immunofluorescence at different times after CLP. Mitophagy levels were analyzed by confocal microscopy, and co-
localization of LC3-COX IV was analyzed with Image J software. Representative images of mitophagy (A), overlap coefficient of LC3-COX IV (B), Pearson's correlation
(C), and collocation fluorescent density (D). Bar= 25 μm. *P < 0.05, **P < 0.01 compared to control mice. COX IV: cytochrome c oxidase IV, LC3: autophagy
marker light chain 3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Levels of mitophagy-associated proteins in CLP mice kidney (n=6). The blotting images of Pink1 (1:1000), Parkin (1:1000), LC3 (1:1000) and P62 (1:1000)
(A), and the quantification of triplicate experiments (B–E) at different times in kidneys of mice subjected to CLP. *P < 0.05, **P < 0.01 compared to control mice.
Pink1: PTEN induced putative kinase 1, Parkin: Parkin RBR E3 ubiquitin protein ligase, P62: sequestosome 1.

J.-x. Liu, et al. Life Sciences 235 (2019) 116828
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3.5. Inflammasomes, which mediated Parkin cleavage, were activated in the
later phase of CLP

It has been confirmed that inflammation and mitophagy regulate
each other, especially by the activation of the NLR family pyrin domain
containing 3 (NLRP3) and stress-triggered apoptosis. The activation of
NLRP3 could promote Parkin cleavage by activating the expression of
caspase 1, caspase 3, and caspase 8, and subsequently inhibiting mi-
tophagy. Thus, the levels of NLRP3 and caspases were detected by
immunohistochemistry analysis due to the impaired mitophagy that
occurred in the later phase of CLP. The results showed that the levels of
NADPH oxidase 4 and NLRP3 were increased in the kidneys of CLP mice
and increased over time. The caspases, such as caspase 1 and cleaved
caspase 3 also increased over time in a similar trend, especially during
18 h to 24 h after CLP (Fig. 6).

4. Discussion

In the present study, we found that mitophagy was elevated in the
earlier stage of SAKI; however, this protective process was impaired and
accompanied by decreased levels of Pink1 and Parkin. Meanwhile,

mitochondrial fission/fission balance was skewed to favor fission in the
later stage of SAKI. In addition, the levels of NLRP3 and caspases family
proteins dramatically increased in the later phase of SAKI.

The high energy supplement for filtration and reabsorption in the
kidneys heavily relies on mitochondrial structure integrity and a highly
oxidative phosphorylation turnover in the mitochondrial respiratory
chain, and the morphology of the mitochondria plays a pivotal role in
the decreased ATP levels and cell injury. Growing research showed that
mitochondria could undergo various changes from mitochondrial per-
meability, decrease in the mitochondrial membrane potential to swel-
ling and cristae disruption during stress [9,12,25]. These damages to
the mitochondria trigger the release of apoptogenic factors, such as
cytochrome c, and growing research has shown that the leakage of
cytochrome c and mitochondrial damage were one of the earliest events
during SAKI. The release of cytochrome c into the extracellular space
increased in experimental and clinical AKI and correlated inversely
with mitochondrial morphology and cell survival. Furthermore, the
addition of exogenous cytochrome c to cultures induced cell apoptosis
in vitro [26]. Moreover, other research showed that apoptosis induced
by the release of cytochrome c is initially through the accumulation of
Bax in the mitochondria by permeabilizing the mitochondrial outer

Fig. 6. NADPH oxidase 4, NLRP3, and cleaved caspase-3 expression in CLP-induced AKI (n=6). The levels of NADPH oxidase 4 (1:200), NLRP3 (1:200), cleaved
caspase-3 (1:300), and caspase-1 (1:300) (brown, ×400) were analyzed by immunohistochemistry at different times after CLP (A), bar= 50 μm. Quantification of
NLRP3 and active caspase-3 (B–C). *P < 0.05, **P < 0.01 compared to control mice. NLRP3: NLR family pyrin domain containing 3. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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membrane, and thereby promoting the release of cytochrome c [12,27],
and consequent activation of caspase 9 by binding to Apaf-1 in the
cytosol, leading to the activation of the caspase cascade and apoptosis.
Importantly, Bcl-2, as a regulator of permeabilization proteins, also
plays a critical role in controlling the outer membrane integrity. In-
creased levels of Bax, accompanied by decreased Bcl-2 levels, were
found in ischemic and endotoxin-induced AKI, while the knockout of
Bax in kidneys reduced the release of cytochrome c and decreased
apoptosis [28]. The release of mtDNA by damaged mitochondria also
trigger the NLRP3-caspase-mediated apoptosis [29–31].

Furthermore, the accumulation of damaged mitochondria impacts
the mitochondria fusion/fission balance that is a necessary process in
maintaining the formation and function of mitochondria [32,33]. The
fusion/fission of mitochondria is a precise process that involves reg-
ulation by multiple proteins and responding to various cellular sig-
naling or stress to maintain mitochondrial quality control. A mi-
tochondrion fusion relies on guanosine triphosphatases, mitofusin1,
and mitofusion2 at the mitochondrial outer membrane and OPA1 on
the inner membrane, whereas fission relies on Drp1 translocation into
mitochondria to initiate fission by forming a spiral constriction ring
with local receptors such as Fis1 on the outer membrane [10,34,35].
Importantly, these two opposite processes are necessary to avoid cell
death during times of stress [36–38]. Studies have shown that the fu-
sion/fission of mitochondria is based on the mitochondrial membrane
potential; the fusion of functionally impaired mitochondrial (lower
membrane potential) was suppressed, while fission was increased in
AKI. In addition, decreased fusion or increased fission-induced cell
death could be improved by the overexpression of OPA1, the blockade
of Drp1, or through the use of the fission inhibitor, Mdivi-1 [32,33].

In addition to mitochondrial fusion/fission, degradation of damaged
mitochondria is also an important process in maintaining mitochondrial
homeostasis and quality control. In general, impaired mitochondria
accompanied by a lower membrane potential usually skewed towards
fission and could be degraded by mitophagy [39]. The degradation of
Pink1 was suppressed in damaged mitochondria and resulted in the
accumulation of Pink1 in the mitochondrial outer membrane [40,41],
followed by recruitment of Parkin and ubiquitination of Mfn1 and Mfn2
to initiating mitophagy [42]. Mitophagy, as an evolutionarily conserved
cellular process, plays an important role in maintaining the number of
mitochondria and energy metabolism by clearing dysfunctional or re-
dundant mitochondria, as well as preventing excessive ROS accumu-
lation, inhibiting activation inflammation, and preventing apoptosis
[15,43–46]. Moreover, there are several studies that show that the
pathogenesis of several types of AKI is associated with impaired mito-
phagy, and the autophagy was also suppressed in CLP-induced AKI.
However, the mechanism of this impaired mitophagy was partially re-
vealed demonstrating that the accumulation of Parkin on the mi-
tochondrial outer membrane could be degraded by the activation of
NLRP3 and caspases family proteins, such as caspase-1, caspase-3, and
caspase-8 [47,48]. Coincidentally, these proteins were increased in
endotoxin-induced tissue damage. Interestingly, there appears to be a
delicate balance between NLRP3, caspases, and mitophagy. It has been
confirmed that the activation of mitophagy facilitates decreasing levels
of NLRP3 and the caspases cascade [49], while activation of NLRP3 and
the caspase family of proteins, such caspase-1, caspase-3, and caspase-
8, inhibit mitophagy, and consequently aggravate inflammation and
cell damage.

5. Conclusion

In conclusion, our results indicating that impaired mitophagy and
aberrant mitochondrial dynamics contribute to renal tubular dysfunc-
tion in the later phase of septic AKI. Here, we hypothesized that in the
early stage of sepsis, injured mitochondria could be effectively de-
graded by mitophagy. However, as injured mitochondria accumulate,
the protective effects are overwhelmed, and the underlying mechanism

of impaired mitophagy in the later phase of septic AKI was associated
with the activation of NLRP3-caspases-mediated proteolytic cleavage of
Parkin (Graphical Abstract).
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