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Abstract: Sepsis-associated encephalopathy (SAE) is a serious and diffuse cerebral dysregulation with a high mor-
bidity and mortality caused by sepsis. Mitophagy plays an important role in SAE, and microglial phagocytosis of apop-
totic cells (efferocytosis) is the core of the brain regenerative response. Voltage dependent anion channel (VDAC1)
is an important regulator of mitophagy. However, it remains unknown whether VDAC1 influences SAE progression by
regulating mitophagy and efferocytosis. Herein, we explored the mechanism where knockdown of VDAC1 alleviated
the cognitive dysfunction caused by sepsis-associated encephalopathy and further elucidated the underlying mo-
lecular mechanisms. SAE model in mice was established through caecal ligation and puncture (CLP). The increased
mitophagy and decreased efferocytosis were observed by the transmission electron microscope (TEM) in the SAE
model. Besides, immunoblot tests showed an interaction between autophagy and efferocytosis. Further behavior
tests and TEM results indicated that knockdown of VDAC1 alleviated the cognitive dysfunction by decreasing the
autophagy and increasing the efferocytosis in a PINK1/Parkin-dependent manner. Based on these results, we con-
clude that knockdown of VDAC1 alleviates the cognitive dysfunction in the CLP-induced SAE mouse model.
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Introduction

Sepsis-associated encephalopathy (SAE) is de-
fined as a serious and diffuse cerebral dysre-
gulation caused by failure of defense system
against microbial infection in systematically ill
patients [1, 2]. Several clinical studies indicat-
ed that more than 50 percent of patients with
sepsis had symptoms of SAE [3, 4]. It is re-
ported that septic patients with neurological
manifestations had a higher mortality rate
ranging from 26% to 49% [5]. Several patho-
physiological mechanisms for signal media-
tion have been reported, including alterations
of the neuropsychiatric continuum related to
the septic shock caused by the blood-brain
barrier (BBB) dysfunction, activation of proin-
flammatory mediators, mitochondrial disrup-
tion by the excessive reactive oxygen species
(ROS), imbalance of immune homeostasis, as

well as mitochondrial dysfunction [6-8]. How-
ever, more effort should be conducted to ex-
plore the mechanism of the pathogenesis of
SAE for an early effective clinical intervention.

Mitophagy involves the clearance of impaired
mitochondria, minimizing the subsequent cellu-
lar stress and preservation of the health mito-
chondria [9, 10]. Parkin, as a cytosolic ubiquitin
ligase, and phosphatase and tension homolog
deleted on chromosome 10-induced kinase 1
(PINK1) [10, 11] play an important role in
mitophagy. Under the physiological condition,
PINK1 exists in the outer membrane of mito-
chondria (OMM), which is quickly degraded by
proteolytic enzymes [12]. During mitophagy,
the activity of proteolytic enzymes responsible
for the degradation of PINK1 is inhibited, lead-
ing to gathering of PINK1 in the damaged OMM
[13]. PINK1 recruits Parkin from the cytoplasm
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to the damaged mitochondrial membrane [14].
VDAC1 works as a critical component of mito-
chondrial permeability transition pore (mPTP)
[15]. When Parkin induces polyubiquitination
on VDAC1 [16], the adaptor protein p62 accu-
mulates on the depolarized mitochondrial ma-
trix and then binds to LC3 [17]. The protein p62
mediates the ubiquitination substrate to enter
the autophagosome and recruit the damaged
mitochondria in lysosome to complete mito-
chondrial autophagy [18].

The efferocytosis is defined as process of the
recognition and elimination of aging and apop-
totic cells by phagocytes [19]. The macro-
phages, microglia and dendritic cells are the
most common cells involved in efferocytosis
[20, 21]. Efferocytosis is a cell removal mecha-
nism differing from other forms of phagocyto-
sis, which has several different phases: First,
apoptotic cells are sensed by “Find-me” signal
[22, 23]. Second, apoptotic cells are identified
by “Eat-me” signal during the identification
stage [24, 25]. In addition, they interact th-
rough “Don’t eat-me” signal, which is sent by
living cells for resistance to phagocytosis [26,
27]. Phagocytosis stage includes the signaling
pathways that regulate cytoskeletal rearrange-
ment in phagocytes, such as toll-like receptor
4 (TLR4) and lipopolysaccharide receptor [28,
29]. Final digestion and degradation stages
include the secretion of anti-inflammatory cyto-
kines, and continuous cleansing of apoptotic
cells. Nevertheless, the exact signaling mecha-
nisms that regulate the phagocytic activity of
microglial cells in the SAE are still unclear.

In order to provide new insights for clinical
treatment of SAE, in this study, we established
the SAE mouse model induced by caecal liga-
tion and puncture (CLP), and then investigated
the possible underlying mechanisms of SAE
pathogenesis affected by VDAC1.

Materials and methods

Establishment of sepsis-associated encepha-
lopathy (SAE) model and treatment

All animal experiments fully complied with the
guidelines of the Institutional Animal Care and
Use Committee (IACUC) and were approved by
the Ethics Committee for Experimental Ani-
mals of our hospital. C57BL/6 mouse (female,
6-8 weeks old, 6 mice per group) were obtain-
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ed from Shanghai Model Organisms Company.
SAE was induced by caecal ligation and punc-
ture (CLP), and sepsis was established ac-
cording to the protocol as previously described
[30]. The mouse was anesthetized with an
intraperitoneal injection of 7% chloral hydrate
solution (5 mL/kg). After anesthesia and the
preparation of abdominal skin, sterilization
was performed by 75% alcohol. Subsequent-
ly, the skin of mouse was incised along the
medioventral line, and the caecum was ligated
1 cm distance from the apex of cecum to the
ileocecal valve. The cecum was then punctur-
ed at two sites. Then, a small amount of fecal
mass was squeezed out from the punctured
sites into the peritoneal cavity. Close abdomen
after restoration of the externalized caecum.
The mice subjected only to cecectomy without
SAE were included in the Sham group. Sub-
sequently, mouse was sacrificed at indicated
time points following SAE pathogenesis; the
cortex and hippocampal tissues were obtain-
ed. Rapamycin (2.5 mg/kg, MedChemExpress,
China, HY-10219), Amiloride (7.5 mg/kg, MCE
company, HY-B0285), the Ad-Ctrl (Shandong
Vigene biosciences company, China), Ad-siVD-
AC1 (Shandong Vigene biosciences company,
China) and Ad-Parkin (Shandong Vigene biosci-
ences company, China) were intracranially in-
jected on the third day after CLP.

Transmission electron microscopic (TEM)
analysis

Electron microscopic analysis followed previ-
ous published protocols [31]. Briefly, 4% para-
formaldehyde and 1% glutaraldehyde were us-
ed to fix the isolated brain samples of mouse
for 48 h, and these samples were sliced into
sections of about 40-60 um, and mounted
onto copper grids. After the fixation, a graded
series of concentrations of ethanol (50, 70,
90, 95 and 4 x 100% each for 15 min) were
used to dehydrate, and then these samples
were mounted onto copper wire mesh. The
ultrathin sections were stained with uranyl
acetate and Reynold’s lead citrate, and exam-
ined with the Hitachi H500 transmission elec-
tron microscope.

Cued and contextual fear conditioning test

The cued and contextual fear conditioning test
was applied to evaluate both the hippocampal-
dependent and -independent memory. On each
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Table 1. Experimental parameters of PCR

Number )
Step of cycles Temp. Time
Predenaturation 1 95°C 3 min
denaturation 40 95°C 15sec
Annealing and extension 60°C 45 sec

testing day, study subjects occupied the envi-
ronment of testing room at least 30 min before
the test. On the first testing day, each mouse
was put into the experimental chamber and
went through a pair of the specific-frequency
sound (2000 Hz, 85 dB, 30 s) as the tone stim-
ulation (conditioned stimulus, CS) and the foot
electric shock (unconditioned stimulus, US).
The mouse was moved out from the chamber
for 30 s interval after the last stimulation. To
strengthen the association, this CS-US training
was repeated three times. On the second test-
ing day, contextually conditioned fear test was
first conducted. The mouse was put into the
same conditioning chamber for 6 min freely
without any tones or shock and then moved out
from the chamber. They were assessed accord-
ing to their freezing behaviors. 2 h later, the
cued fear conditioning test was conducted. In
this test, the mouse was put into another test-
ing chamber with different properties and this
chamber did not exist any tone or shock stimu-
lation in the initial 3 min. Later the mouse suf-
fered from the 3 cycles of auditory cue same as
those on the first testing day, and freezing time
was recorded at each interval. Then the study
subjects were moved out from the chamber 60
s after the last tone. The LABmaze controlled
fear conditioning system was equipped with a
sound-attenuating chamber (1056017, Beijing
Zhongshi technology, China), a video camera
and the corresponding software to record the
freezing time.

Morris water maze

After 7 days of CLP, the Morris water maze
(MWM) test was conducted to evaluate the
learning and memory abilities of each group
of mice. The equipment consisted of a 1.6
m-diameter metal circular pool filled with 60
cm-deep opaque water (reverse osmosis water
diluted with black paint) and the pool contain-
ed a submerged 10 cm-diameter hidden plat-
form which was fixed 2 cm below the surface
of the water. The water temperature was kept
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at 23°C. Mouse were located on a different
quadrant and received training to find the hid-
den platform for 5 consecutive days. If the
platform was not found within 90 s, mouse
was guided to stay on the platform for 15 s.
The swimming time, speed and latency of
mouse were recorded automatically by the
overhead camera. After the 5 consecutive
days of training, the mouse was allowed to
swim freely for 90 s in the pool with the plat-
forms, meanwhile, the times of crossing plat-
form and the time mouse spent in the original
quadrant were recorded. All videos and data
were recorded and analyzed by using an auto-
matic tracking system.

RNA extraction and quantitative real-time PCR

Hippocampus was detached quickly and im-
mersed in lysis buffer at ratio of 1:6, and then
the samples were homogenized by an ultra-
sound homogenizer. Total RNA extraction was
performed according to the supplier’s protocol
(AM1912, Thermo Scientific). NanoDrop ND-
1000 spectrophotometer (Thermo Scientific)
was used to evaluate the quantity and purity
of RNA. Complementary DNAs were obtained
by the reverse transcription reaction with a
reverse transcription kit (RRO37A, Takara) and
applied as templates to determine the ex-
pression of target genes by PCR. The reagent
was prepared by dispersing 2 ug total RNA
into 4 ul 5 x PrimeScript RT Master Mix and
diluted up to 20 uL by RNase-free dH,0. The
reverse transcription was performed under
37°C for 30 mins and inactivation of reverse
transcriptase under 85°C for 5 seconds. The
experimental parameters of PCR are listed in
Table 1. All the primers (in Table 2) were
designed by Primer Premier 5.0 software, and
synthesized by Sangon Biotech (Shanghai,
China).

Immunofluorescent staining

Paraffin-embedded sections of the entire brain
were suspended in 20% sucrose solutions until
the samples sunk to the bottom of the solution.
Tissue mass was embedded with optimal cut-
ting temperature compound and quickly frozen.
Then the brain samples were subjected to 30
um-thin sections, and sections were kept in
4°C PBS solution. The prepared sections were
washed three times with PBS, then blocked by
the 2% bovine serum albumin for 1 h at the
room temperature, and subsequently, the sec-
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Table 2. Primer sequences

Gene Sense primer (5’-3) Antisense primer (3’-5’)

LC3 CGCCGCCTGCAACTCAA ATCCGTCTTCATCCTTCTCCTGT
P62 CCGCCTGACACCCACTA CCTTCATCCGAGAAACCC
ATG5 GCCATCAACCGGAAACT ATGCTCGCTCAGCCACT

ATG7 GGTCGTGTCTGTCAAGTGC  TCCCTGGTGTCCATTAGC
RAC1 CCGTCTTTGACAACTATTCT  ATCCGTCTTCATCCTTCTCCTGT
RhoA  TGACAGCCCTGATAGTTTA CACAAGATGAGGCACCC
VDAC1 TCTTCACCAAGGGCTACG GCCGAGGTTGATGTGCT
PINK1 TCTCAAGTCCGACAACATCCT TTGCCACCACGCTCTACAC
Parkin CTTCCCAGTGGAGGTCG GAGGGTTGCTTGTTTGC
Gapdh CAACGGCACAGTCAAGG CCAGTGGATGCAGGGAT

scope (Nikon, Japan) to evaluate the
apoptosis.

Western blotting

Hippocampal mass was lysed with
RIPA buffer containing protease
inhibitor (4693116001, Roche), and
the protein concentration was ex-
amined with a BCA protein assay kit
(23227, Thermo Scientific). Extracts
(30 pg) were separated by SDS-
PAGE using 12.5% gels and trans-

tions were incubated at 4°C with the primary
antibodies. Next day, the sections were wash-
ed with PBS three times, 5 min each time. The
sections were incubated with the secondary
antibodies for 1 h at the room temperature,
and washed with PBS three times, followed by
staining with DAPI (Beyotime Biotechnology,
China) to label cell nuclei. Immunofluorescent
images were taken with an inverted fluores-
cence microscope (Nikon, Japan), and data
were analyzed with the Image J software.

Hematoxylin-Eosin (H-E) staining and TUNEL
assay

For HE staining, 4% paraformaldehyde solution
(Sinopharm, China) was used to fix the brain
samples overnight and then the samples were
embedded in paraffin. The prepared samples
were subjected to 4 ym-thin sections. The brain
slices were dewaxed with xylene and with etha-
nol (Sinopharm, China) for hydration. Then the
sections were stained with hematoxylin solu-
tion (Sigma-Aldrich) for 5 min and washed with
tap water. The slices were lifted and inserted in
hydrochloric acid ethanol solution quickly for
several times, and then incubated in eosin
solution for 2 min. After these procedures, the
brain sections were observed and analyzed
with the light microscope (Nikon, Japan).

For the TUNEL assay, the paraffin-embedded
sections were dewaxed by conventional meth-
ods and with gradient concentration of ethanol
for hydration, then the slices were washed for 3
times. The brain slices were reacted with prote-
ase K working fluid (CloudSec, China) at room
temperature for 15 min. Then labeling reac-
tions were performed. The brain sections were
observed and analyzed with the light micro-
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ferred onto 0.45 pm-thin PVDF
membranes (Merck Millipore). Pro-
teins on PVDF membranes were blocked with
5% Bovine serum albumin for 1 h at room tem-
perature, then incubated with primary anti-
bodies (Table 3) at 4°C overnight, followed by
incubation with secondary antibodies at room
temperature for 1 h. Eventually, the protein
bands were treated with ECL assay kit
(POO18FS; Beyotime Biotechnology), and con-
trasted by a ChemiDoc XRS imaging system
and analyzed by Image Lab software (both Bio-
Rad Laboratories, Inc., Hercules, CA, USA).

Antibodies
Antibody information is listed in Table 3.
Statistical analysis

All the experiments were carried out for at
least three times independently. Data were
entered to SPSS (version 24; SPSS (IBM) Inc.,
Illinois, USA) for analysis. The categorical vari-
ants were expressed as number (%). The mea-
surement data were expressed as mean *
standard deviation. A two-way analysis of vari-
ance (ANOVA) with post hoc of Tukey’s multiple
comparison test was used to analyze multiple
groups during several days (Morris water maze
test). Unpaired Student’s t tests or one-way
ANOVA was used for two sets of data compari-
son (SPSS 12.0). Statistical significance was
determined at P<0.05.

Results

Cognitive dysfunction, inflammation and
microglial cells were increased in CLP-induced
SAE mouse model

We established the SAE mouse model induced
by CLP to detect whether cognitive impairment
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Table 3. Antibody information

Antibodies Dilution rates Product codes Manufacturers

Ibal 1:3000 ab178846 Abcam

GAPDH 1:10000 60004-1-Ig Wuhan Sanying Biotechnology
LC3 1:2000 14600-1-AP Wuhan Sanying Biotechnology
P62 1:2000 ab56416 Abcam

ATG5 1:1000 PA5-35201 Invitrogen

ATG7 1:2000 PA5-17216 Invitrogen

B-actin 1:10000 AM4302 Invitrogen

RAC1 1:1000 ab155938 Abcam

RhoA 1:1000 ab187027 Abcam

VDAC1 1:1000 55259-1-AP Wuhan Sanying Biotechnology
PINK1 1:1000 23274-1-AP Wuhan Sanying Biotechnology
p-Parkin 1:1000 PA1-4734 Invitrogen

Goat Anti-mouse IgG H&L (HRP) 1:10000 Ab6728 Abcam

Goat Anti-rabbit IgG H&L (HRP) 1:10000 Ab6721 Abcam

was successfully induced secondary to SAE. On
the 15" day post-CLP surgery, Morris water
maze (MWM) test was conducted in the mice.
The results revealed that there was no differ-
ence in escape latency between the CLP group
and Sham group at the start of the MWM test,
while CLP-induced SAE prolonged the latencies
on days 2-4 in the MWM test (Figure 1A). SAE
shortened the time, decreased crossings in the
target quadrant and swimming speed (Figure
1B-D). These results suggested that cognitive
impairment was successfully induced by SAE.
In addition, our results showed that the SAE
model had a higher malondialdehyde (MDA)
level and a stronger 2,7-dichlorodi-hydrofluo-
rescein diacetate (DCFH-DA) fluorescence
intensity (Figure 1E, 1F). Moreover, HE staining
showed that hippocampus DG area of SAE
model mice presented obvious neuronal py-
knosis, condensed nuclear and disintegrated
cell structure. Likewise, more apoptotic cells
were found by TUNEL assay (Figure 1G, 1H).
Western blot and immunofluorescence results
showed that the expression of Ibal, a mark
gene of microglia cells, was significantly in-
creased in hippocampus of SAE mice (Figure
11, 1K, 1L). These results indicated that the
inflammatory response and apoptotic cells sig-
nificantly increased in SAE pathology.

The mitophagy increased while the efferocy-
tosis decreased in the hippocampus of SAE
model

It was reported that mitophagy is related to
SAE. Transmission electron microscope (TEM)
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results showed that more autophagosome and
less efferosomes were found in the SAE model
(Figure 2A, 2D). The RT-qPCR and the immu-
noblot results demonstrated that the expres-
sions of LC3, ATG5 and ATG7 were increased,
while the p62 was significantly decreased in
the hippocampus of SAE model (Figure 2B, 2C).
Recent studies have manifested that the bal-
ance of RhoA/Racl has an important effect on
efferocytosis [32, 33]. Our study demonstrated
that both the expressions of RhoA and Racl
were decreased in hippocampus of SAE mouse
(Figure 2E, 2F). These results suggested that
mitophagy was increased while efferocytosis
was decreased in the pathogenesis of SAE.

Activation of autophagy and inhibition of effe-
rocytosis aggravated the cognitive impairment
of mouse

We analyzed the cognitive function of SAE
mouse model in the presence of autophagy
agonist and efferocytosis inhibitor in order to
detect whether autophagy and efferocytosis
were related to the cognitive impairment
caused by SAE. The results revealed that there
was no difference in latency among the groups
at the start of the MWM test, and latency
decreased significantly on days of 2-4 in six
groups. Whether or not under SAE conditions,
both activation of autophagy by rapamycin and
inhibition of efferocytosis by amiloride pro-
longed the escape latencies of the mouse
(Figure 3A).

Similarly, aggravated memory damage of auto-
phagy agonist rapamycin-treated and efferocy-
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Figure 1. The cognitive function, mitophagy, ROS and inflammatory factor levels in CLP-induced SAE mouse model. For (A-D), Morris water maze test was performed
after SAE model was established in C57BL/6 mice for 15 days. (A) In the navigation test, the escape latency was measured to determine the effects of CLP on the
spatial learning ability of C57BL/6 mice (n = 10 each group; “"P<0.01, compared with the Sham group). (B, C) In the probe test, time spent and times crossing in the
target quadrant was measured to determine the effects of CLP on the spatial memory ability of the C57BL/6 mice (n = 10 each group; ""P<0.01, compared with the
Sham group). (D) Swimming speed was calculated as the ratio of distance traveled/escape latency (n = 10 each group; “*P<0.01, compared with the Sham group).
(E) The quantification of MDA level ("P<0.05, compared with the Sham group). (F) The normalized fluorescence intensity of DCFH-DA ("P<0.05, compared with the
Sham group). (G) Light microscopy of the brain tissues in two groups (haematoxylin and eosin (H, E); 100 x). (H) The apoptotic cells of hippocampus sections in CLP
and Sham group were stained by TUNEL assay kit and observed under light microscopy (100 x). (I) Western blot analysis and quantitative results indicating the IBA1
protein level in CLP and Sham group (*"P<0.01, compared with the Sham group). (J) Ibal expression levels in brain of CLP group and Sham group (100 x). (K, L)
Quantitative results revealing Ibal expression levels in brain of CLP group and Sham group (*"P<0.01, compared with the Sham group).
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tosis inhibitor amiloride-treated SAE mouse
model or Sham mouse was shown by the de-
creased time and number of crossings in the
target quadrant (Figure 3B, 3C). Further swim-
ming speed decreased in rapamycin treated-
and amiloride treated-SAE mouse model (Fig-
ure 3D). Above results demonstrated that acti-
vation of autophagy and inhibition of efferocy-
tosis aggravated the spatial memory damage
secondary to SAE or in normal condition.

Moreover, to examine the effect of rapamycin
and amiloride on SAE-induced memory impair-
ment, the cued and contextual fear condition-
ing test was conducted in mice. In both fear
conditioning tests, the freezing time of ra-
pamycin-treated and amiloride-treated group
significantly decreased (Figure 3E), indicating
that rapamycin and amiloride aggravated hip-
pocampus-dependent memory and non-hippo-
campus-dependent memory damage (Figure
3E, 3F).

The interaction between autophagy and effero-
cytosis in the pathogenesis of SAE

Subsequently, we investigated the relationship
between autophagy and efferocytosis in the
pathogenesis of SAE. The TEM results showed
that rapamycin decreased efferosomes in the
hippocampus of SAE mouse model (Figure
4A). The RT-gPCR and western blot results
indicated that rapamycin decreased RhoA and
Racl expression in both normal and SAE con-
ditions (Figure 4B, 4C). Similarly, amiloride
increased autophagosomes in the hippocam-
pus of SAE mouse (Figure 4D). The RT-qPCR
and western blot results indicated that
amiloride increased expressions of autophagy
mark genes in both normal condition and SAE
model (Figure 4E, 4F).

Knockdown of VDAC1 alleviated the cognitive
dysfunction and memory impairment second-
ary to SAE in the mouse model

Since the autophagy was involved in the pa-
thogenesis of SAE, in order to find the impor-
tant regulator in SAE pathology, we checked
the VDAC1 expression at the different time
points in SAE progression and found that
VDAC1 increased significantly after mouse suf-
fered CLP for 7 days (Figure 5A, 5B). Immuno-
fluorescence staining of hippocampus of SAE
mouse also indicated that VDAC1 increased
with IBA1 (Figure 5C).
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To further explore the effects of VDAC1 on cog-
nitive dysfunction induced by SAE, we injected
the VDAC1 siRNA to knock down VDAC1 via
peritoneal injection, recorded as the VDAC1”
group. The MWM test results revealed that
there was no difference in latency among the
four groups at the start, and latency decre-
ased significantly over the next three days.
Knockdown of VDAC1 prolonged the escape
latencies in both normal and CLP-induced SAE
conditions (Figure 5D).

Knockdown of endogenous VDAC1 in SAE mou-
se model increased time, crossing numbers
and swimming speed in the target quadrant.
However no significant difference was found
under normal condition after knockdown of
VDAC1 (Figure 5E-G). Besides, knockdown of
VDAC1 in SAE mouse prolonged the freezing
time in fear conditioning tests (Figure 5H, 5I).

Under TEM observation, we found that knock-
down of VDAC1 increased the autophagoso-
mes and decreased efferosomes in the CLP-
induced SAE group (Figure 5J, 5K), indicating
that knock down of VDAC1 improved the cogni-
tive function in the CLP-induced mouse model
by inhibiting mitophagy and increasing effero-
cytosis.

Knockdown of VDAC1 alleviated the cognitive
dysfunction and memory impairment in SAE
model via PINK1/Parkin mediated mitophagy

PINK1 and Parkin were tightly correlated with
mitophagy. Therefore, the role of the PINK1/
Parkin signaling pathway in SAE was investi-
gated. We found that CLP group had higher
expression of VDAC1 and PINK1 (Figure 6B).
Further western botting indicated that knock-
down of VDAC1 attenuated the enhancement
effect of CLP on PINK1 and p-Parkin (Figure
6A).

We injected the Ad-Parkin to the mouse to
check the effects of PINK1 and Parkin on
cognitive function in SAE mouse. The MWM
test data demonstrated that there was no dif-
ference in escape latencies among the four
groups at the start, and the latencies decreas-
ed obviously over the next three days. Further
analysis suggested that the presence of Ad-
Parkin shortened the prolongation of the laten-
cies induced by knockdown of VDAC1 (Figure
6C). In condition of SAE, knockdown of endog-
enous VDAC1 increased the time, crossing
numbers in the target quadrant and swimming
speed, while exogenous Parkin partially rever-
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Figure 5. The role of VDAC1 in CLP-induced SAE mouse model. (A, B) Relative mRNA expression and protein level of VDAC1 in CLP-induced SAE mouse model at
indicated time point (""P<0.01 compared with the Sham group). (C, D) The co-expression detection of Ibal and VDAC1 in CLP-induced SAE mouse model at indicated
time point in immune fluorescence (**P<0.01 compared with the Sham group, 100 x). (E) In the navigation test, the escape latency was measured to determine the
effects of endogenous VDAC1 on the spatial learning ability of CLP model mouse (n = 10 each group; ""P<0.01 compared with Sham group; *#P<0.01 compared
with CLP group). (F, G) In the probe test, time spent, times crossing in the target quadrant were measured to determine the effects of endogenous VDAC1 on the
spatial learning ability of CLP model mouse (n = 10 each group; **P<0.01 compared with Sham group; *P<0.05 compared with CLP group). (H) Swimming speed
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J) The effects of endogenous VDAC1 on the hippocampus-dependent memory and non-hippocampus-dependent memory of CLP model mouse (n = 10 each group;
“P<0.05, ""P<0.01 compared with Sham group; #P<0.05, #P<0.01 compared with CLP group). (K, L) The effects of endogenous VDAC1 on the autophagosomes and
efferosomes of CLP model mouse. Autophagosomes and efferosomes were observed under the transmission electron microscopy, the red arrows represented the
autophagosomes (K) and efferosomes (L), respectively.
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sed this effect of VDAC1 knockdown (Figure
6D-F). Similarly, the freezing time of SAE
mouse model with low expression of VDAC1 in
both contextual and tone-related cued fear
conditioning test was increased, while exoge-
nous Parkin partially reversed the increasing
effect of knockdown of VDAC1 (Figure 6G, 6H).

The above study results indicated that Parkin
partially alleviate the memory impairment
effect of knockdown of VDAC1 on SAE, and
knockdown of VDAC1 aggravated the cognitive
dysfunction and memory impairment in SAE
mouse model via a PINK1/Parkin dependent
pathway.

Discussion

In this study, a murine SAE model of CLP-
induced sepsis was established for exploring
the mechanisms of mitophagy and efferocyto-
sis mediated by VDAC1/PINK1/Parkin in pa-
thogenesis of SAE. Mitophagy and efferocyto-
sis were crucial for maintaining intracellular
homeostasis [19]. Our results indicated that
SAE exacerbated the cognitive impairment in
the mouse model. The autophagic response
and proinflammatory factors also increased,
while the efferocytosis decreased in hip-
pocampus of SAE model. Moreover, we found
that the cognitive impairment caused by SAE
was aggravated by the rapamycin and ami-
loride. More importantly, knockdown of VDAC1
alleviated the cognitive dysfunction of SAE
model through the PINK1/Parkin pathway.
This study illustrated the potential value of the
mitophagy and efferocytosis mediated by
VADAC1/PINK1/Parkin in the management of
cognitive deficits caused by SAE.

The hippocampus is the most vulnerable area
to toxins when a diffuse bacterial infection
strikes the body. Clinically, advanced SAE pa-
tients present acutely mental status changes
and are prone to get higher mortality and mor-
bidity than the SAE patients without cognitive
disorder [34, 35]. Although several appropri-
ate pathways have been identified to mediate
this consequence, such as microscopic brain
injury, BBB dysfunction, inflammatory and met-
abolic changes, the exact regulation of SAE
remains to be unclear [36-38]. CLP surgery
solution is considered to be a classical animal
model for SAE study [39]. In this work, CLP-
induced SAE mouse model showed spatial
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memory deficits (Figure 1A-C), consistent with
previous studies. Semmler et al. proved that
hippocampal atrophy during sepsis produces
harmful effects on memory and learning abili-
ty [40]. Becher et al. reported that inflamma-
tory cytokines outburst aggravates cognitive
decline in mouse with SAE [41]. Our investiga-
tion obtained the similar results that SAE im-
paired cognitive function and memory ability.

Mitochondrial function decline is considered as
a vital component in secondary multiple organ
lesion caused by sepsis [1, 39]. Lambeth et al.
reported that under the condition of microbial
infection in phagocytes and neutrophils, ROS
are produced by the NADPH oxidase (NOX)
complex in a mitochondria-independent man-
ner [42]. Subsequent findings proved that
mitochondria still produces most part of ROS
under the condition of infection [43, 44]. Our
study proved that more ROS was generated in
SAE model (Figure 1E, 1F) when mitophagy
occurred. In the pathological process of SAE,
mitochondrial DNA (mtDNA) released from the
injured mitochondrial evokes further detriment
of oxidative stress and drives innate immune
responses [45]. We found that microglial cells
were activated in SAE process (Figure 1l-L),
and the autophagosome increased significant-
ly (Figure 2A). Autophagosome was capable of
removing the damaged mitochondria in a lyso-
somal dependent pathway.

During the progression of sepsis, the PINK1
protein accumulates on the OMM and then
Parkin is activated by PINK1 and recruited
onto mitochondria [46]. The increased activat-
ed Parkin protein builds ubiquitin chains on
damaged mitochondria to tag them for degra-
dation [47]. The ubiquitin chain binds to the
autophagic protein receptor, which binds to
LC3 on the autophagosome, to induce mitoph-
agy. Previous research manifested that p62
serves by gathering the injured mitochondria
and accelerating mitophagy process [48].
Another study proved that the SQSTM1/p62
protein is one of the key proteins in identifica-
tion and assemble of damaged mitochondria
into autophagosomes [49]. Injured mitochon-
dria are phagocytized by autophagosomes and
degraded by lysosomes, which promotes the
recovery of septic organ. Our research results
demonstrated that autophagy marker genes
increased in SAE model (Figure 2B, 2C), and
rapamycin aggravated the cognitive impair-
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ment caused by SAE (Figure 3), suggesting th-
at the mitophagy played an important role in
SAE pathology. Although VDAC1 regulation of
mitochondrial autophagy is controversial [50,
51], a recent study showed that VDAC1 is
closely related to mitophagy [52]. In our ex-
periment, VDAC1 functioned as a regulator of
mitophagy in a PINK1/Parkin dependent path-
way (Figure 6B). Several studies reported the
role of VDAC1 in sepsis [53]. Our results sh-
owed that the VDAC1 expression increased in
SAE model (Figure 5A-C), and knockdown of
VDAC1 improved cognitive function significant-
ly in mouse model (Figure 5D-H). Efferocytosis
was the core part of regenerative response in
brain, which is relevant to maintaining brain
tissue homeostasis from neuronal develop-
ment to neurodegenerative diseases. In this
work, we observed that the efferocytosis
decreased in CLP-induced SAE model (Figure
2A). Recent studies have shown that some
autophagy-related genes, such as Beclinl and
LC3, are involved in the regulating phagocyto-
sis [54, 55]. Therefore, we checked the VDAC1
that is closely linked to LC3. It is observed
that knockdown of VDAC1 decreased efferocy-
tosis in CLP-induced SAE model (Figure 5).
Another interesting finding was that the effero-
cytosis interacted with mitophagy, and the
exact mechanism needs further exploring.

The present results suggested that the mito-
phagy and efferocytosis mediated by VDAC1/
PINK1/Parkin might be a promising solution
against the pathogenesis of SAE. There are
some limitations in this work. The exact me-
chanism of interaction between efferocytosis
and mitophagy is still unclear, which should be
further explored in future work. In addition, a
number of pre-clinical assessments should
also be carried out.
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