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Abstract

Background: Sepsis-associated encephalopathy (SAE) is a common and severe neurological syndrome induced by sepsis and char-
acterized by brain dysfunction. The incidence of SAE is as high as 76%. After onset, the mortality rate is as high as 60%. Even if
patients survive, about 20% have long-term cognitive impairment. At present, the exact pathogenesis of SAE remains unknown. Our
results showed that necroptotic protein was obviously elevated in the hippocampus of SAE mice, but the internal mechanism was still
unclear. The stimulator of interferon gene (STING) protein has been reported to be a key molecule in the regulation of programmed cell
death. However, the critical role of STING in the progression of SAE remains elusive. We explored the mechanism by which STING
regulates hippocampal neuronal necroptosis in SAE. Methods: A cannula was embedded into the lateral ventricle of mice, and mixed
lineage kinase domain-like protein (MLKL) inhibitor necrosulfonamide (NSA) and STING inhibitor C-178 were injected. The motor
ability and memory function of mice after cecal ligation and puncture (CLP) were assessed by the open field test (OFT) and barnes
maze test (BMT), respectively. The expression and distribution of 3***p-MLKL and 5***p-STING proteins in the hippocampal region of
SAE mice were analyzed, and the expression levels of 3**p-STING/STING, %*?p-receptor-interacting protein kinase 3 (RIPK3)/RIPK3,
343 MLKL/MLKL, and 3'%p-RIPK 1/RIPK1 proteins in the hippocampal tissue of SAE mice were examined. Co-immunoprecipitation
(CO-IP) was used to detect the relationship between STING and RIPK3 protein. Results: The surviving mice after CLP had cognitive
dysfunction. The hippocampal tissues of SAE mice showed upregulated expression of S2*?p-RIPK3/RIPK3, 53*p-MLKL/MLKL, and
S166p-RIPK 1/RIPK 1 proteins. Mice in the CLP+NSA group showed better cognitive performance than the mice in the CLP+dimethyl
sulfoxide (DMSO) group. The results showed that the expression of S*¢p-STING protein was elevated in neurons of the hippocampal
cornu ammonis 1 (CA1) region in SAE mice, and there was an interaction between STING and RIPK3 proteins. STING inhibitor C-178
inhibited the protein expression level of $***p-RIPK3/RIPK3 and 3***p-MLKL/MLKL and alleviated SAE mice with cognitive dysfunc-
tion. Conclusions: STING is implicated in the development of cognitive dysfunction in SAE by regulating necroptosis in hippocampal
neurons. Inhibition of the STING pathway reduced necroptosis-related protein expression and partially improved BMT performance.
This result provides a new potential therapeutic target for the prevention and treatment of SAE.
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1. Introduction [7], and the inhibition of the expression of key proteins in
necroptosis can effectively improve cognitive dysfunction
Sepsis-associated encephalopathy (SAE) is a common  j, neurodegenerative diseases [8—10]. However, the mech-
and severe neurological syndrome induced by sepsis and  ,hism of necroptosis in SAE cognitive impairment is cur-
characterized by brain dysfunction [1]. SAE has a morbid- rently unclear.
ity rate of about 76% and a mortality rate of up to 60% [2], Stimulator of interferon gene (STING) is a key fac-
and even after survival, about 20% of the patients are left tor in the regulation of programmed cell death [11]. Stud-
with long-term cognitive dysfunction [3]. The pathogenesis ies have shown that the STING pathway is significantly
of SAE is unclear, and there is a lack of effective preven- jnitiated in sepsis in peripheral tissues and immune cells
tion and treatment strategies. Neuronal death, particularly of mice, and knockdown of STING can effectively inhibit
necroptosis, has been found to be the core factor leading to pecroptosis [12,13]. However, the pathologic mechanism

brain atrophy, most notably in the hippocampus, in patients of STING in the development of SAE has not been clari-
with sepsis [4,5], and is the main cause of cognitive dys- fied.

function in SAE patients [6]. Recent studies have found that
necroptosis is closely related to neurodegenerative diseases
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Therefore, the present study found that necroptosis
contributes to cognitive dysfunction in SAE mice. Inhibi-
tion of STING protein expression reduced the expression
of some necroptosis-related proteins and improved cogni-
tive function in SAE mice. Further investigation revealed
an interaction between STING and receptor-interacting pro-
tein kinase 3 (RIPK3), a key protein in necroptosis. This
experiment is expected to provide reliable theoretical sup-
port for the treatment of SAE.

2. Materials and Methods
2.1 Animals

Eight-week-old adult male wild-type (WT) C57BL/6J
mice were supplied by Viton Lever (Beijing, China) Labo-
ratory Animal Center. All mice were provided with quality
inspection certificates.

2.2 Experimental Timeline and Alignment of Endpoints

We provided a single consolidated timeline figure that
includes: cecal ligation and puncture (CLP) (time 0), time-
points for hippocampal sampling (6 h, 1-3 days, 7 days, 14
days), the necrosulfonamide (NSA)/C-178 dosing schedule
(day of CLP + 3 days), open field test (OFT) timing, and
barnes maze test (BMT)/testing days (Supplementary Fig.
1A).

2.3 Cecal Ligation and Puncture (CLP)

In our experiment, the CLP model was used to induce
sepsis. The 2% isoflurane (20 ml/L, 20240115, RWD Life
Science, Shenzhen, Guangdong, China) and 1.5% isoflu-
rane (15 mL/L) were respectively used for anesthesia induc-
tion and maintenance. The abdominal skin of the mice was
thoroughly disinfected before surgery. Along the middle
and lower abdomen, a straight line was drawn for the mid-
dle incision (incision of about 1.0 cm), and the skin and the
peritoneum were cut open one by one. A 4-0 surgical suture
was used to ligate the midpoint of the cecum, and a 22-G
needle was applied to puncture the cecum, and squeezing
the cecum to the puncture point of the outflow of the bowel
content (the size of rice grains). Layer-by-layer suturing of
the skin; disinfection of incisions. We administered lido-
caine (0.1 mL, 0.2%, s.c., D32510281, Jinyao, Xiangyang,
Hubei, China) for pain relief. After completion of the surgi-
cal procedure, prewarmed 0.9% normal saline (30 mL/kg)
was administered s.c. to compensate for intraoperative fluid
loss. Postoperatively, mice were placed in a 37 °C incu-
bator until fully recovered, as indicated by free movement
and foraging behavior. Imipenem/cilastatin (25 mg/kg, s.c.,
250620728, Zhuhai Lianbang, Zhuhai, Guangdong, China)
was administered in the perioperative period, as well as at
3 and 6 h postoperatively. Mice in the Sham group did
not receive cecal ligation and puncture, but all other pro-
cedures were identical to those in the CLP group. Exclu-
sion criteria: intraoperative death; incorrect ligation site
or failed puncture; massive intra-abdominal hemorrhage;

body weight deviating from the mean body weight of the
same batch by +10%.

2.4 Open Field Test (OFT)

In our experiment, the OFT was used to detect
the recovery of locomotor ability in mice after surgery
(Supplementary Fig. 1B). Mice were placed in a behav-
ioral chamber for 2 h to habituate. The Anymaze behav-
ioral monitoring system (60000, Stoelting Company, Wood
Dale, IL, USA) was connected to a custom-made open field
test chamber (40 x 40 x 40 cm) constructed from polyvinyl
chloride. A high-definition camera was installed inside to
monitor mouse movement. Before testing, the floor and in-
ner four walls of the behavioral chamber were wiped with
alcohol (75%) and allowed to air-dry. Each mouse was al-
lowed to move freely for 5 min in the behavioral chamber.
The Anymaze behavioral monitoring system automatically
detected and recorded the mouse’s behavior. The behav-
ioral box was then sprayed with 75% alcohol to eliminate
the mouse’s residual odor. After all tests were completed,
the total distance traveled by the mice was extracted.

2.5 Barnes Maze Test (BMT)

We used the BMT to detect the memory abilities of
the mice (Supplementary Fig. 1C). The adaptation and
training phases of the BMT were conducted 5 days prior to
CLP. The a priori primary behavioral endpoint in the BMT
was the latency of mice to first enter the target hole (escape
from the noxious noise) on day 15 after CLP. The BMT was
performed and analyzed by investigators who were blind to
the group assignments of the mice. The BMT steps were as
follows. Adaptation stage: The mouse was placed on the
maze platform, and a transparent glass cup was covered.
The buzzer (60170, Stoelting Company, Wood Dale, IL,
USA) was turned on to provide a noxious auditory stimulus.
After 1 min, the transparent glass cup was moved to guide
the mouse to the target hole and into the target box, and the
noise was terminated. The mouse was kept in the target box
for 1 min and then returned to its cage. Alcohol (75%) was
sprayed on the platform and the target box. Training phase:
the duration was four days. The mouse was positioned on
the Barnes maze platform, covered by an opaque box. The
buzzer was turned on to make a noise, and the opaque box
was taken away. The mouse was allowed to freely move on
the platform for 2 min. If the mouse entered the target box,
the buzzer was stopped immediately. This behavior was re-
garded as a successful escape. Conversely, the mouse was
directed to the target box using a transparent glass cup, and
the buzzer was turned off immediately. Day 1, each mouse
received 3 training trials; Days 2—4, each mouse received
4 training trials. Training was conducted for a total of 15
trials over 4 days. Test phase: the mouse was positioned on
the Barnes maze platform and covered by an opaque box.
The buzzer was turned on, the opaque box was taken away,
and the mouse explored freely on the platform for 2 min.
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The latency for the mouse to enter the target hole for the
first time (escape latency) was noted. The time the mouse
stayed in the target quadrant was also noted. Percentage of
time spent in the target quadrant = time spent (target quad-
rant) / total time x 100%.

2.6 Embedding a Cannula in the Lateral Ventricle and
Injecting an Inhibitor

The mixed lineage kinase domain-like protein
(MLKL) inhibitor NSA (ab143839, Abcam, Cambridge,
UK) and the STING inhibitor C-178 (ab287033, Ab-
cam) were injected into the lateral ventricle via cannula
(Supplementary Fig. 1D). The anesthetic for the stereo-
taxic surgery was 2% pentobarbital sodium (20mg/kg, i.p.,
250302, Mindong Lijiesun Pharmaceutical Co., Ningde,
Fujian, China). The heads of the mice were sterilized
before the operation. Centering on the Bregma point of
mice, the trocar position points were: anteroposterior (AP):
—0.50 mm; dorsoventral (DV): —1.50 mm; mediolateral
(ML): —1.00 mm. Cranial drilling was performed in
mice. Trocars were placed into the lateral ventricle, and
cerebrospinal fluid was seen to overflow. The trocars were
fixed to the cranial bones of the head. The mouse was
then placed in an incubator until it was fully awake. CLP
was performed one week later. Subsequently, the internal
injection cannula, polyethylene (PE) tubing, locking nut,
and injector were assembled in advance. The drug was
drawn using the syringe pump, and the position of the drug
solution was marked on the PE tubing to monitor whether
the liquid level decreased during injection. The cannula
cap was then removed, the internal injection cannula was
slowly inserted into the guide cannula, and secured with the
locking nut. The total injection time was 10 min. NSA was
injected at a rate of 0.2 pL/min, and C-178 at 0.15 pL/min.
After the injection was completed, the cannula was kept
in place for approximately 10 min to allow sufficient drug
diffusion, followed by slow withdrawal of the internal
injection cannula. The cannula cap was reinserted and
tightened. Cannula specifications: cannula length (C) 3.5
mm; outer diameter (D) 0.41 mm; gauge inner diameter 1
(G1) 0.5 mm; gauge inner diameter 2 (Gz) 0.5 mm. Injector
specifications: 0.5-100 pL. During the experiment, 2 mice
were excluded due to cannula dislodgement. No mice were
excluded because of cannula occlusion or surgical com-
plications. To verify the correct placement of the cannula
in the mouse lateral ventricle, needle-track histology was
performed post-mortem (Supplementary Fig. 1E).

2.7 Euthanasia Protocol for Mice

Euthanasia of experimental mice was carried out in
strict accordance with the Guide for the Care and Use of
Laboratory Animals issued by the National Institutes of
Health (NIH). Mice were euthanized by intraperitoneal in-
jection of an overdose (100 mg/kg) of pentobarbital sodium
to achieve rapid and painless death. Complete cardiac and
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respiratory arrest was confirmed before tissue harvesting to
verify the success of euthanasia.

2.8 Western Blot (WB)

We used WB to test the expression level of specific
proteins. First, hippocampal-protein samples were pre-
pared according to the standard protocol. Then, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gels (10%, PO012A, Beyotime, Shanghai, China)
of varying concentrations were selected according to the
molecular weight of the target protein. For electrophore-
sis, the prepared samples were loaded, and electrophore-
sis was performed at 80 V until the 70 kDa band of the
protein marker was visible, after which the voltage was
adjusted to 100 V. Transfers were carried out under con-
stant voltage at 100 V for 2 h. The membrane was
blocked with 5% skimmed milk for 1.5 h, then washed
three times with (1x) tris-buffered saline with tween-20
(TBST, 1x, T1085, Solarbio, Beijing, China), 5 min each
time. Primary antibody incubation: p-STING (1:500, rab-
bit, AP1369, ABclonal, Wuhan, Hubei, China), STING
(1:1000, rabbit, A21051, ABclonal), p-RIPK1 (1:1000, rab-
bit, ARG66476, Arigo, Hsinchu, Taiwan, China), RIPK1
(1:1000, rabbit, ab300617, Abcam), p-RIPK3 (1:1000, rab-
bit, ab195117, Abcam), RIPK3 (1:1000, rabbit, ab62344,
Abcam), p-MLKL (1:1000, rabbit, ab196436, Abcam),
MLKL (1:1000, rabbit, ab184718, Abcam), and GAPDH
(1:1000, rabbit, ab181602, Abcam), overnight at 4 °C. Fi-
nally, secondary antibody incubation was performed for 2
h at 37 °C. We used Image Lab software (6.0, Bio-Rad,
Hercules, CA, USA) for band quantification. Normaliza-
tion was performed against the internal reference protein
(GAPDH). We used calibration curves and avoided satu-
rated exposure to ensure a linear range.

2.9 Immunofluorescence (IF)

IF was used to detect specific binding between anti-
gen and antibody to detect target proteins in tissue samples.
Brain tissue was harvested from CLP and Sham mice on
postoperative day 1. Brain slices were blocked with the
mixture (donkey serum (5%, ab7475, Abcam) and Triton
(0.3%, ab286840, Abcam)) at 37 °C for 1 h. Incubation
of primary antibodies: p-STING (1:100, rabbit, AP1369,
ABclonal), p-MLKL (1:100, rabbit, ab196436, Abcam),
neuronal antibody (1:200, mouse, ab104224, Abcam), ion-
ized calcium-binding adapter molecule 1 (IBA1) antibody
(1:200, goat, ab5076, Abcam), overnight at 4 °C.

Secondary antibody buffer containing Alexa Fluor
594 (1:300, S32356, Invitrogen, Carlsbad, CA, USA) or
Alexa Fluor 488 (A-11001, Invitrogen, 1:300) was added
dropwise. Incubate at 37 °C for 2 h in the dark. Sub-
sequently, 4',6-diamidino-2-phenylindole (DAPI) solution
(1:200, ab104139, Abcam) was added and incubated for
10 min. After thorough washing and coverslipping, the
sections were air-dried. Confocal microscopy (FV1200,
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Fig. 1. Cognitive dysfunction occurred in septic mice. (A) Schematic timeline of BMT and OFT. (B) Trajectory diagram of OFT.
(C) Statistical results of total distance (n = 7, NS: not significant). (D) Trajectory diagram of BMT and (E) Statistical results of primary
latency (n =7, **p < 0.01 versus Sham). (F) Heat map of BMT and (G) Statistical results of time in the target quadrant (n = 7, NS: not

significant). Statistical method: Student’s z-test. BMT, barnes maze test; OFT, open field test; CLP, cecal ligation and puncture.

Olympus, Tokyo, Japan) for photography. We defined
the region of interest (ROI) as the region showing co-
localization of the target protein and neurons in the hip-
pocampal cornu ammonis 1 (CAl) area. The mean fluo-
rescence intensity in the non-specific staining region ad-
jacent to the ROI was measured as the background value.
Corrected fluorescence intensity = mean intensity of ROI
- mean intensity of local background. Six mice/group (gp)
were used; three sections per mouse and three visual fields
per section were analyzed for mean fluorescence intensity.
Sections were coded by a third party, and quantification was
performed by an investigator who was blind to group allo-
cation.

2.10 Statistical Analysis

Statistical analyses were performed using GraphPad
Prism 9.0 software (GraphPad Software Co., San Diego,
CA, USA). Experimental data were expressed as mean =+
standard deviation. Two groups of data were tested using
the #-test. The One-way or Two-way analysis of variance
(ANOVA) (experimental group and drug group) was used
to analyze more than two groups of experimental data. The
Two-way ANOVA was performed using a mixed-model
analysis. The BMT data were analyzed as the predefined
test-day endpoint. For the Western blot time-course exper-
iments, the sample size at each time point was n = 6. The
multiple-comparison correction method was the Dunnett’s
test. Statistical significance was set at p < 0.05.
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RIPK, receptor-interacting protein kinase; MLKL, mixed lineage kinase domain-like protein; GAPDH, glyceraldehyde-3-phosphate de-

hydrogenase; DAPI, 4',6-diamidino-2-phenylindole.

3. Results
3.1 Cognitive Dysfunction Occurred in Septic Mice

Our experimental results indicated that the 14—
day survival rate of CLP mice was 50.0% (7/14)
(Supplementary Fig. 1F). The initial weight (%) of the
CLP group was obviously lower than that of the Sham group
(Supplementary Fig. 1G). The murine sepsis score (MSS)
was obviously higher in the CLP group than in the Sham
group within 10 days after surgery (Supplementary Fig.
1H). The surviving mice on day 14 after CLP were sub-
jected to behavioral testing (Fig. 1 A). First, the OFT data in-
dicated that movement distance did not differ significantly
between the two groups (Fig. 1B,C). Our results showed
that the voluntary locomotion was not significantly dam-
aged in mice 14 days after CLP, and subsequent behavioral
studies at this time could exclude the effect of exercise. The
BMT assessed the spatial memory ability of the mice on
day 15 after CLP surgery (Fig. 1A). The results suggested
that the primary latency time for CLP group mice escape
the noxious stimulus was obviously longer than for Sham
group mice (Fig. 1D,E), and there was no obviously signif-
icant difference in the time that the CLP group mice stayed
at the target quadrant (Fig. 1F,G). This suggested that long-
term spatial memory function was significantly impaired in
mice after CLP.
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3.2 Necroptosis Arose in Hippocampal Neurons of SAE
Mice

A study has reported that neuronal necroptosis was
closely related to neurodegenerative diseases [7]. If so,
then how does necroptosis change in hippocampal neu-
rons of septic mice? The WB was performed to ascertain
the expression level of necroptotic proteins in hippocam-
pal tissues of septic mice at 6 h, 1 day, 2 days, 3 days, 7
days, and 14 days. Our data showed that the expression
of S16p RIPK1/RIPK1, 5232p-RIPK3/RIPK3, and S3*p-
MLKL/MLKL proteins in the hippocampal tissues of septic
mice was significantly elevated at 1, 2, and 3 days (Fig. 2A—
D; The original Western blot images can be found in the
Supplementary Materials-Original WB). These results
demonstrated that necroptosis occurred in the hippocampal
tissues of septic mice. The $3*p-MLKL protein was im-
munofluorescently stained with neurons (NeuN). The IF in-
tensity of S3*p-MLKL in the hippocampal CA1 region co-
localized with mouse hippocampal neurons on day 1 after
CLP surgery was significantly different (Fig. 2E,F). In ad-
dition, our IF results demonstrated significant neuronal loss
in the hippocampal CA1 region of mice on the third day af-
ter CLP surgery (Supplementary Fig. 11I). This suggested
that the necroptosis protein $3*3p-MLKL was expressed in
neurons in the hippocampal CA1 region of SAE mice.
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Fig. 3. Necroptosis caused cognitive dysfunction in SAE mice. (A) Schematic timeline of BMT, NSA injection, and OFT. (B) WB
and (C) Statistical results of **p-MLKL/MLKL (n = 6, *p < 0.05 versus Sham+DMSO, “p < 0.05 versus CLP+DMSO). An internal
control was GAPDH. (D) Trajectory diagram of OFT and (E) Statistical results of total distance (n =7, NS: not significant). (F) Trajectory
diagram of BMT and (G) Statistical results of primary latency (n = 7, “p < 0.05 versus CLP+DMSO). (H) Heat map of BMT and (1)
Statistical results of time in the target quadrant (n = 7, NS: not significant). Statistical analysis: Two-way ANOVA with Sidak’s multiple
comparisons test. SAE, sepsis-associated encephalopathy; NSA, necrosulfonamide; DMSO, dimethyl sulfoxide; ANOVA, analysis of
variance.
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3.3 Necroptosis Caused Cognitive Dysfunction in SAE
Mice

The effect of necroptosis on cognitive dysfunction
in SAE mice was further verified by inhibiting 53%p-
MLKL protein expression. In this experiment, a cannula
was embedded in the lateral ventricle of 8-wk-old WT
mice. MLKL inhibitor NSA (2 pL; 1 mg/mL) was injected
through the cannula on the day of CLP, and the drug was
administered for 3 consecutive days (Fig. 3A). First, WB
was used to verify the effectiveness of the NSA. The re-
sults showed that S3*3p-MLKL/MLKL protein expression
in the hippocampal tissue of the Sham+NSA group was
obviously lower than that in the Sham+ dimethyl sulfox-
ide (DMSO) group, and S3*p-MLKL/MLKL protein ex-
pression in the hippocampal tissue of the CLP+NSA group
was obviously lower than that of the CLP+DMSO group
(Fig. 3B,C; The original Western blot images can be found
in the Supplementary Materials-Original WB). Further,
the OFT results demonstrated that movement distance did
not differ significantly among all groups (Fig. 3D,E). The
BMT results demonstrated that the CLP+NSA group had
an obviously shorter primary latency time to find the target
hole (escape) than did the CLP+DMSO group (Fig. 3F,G),
whereas the difference in the time spent in the target quad-
rant was not significant (Fig. 3H,I).

3.4. Spatiotemporal Expression of STING Protein Was
Increased in the Hippocampus of SAE Mice

The data indicated that the expression of S3¢¢p-

STING/STING proteins in the hippocampal tissue of the
SAE mice was significantly higher 1 day and 2 days after
modeling than in the Sham group (Fig. 4A,B; The origi-
nal Western blot images can be found in the Supplemen-
tary Materials-Original WB). The IF staining of S3¢p-
STING protein with neurons and microglia was performed.
The data demonstrated that S3%p-STING in the hippocam-
pal CA1 region was mainly co-localized with hippocampal
neurons in CLP mice, and there was a statistically signif-
icant difference in their IF intensities (Fig. 4C,D). There
was a small amount of co-localization with microglia in the
hippocampal CA1 region (Fig. 4E,F). This suggested that
p-STING had elevated expression in neurons of the hip-
pocampal CA1 region in SAE mice.

3.5 Inhibition of STING Reduced Expression of Associated
Necroptosis Proteins and Improved Cognitive Function in
SAE Mice

In the present experiment, 1.5 pL of STING in-
hibitor C-178 (1 mg/mL) was injected on the day of
CLP, and the drug was administered for 3 consecutive
days (Fig. 5A). The data indicated that the expression
level of S3%p-STING/STING, 5232p-RIPK3/RIPK3 and
$345p-MLKL/MLKL protein in the hippocampal tissue of
CLP+C-178 group mice was obviously lower than that
in the CLP+DMSO group (Fig. 5B,C,E,F; The original
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Western blot images can be found in the Supplemen-
tary Materials-Original WB), however, there was no sig-
nificant decrease in S'°p-RIPK1/RIPK1 protein expres-
sion (Fig. 5B,D). The results indicated that inhibition of
STING down-regulated the level of $232p-RIPK3/RIPK3
and $*p-MLKL/MLKL proteins, however, it could not
down-regulate the expression of 51®p-RIPK1/RIPK1 pro-
tein. In addition, OFT data indicated that there was no sig-
nificant difference in the locomotor ability of mice among
the groups (Fig. 5G,H). BMT results demonstrated that the
primary latency time to find the target hole (escape) was ob-
viously shorter in the CLP+C-178 group mice than in mice
of the CLP+DMSO group (Fig. 51,J), but the difference in
the time spent in the target quadrant was not statistically
significant (Fig. 5K,L). Those results indicated that inhi-
bition of STING partially improved BMT performance in
SAE mice.

3.6 STING Interacted With RIPK3

In this experiment, immunofluorescence and Co-
immunoprecipitation (Co-IP) tests were used to detect the
interaction between STING and RIPK3 protein. The re-
sults of IF showed that STING and RIPK3 proteins co-
localized abundantly in neuronal cells in the hippocampal
CA region of SAE mice (Fig. 6A). Co-IP results showed
that STING interacted with RIPK3 protein (Fig. 6B; The
original Western blot images can be found in the Supple-
mentary Materials-Original WB) in neurons.

4. Discussion

In this study, we first experimentally verified that SAE
mice developed cognitive dysfunction. According to the lit-
erature [14], the BMT behavioral paradigm can be used to
reflect cognitive impairment. Our results showed that the
latency to find the target hole (to escape a noxious stimulus)
was significantly longer in septic mice. In previous studies
[15], the latency and time to explore new objects in sepsis
mice were obviously longer than in the Sham group mice,
indicating that sepsis induced memory impairment. There-
fore, the results of our experiments suggested that cognitive
dysfunction occurs in SAE mice.

If so, what caused cognitive dysfunction to occur in
SAE mice? We found that imaging and histological exam-
ination results demonstrated that the hippocampal volume
and cell number were evidently reduced in the SAE group
[16,17]. This suggested that hippocampal neuronal death
may be a potential mechanism leading to the occurrence
of cognitive dysfunction in SAE. A study has reported that
neurons of the hippocampal CA1 region play an important
role in learning and memory [18,19]. The reason for this is
that the hippocampal CA1 region is rich in pyramidal neu-
rons and pyramidal axial-dendritic synapses, and has high
blood flow and energy requirements [20,21]. Therefore,
during sepsis, neurons in the hippocampal CA1 region are
prone to die, causing cognitive dysfunction.
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1.

Programmed cell death is a genetically controlled
mode of autonomous and orderly cell death that comes in
various forms, such as pyroptosis, necroptosis, apoptosis,
and ferroptosis [22]. Previous findings suggested that pro-
grammed cell death plays an important role in central ner-
vous system (CNS) disorders, but the mechanism is not

clear. Recent studies have shown that neuronal necroptosis
is strongly related to neurodegenerative diseases [7], and
inhibition of necroptosis can improve cognitive dysfunc-
tion in neurodegenerative diseases [8—10]. However, the
mechanism of necroptosis in cognitive impairment in SAE
is currently unclear.
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Our results indicated that necroptotic proteins 1%°p-

RIPK1/RIPK1, 52¥2p-RIPK3/RIPK3, and execution pro-
tein S3*3p-MLKL/MLKL were significantly elevated in the
hippocampus of SAE mice. In addition, IF results sug-
gested that the level of 53*3p-MLKL was obviously ele-
vated in neurons in the hippocampal CA1 region. These re-
sults suggested that sepsis induced necroptotic signaling in
hippocampal neurons, and phosphorylation of RIPK1 and
RIPK3, which led to phosphorylation of MLKL. Phospho-
rylated p-MLKL binds to cell membranes to form “holes”
that lead to cytoplasmic leakage, cell swelling, and even cell
death. Dead cells release inflammatory factors, which fur-
ther exaggerate necroptosis and form a vicious circle [23—
25]. Our experimental results indicated that hippocampal
neurons in SAE mice incurred necroptosis. So, would inhi-
bition of necroptosis attenuate the occurrence of cognitive
dysfunction in SAE mice? We were surprised to find that
the latency to escape was significantly shorter in MLKL-
inhibited SAE mice. This suggested that necroptosis mainly
contributed to cognitive dysfunction in SAE mice. How-
ever, the mechanism was still unclear.

STING proteins are also known as TMEM173, MITA,
MPYS, NET23, ERIS, etc. [26]. STING was first re-
ported in 2008 by Ishikawa and Barber [27]. It consists
of 379 amino acids and is anchored to the endoplasmic
reticulum membrane by the N-terminus. The C-terminus
includes the C-terminal tail and ligand-binding domains
[27-29]. Ligand binding to STING leads to its dimeriza-
tion and phosphorylation. Then, 5*¢®p-STING may reg-
ulate programmed cell death and inflammatory responses
via the TANK-binding kinase 1 (TBK1)/interferon regula-
tory factor 3 (IRF3)/nuclear factor-kappa B (NF-xB) path-
way [11]. A study has reported that STING is activated in
peripheral tissue in septic mice [12]. Our results revealed
that the expression level of S3*p-STING was obviously el-
evated in the hippocampal tissue of SAE mice. The IF re-
sults suggested that neuronal expression of S3**p-STING
was obviously elevated in the CA1 region of the hippocam-

10

pus. The above results suggested that 33°p-STING plays
an important role in the pathophysiology of SAE. Since
STING is a key molecule in the regulation of programmed
cell death [11], we speculated that STING inhibitors would
inhibit necroptosis and improve cognitive dysfunction in
SAE mice. The experimental data indicated that the level
of $232p-RIPK3/RIPK3 and 5**p-MLKL/MLKL proteins
in the hippocampal tissue of the CLP+C-178 group was sig-
nificantly decreased. The latency to find the target hole
was evidently shortened in the CLP+C-178 group. This
suggested that STING inhibitors may inhibit the expression
of some necroptotic proteins and partially improve BMT
performance in SAE mice. However, the STING inhibitor
could not reduce the expression of p-RIPK1/RIPK1 pro-
tein. The mechanism by which STING regulates necrop-
tosis is unknown. A study has reported that the C-terminus
of the RIPK3 protein contains receptor-interacting protein
(RIP) homotypic interaction motif (RHIM), whereas the
N-terminus contains a kinase structural domain. The ki-
nase structural domain and RHIM play a key role in RIPK3
activation [30]. Therefore, we hypothesized that a key
molecule that binds to either the RHIM region or the ki-
nase structural domain of the RIPK3 molecule exists in the
pathophysiology of SAE. Our experimental results showed
a lot of co-labeling between RIPK3 and STING in neurons
of the CA1 region of the hippocampus in SAE mice, which
suggested that RIPK3 is linked to STING in neurons. In
addition, Co-IP found an interaction between RIPK3 and
STING protein. The above results suggested that STING
binds to the RHIM region or kinase structural domain of
RIPK3 to further regulate necroptosis.

However, some limitations existed in our study. First,
the specific molecular mechanism of STING interaction
with RIPK3 needs to be further elucidated. Second, further
validation of the safety and efficacy of STING inhibitors in
patients with clinical SAE is needed.
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5. Conclusions

STING participates in the development of cognitive
dysfunction in SAE by regulating necroptosis in hippocam-
pal neurons. The STING inhibitor C-178 showed the poten-
tial to partially improve Barnes maze performance in SAE
and suggested new avenues for clinical treatment.
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