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A new cell death program regulated by toll-like receptor 9 through
p38 mitogen-activated protein kinase signaling pathway in a
neonatal rat model with sepsis associated encephalopathy
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Abstract \
Background: Sepsis, a serious condition with high mortality, usually causes sepsis associated encephalopathy (SAE) that involves
neuronal cell death. However, the cell death programs involved and their underlying mechanisms are not clear. This study aimed to
explore the regulatory mechanisms of different cell death programs in SAE.

Methods: A neonatal rat model of SAE was established by cecal ligation and perforation. Survival rate and vital signs (mean arterial
pressure and heart rate) were monitored, nerve reflexes were evaluated, and cortical pathological changes were observed by
hematoxylin and eosin staining. The expression of pyroptosis, apoptosis, and necroptosis (PANoptosis)-related proteins, mitogen-
activated protein kinase (MAPK), and its upstream regulator toll-like receptor 9 (TLR9) were detected. The expression of TLRY in
neurons was observed by immunofluorescence staining. The ultrastructure of neurons was observed by transmission electron
microscope.

Results: First, PANoptosis was found in cortical nerve cells of the SAE rats. Meanwhile, the subunits of MAPKs, p38 MAPK, Jun
N- terminal kinase, and extracellular signal-regulated kinase (ERK) were activated. After pharmacologically inhibiting each of the
subunits, only p38 MAPK was found to be associated with PANoptosis. Furthermore, blocking the p38 MAPK signaling pathway
activated necroptosis but inhibited apoptosis and pyroptosis. When necroptosis was pharmacologically inhibited, apoptosis and
pyroptosis were reactivated. Finally, we found that the expression of TLRY, a regulator of MAPKs, was significantly increased in
this model. After down-regulation of TLR9, p38 MAPK, and ERK signaling pathways were inhibited, which led to the inhibition of
PANoptosis. Further analysis found that down-regulation of TLR9 improved the survival rate and reduced the pathological
changes in SAE rats.

Conclusions: Our study showed that the programs comprising PANoptosis are activated simultaneously in SAE rats. TLR9
activated PANoptosis through the p38 MAPK signaling pathway. TLR9 may work as a potential target for SAE treatment.
Keywords: Sepsis associated encephalopathy; TLR9; Apoptosis; Pyroptosis; Necroptosis; p38 mitogen-activated protein kinase

Introduction However, the roles of these mechanisms are not clearly
defined in SAE. Recently, the interaction of different cell
death programs has been reported to have an important
influence on the progression of disease.[**! One cell death
program that is conducted by receptors interacting with
inflammatory cytokines can simultaneously lead to
pyroptosis, apoptosis, and necroptosis (PANoptosis).!®”!
PANoptosis has been widely reported in sepsis. Of these
three types of cell death, cell death mediated by apoptosis
often occurs in heart, kidney, and other organ failures

Sepsis is a disease with a high mortality rate in the
pediatric intensive care unit. The latest sepsis guidelines
highlight the impact of multiple organ dysfunction and/or
failure on the host.l'! Sepsis associated encephalopathy
(SAE), a serious complication of sepsis, is characterized by
deterioration of mental state and cognitive function.!>’!
However, the pathological changes and underlying
mechanisms of SAE are not fully understood.

Different types of cell death, including apoptosis,
pyroptosis, and necroptosis, have been reported in sepsis.
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during sep51s ?I Cell death caused by pyroptosis usually
occurs in lethal sepsis. 1191 Cell death involving necroptosis
has been observed in kldney damage brought about by
mitochondrial dysfunction in sepsis.''"! Although the
three cell death programs of PANoptosis have been
studied separately in sepsis, they have not been studied
simultaneously in SAE. Furthermore, the pathways
enabling communication among the different forms of
cell death are largely unknown.

The interaction of the multiple cell death programs affects
the progression of sepsis. Studies have found that
PANoptosis can be triggered after bacterial stimulation
by Z-DNA-binding protein 1, mterferon regulatory factor
1, or other regulatory factors. 112131 G multaneous deletion
of the pyroptosis-related proteins caspase (CASP)-1/
CASP- 11 and the necroptosis-related protein receptor-
interacting serine/threonine protein kinase 3 (RIPK3)
leads to inhibition of PANoptosis.''*! Apoptosis and
necroptosis have also been shown to be cross-linked.
Inhibiting necroptosis was found to normalize the
apoptosis of nerve cells and protect brain injury caused
by various causes.!"’! Therefore, studying the interaction
between different cell death programs triggered by sepsis is
necessary to further understand their cross-talk mecha-
nisms and pathological processes.

It is known that toll-like receptors (TLRs) play a key role in
immunity by actwatmg inflammatory factors and interfer-
ons after sepsis. In the central nervous system, TLRs are
involved in the cross-talk between immune cells and
neurons.!'”! Toll-like receptor 9 (TLR9), one subunit of
TLRs, is mainly expressed in neur01nﬂammat1on Over-
activation of TLR9 promotes some diseases.!'®! Inhibition
of TLRO activity was found to reduce growth impairment
caused by inflammation.!*”! Furthermore, TLR9 activation
was shown to increase apoptosis after sepsis.?”! However,
whether TLRO participates in pyroptosis and necroptosis in
the encephalopathy caused by sepsis is unknown. In
addition, the possible signal pathways involved in TLR9
regulation of PANoptosis during SAE are also not clear. In
this study, we set up a sepsis model using neonatal rats by
cecal ligation and perforation (CLP) which caused SAE.
After successfully establishing the model of PANoptosis in
neurons, the expression of the p38 mitogen-activated
protein kinase (MAPK), extracellular signal-regulated
kinase (ERK), Jun N-terminal kinase (JNK), and TLR9
were observed. Furthermore, the regulation and mecha-
nisms of PANoptosis were studied by detecting the
relationship between TLRY and signaling pathways.

Methods

Sepsis in rats

All the operations in this study are in line with the Research
Animal Care Committee of Sichuan University. The male
Sprague-Dawley rats (20-22g, No. 51203500017296)
were used in this study. At postnatal day 10, the rats were
assigned to two groups including CLP surgery and sham
operation. During the CLP procedure, the rats were
continuously anesthetized with inhaled isoflurane and kept
warm on a thermostatic plate (37°C). The sepsis model was
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established according to the guidelines.*"! A 1 ¢cm incision
was made in the abdomen, and then the cecum was isolated.
After ligating the cecum with 4-0 silk, the cecum was
punctured twice through-and-through with a 20- gauge
needle The cecum was pressed to release a droplet of
feces.!**! The rats in the sham group only had their cecum
isolated, without ligation or puncture. Then the contents of
the enterocelia were returned and the abdominal wall was
sutured layer by layer with 5-0 silk.

Treatments

The CLP rats were injected with 150 ng/g ODN2088
(agonist of TLRY, InvivoGen, San Diego, CA, USA), 50
ng/g SB203580 (inhibitor of p38 MAPK, Cell Signaling
Technology, Beverly, MA, USA), 75 ng/g PD98059
(inhibitor of ERK, Cell Signaling Technology), 150 ng/g
SP600125 (inhibitor of JNK, Cell Signaling Technology),
100 ng/g Z-DEVD-FMK (inhibitor of apoptosis, Selleck,
Houston, TX, USA), 12.5 ng/g INF39 (inhibitor of
pyroptosis, Selleck), 37.5 ng/g Nec-1s (inhibitor of
necroptosis, Cell Signaling Technology), and 1% dimethyl
sulfoxide (DMSO) (vehicle, Sigma-Aldrich, St. Louis,
MO, USA).I2>-28]

Survival, vital signs, and neurobehavioral assessment

The survival number and death number of rats in each
period were recorded. Vital signs (mean arterial pressure
[MAP] and heart rate [HR]) were monitored. Neuro-
behavioral assessment of the rats was conducted based on
a previous study.””! The neurobehavioral assessment
included pinna reflex, corneal reflex, tail flexion reflex,
righting reflex, and escape response. Each item was
awarded two points for normal reflexes, one point for dull
reflexes, and zero point for no reflexes. Overall, the higher
the score, the less nerve damage, and vice versa.

Histological examination

After the rats were sacrificed, brains were quickly removed
and fixed with 4% (w/v) paraformaldehyde, then embedded
and sectioned. The pathological changes of the cortex were
observed after hematoxylin and eosin staining.**! Five
cortical regions from each rat were randomly selected.

Western blotting

After the rats were sacrificed, the cortex was separated on
ice, homogenized, and centrifuged. The supernatant was
extracted and loading buffer (Beyotime, Shanghai, China)
was mixed. The samples were separated and then
transferred to membranes (Millipore, Billerica, MA,
USA). Primary antibodies, including rabbit anti-TLRY,
rabbit anti-CASP-3, mouse anti-RIPK1, rabbit anti-RIPK3
(1:1000, Abcam, Cambridge, MA, USA), rabbit anti-Bcl-
2, goat anti-NOD-, LRR-, and pyrin domain-containing
protein 3 (NLRP3), rabbit anti-CASP-1, rabbit anti-
phospho-mixed lineage kinase domain-like protein
(MLKL) (Ser345), rabbit anti-MAPKAP kinase 2
(MK2), rabbit anti-phospho-MK2 (Thr334) (1:500,
Abcam), rabbit anti-ERK, rabbit anti-phospho-ERK
(Thr202/Tyr204), rabbit anti-JNK, and rabbit anti-
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phospho-JNK (Thr183/Tyr185; 1:1000, Cell Signaling
Technology), and mouse anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (1:5000, ZSGB-BIO, Beijing,
China), were incubated overnight. Then, horseradish
peroxidase-conjugated anti-goat/rabbit/mouse (1:5000,
Z5GB-BIO) IgGs were incubated for 1 h. The blots were
visualized using the electrochemllummescence method
(Millipore) and imaged with a ChemiDoc'™ MP imaging
system (Bio-Rad, Hercules, CA, USA).!!

Immunofluorescence staining

Primary antibodies including rabbit anti-cleaved CASP-3
(1:200), goat anti-NLRP3 (1:200, Abcam), rabbit anti-
RIPK3 (1:200), rabbit anti-TLR9 (1:200), and mouse anti-
NeuN (1:500, Abcam) were used to detect TLR9
expression with neurons. Sections were incubated with
DyLight Cy3 anti-rabbit IgG or Alexa488 anti-mouse IgG
(1:500, Jackson ImmunoResearch, West Grove, PA, USA),
and the nuclei were stained with 4',6-diamidino-2-phenyl-
indole (1:500, Beyotime). Five cortical regions from each
rat were randomly selected. The fluorescent signal
intensity of the target proteins was detected by a confocal
laser scanning microscope (Olympus, Tokyo, Japan).*!!

Transmission electron microscope (TEM)

Cardiac perfusion was performed in rats with normal
saline and 2% glutaraldehyde. About 1 mm?® cortical
tissue was collected and fixed in glutaraldehyde. The tissue
was embedded in epoxy resin and sectioned. The sections
(0.12 pm) were stained with 1% uranium acetate. The
ultrastructure of the neurons was observed by HT7700
120 kV TEM (Hitachi, Tokyo, Japan).l*!)

Statistical analysis

Data were presented as mean + standard deviation. The
survival rate was calculated by the Kaplan-Meier method.
The neurobehavioral score was analyzed by Friedman’s
repeated-measures analysis of variance (ANOVA). Two-
tailed t-test and one-way ANOVA were performed on
group comparisons. All the statistical analyses were
performed using SPSS version 19.0 software (IBM,
Armonk, NY, USA). P value<0.05 was considered
statistically significant.

Results

A neonatal rat model with SAE was successfully established

To verify whether CLP successfully induced SAE in rats,
a series of assessments were conducted. We found
the survival rate was decreased especially at 12 to 24 h in
the CLP group. The survival rates at all time points in
sham group were 100% (30/30), while the survival
rates at 3, 6, 12,24, and 48 h in CLP group were 93.3%
(28/30), 80.0% (24/30), 53.3% (16/30), 20.0% (6/30),
and 13.3% (4/30), respectively [Supplementary
Figure 1A, http:/links.lww.com/CM9/A953]. In CLP
group, the MAP gradually decreased from 6 h to its
lowest point at 24 h, while HR gradually increased from
6 h and peaked at 24 h [Supplementary Figure 1B and
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1C, http://links.lww.com/CM9/A953]. In addition, the
neurobehavioral scores of the CLP group decreased
significantly [Supplementary Figure 1D, http://links.
lww.com/CM9/A953]. Pathological changes in the CLP
group showed disordered cell arrangement and abnor-
mal morphology (arrows) [Supplementary Figure 1E,
http://links.lww.com/CM9/A953]. These ﬁndm s are in
accordance with the findings by Kafa et al,'*”! which

suggest that the model of SAE was successfully
established.

PANoptosis activation in CLP-induced SAE rats

To study the death programs for nerve cells of CLP-
induced SAE rats, we detected various death-related
proteins. First, we found that cleaved/total CASP-3 was
increased whereas Bcl-2 was decreased in the CLP group,
indicating that apoptosis was activated [Figure 1A].
Second, we found that the pyroptosis-related proteins
NLRP3 and cleaved/total CASP-1 were increased,
indicating activation of pyroptosis [Figure 1B]. Finally,
we found that all of the necroptosis-related proteins
RIPK1, RIPK3, and phospho (p)-MLKL were increased,
indicating activation of necroptosis [Figure 1C]. Addi-
tionally, we also observed the ultrastructure of cortical
neurons by TEM [Figure 1D]. The morphology of
neurons in the sham group was normal, with abundant
organelles, and no obvious pathological changes. In the
CLP-24 h group, apoptosis, pyroptosis, and necroptosis
were observed. Apoptosis was characterized by cell
atrophy, nucleo- cytoplasmic ratio increase, nuclear
membrane invagination, and chromatin agglutination.
Pyroptosis was mainly characterized by swelling of the
cell, mitochondria, and other organelles, and loss of
ribosomes. Necroptosis was characterized by overall cell
morphological shrinkage, swelling of organelles, and
severe vacuolization of the cytoplasm. Finally, to study
which cell death program was dominant in SAE,
immunofluorescence staining was performed for apopto-
sis-associated protein-cleaved caspase-3, pyroptosis-as-
sociated protein-NLRP3, and necroptosis—associated
protein-RIPK3, to observe their positive cells in propor-
tion to the total cells. The sum of apoptosis-, pyroptosis-,
and necroptosis-positive cells was assumed to be 100%.
Results showed that the percentage of apoptosis,
pyroptosis, and necroptosis cells accounted for 41.2%,
32.2%, and 26.6% in PANoptosis cells, respectively
[Supplementary Figure 2, http:/links.lww.com/CM9/
A953]. These results indicated that PANoptosis was
activated in CLP-induced SAE rats in which apoptosis
and pyroptosis were dominant and necroptosis played a
secondary role.

Interaction of different cell death programs in PANoptosis

CLP induced SAE in rats, which resulted in various cell
death programs. To study the role of different cell death
programs in SAE and their interaction, specific inhibitors,
including apoptosis inhibitor-Z-DEVD-FMK, pyroptosis
inhibitor-INF39, and necroptosis inhibitor-Nec-1s, were
administrated to SAE rats, respectively. The results showed
that Z-DEVD-FMK inhibited pyroptosis but activated
necroptosis while inhibiting apoptosis. Meanwhile, INF39
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Figure 1: PANoptosis was activated in SAE rats. The proteln Ievels of (A) caspase-3, Bcl-2, (B) NLRP3, caspase- 1, (C) RIPK1, RIPK3, and p-MLKL in sham and CLP groups are shown, with
GAPDH used as the loading control. n= 5. Data are represented by histograms, and sham group is normalized. “P<0.05. Al experiments were repeated three times and error bars depict
mean =+ standard deviation. (D) At 24 h after CLP, cortical neurons in sham and CLP groups were observed by TEM, and the morphology is normal in sham group, while CLP group shows
the characteristics of apoptosis, pyroptosis, and necroptosis (arrows). Scale bar = 1 or 2 um. CASP: Caspase; CLP: Cecal ligation and perforation; MLKL: Mixed lineage kinase domain-like
protein; NLRP3: NOD-, LRR-, and pyrin domain-containing protein 3; PANoptosis: Pyroptosis, apoptosis, and necroptosis; RIPK: Receptor-interacting protein kinase; SAE: Sepsis associated

encephalopathy; TEM: Transmission electron microscope.

inhibited pyroptosis, it also inhibited apoptosis, but
activated necroptosis. However, while Nec-1s inhibited
necroptosis, both apoptosis and pyroptosis were activated
[Supplementary Figure 3, http:/links.lww.com/CM9/
A953]. These results suggest that although the three cell
death programs in PANoptosis were simultaneously
activated by SAE, the interaction among them, specifically,
was more likely to be synergistic between apoptosis and
pyroptosis, which balanced necroptosis.

p38 MAPK, ERK, and JNK signaling pathways were
activated in SAE rats

According to the previous research of our team, it is
believed that the MAPKSs can regulate PANoptosis. 12231]
By western blotting, we found that phosphorylated
expression of MK2, the specific substrate downstream
of p38 MAPK, was increased, and the p-ERK/ERK and p-
JNK/JNK were increased [Supplementary Figure 4, http:/
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Figure 2: The MAPKs regulate PANoptosis in SAE rats. Rats administered SB203580, PD98059, and SP600125, respectively. At 24 h after CLP, the protein levels of (A) caspase-3, Bcl-2,
(B) NLRP3, caspase-1, (C) RIPK1, RIPK3, and p-MLKL in different groups are shown, with GAPDH used as the loading control. n= 5. Data are represented by histograms, and the sham
group is normalized. “P<0.05. Al experiments were repeated three times and error bars depict mean + standard deviation. CASP: Caspase. CLP: Cecal ligation and perforation; MAPK:
Mitogen- activated protein kinase; MLKL: Mixed lineage kinase domain-like protein; NLRP3: NOD-, LRR-, and pyrin domain-containing protein 3; PANoptosis: Pyroptosis, apoptosis, and
necroptosis; RIPK: Receptor-interacting protein kinase; SAE: Sepsis associated encephalopathy.

links.lww.com/CM9/B61].1%%! These findings suggested
that p38 MAPK, ERK, and JNK pathways were activated
in CLP-induced SAE rats.

p38 MAPK, ERK, and JNK pathways play a regulatory role in
PANoptosis

To verify the regulatory role of MAPKs on PANoptosis in
SAE, we administered SB203580, PD98059, and
SP600125 to the rats. All three inhibitors inhibited
apoptosis in CLP-induced SAE rats [Figure 2A]. Only
SB203580 inhibited pyroptosis in CLP-induced SAE rats,
whereas PD98059 and SP600125 had no obvious effect on
pyroptosis [Figure 2B]. We further found that only

SB203580 activated necroptosis [Figure 2C]. These results
suggest that only p38 MAPK can simultaneously regulate
apoptosis, pyroptosis, and necroptosis in CLP-induced
SAE rats.

Necroptosis inhibition reactivated apoptosis and pyroptosis
in SAE rats

Since apoptosis and pyroptosis were inhibited while
necroptosis was activated after inhibition of the p38
MAPK, we investigated the effects of necroptosis inhibi-
tion on apoptosis and pyroptosis. We administered the
necroptosis inhibitor Nec-1s under the action of
SB203580 and found that Nec-1s inhibited necroptosis,
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Figure 3: Further inhibition of necroptosis reactivated apoptosis and pyroptosis. Rats were further administered with Nec-1s based on SB203580. At 24 h after CLP, (A) caspase-3, Bcl-2,
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Mixed lineage kinase domain-like protein; NLRP3: NOD-, LRR-, and pyrin domain-containing protein 3; RIPK: Receptor-interacting protein kinase.

while also reactivating the inhibited apoptosis and
pyroptosis caused by SB203580 treatment [Figure 3].
Our findings suggested that necroptosis has a negative
regulatory effect on apoptosis and pyroptosis in CLP-
induced SAE rats.

TLRY increased in SAE rats

Since TLRY, a regulator of inflammation, was found to
promote B cell death through MAPKs, we wondered
whether TLR9 could regulate PANoptosis in SAE through
MAPKs.23! We found that TLR9 expression was
significantly increased from 6 h, and peaked at 24 h, as
detected by western blotting in this model [Figure 4A]. The
fluorescence signal of TLR9 was significantly enhanced in

the CLP group, as detected by immunofluorescence
staining [Figure 4B]. We also found that TLR9 colocalized
primarily with neurons. These results suggest that TLR9 is
activated in SAE rats.

TLR9 regulated p38 MAPK and ERK pathways in SAE rats

The TLRY inhibitor ODN2088 was administered to SAE
rats, to study the regulatory effect of TLR9 on MAPKs.
We found that p-MK2, the specific substrate downstream
of p38 MAPK, and p-ERK were inhibited, while p-JNK
was not changed significantly [Supplementary Figure 5,
http://links.lww.com/CM9/B62]. These results suggest
that TLR9 can regulate the p38 MAPK and ERK but
not JNK in CLP-induced SAE rats.
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TLR9 activated PANoptosis in SAE rats

Since TLRY can regulate the p38 MAPK and ERK, we
wondered if TLR9 could regulate PANoptosis through
these pathways. We found that cleaved/total CASP-3 was
decreased, and Bcl-2 was increased after inhibition of
TLRY using ODN2088 [Figure SA]. Furthermore, NLRP3
and cleaved/total CASP-1 were significantly inhibited
[Figure 5B], which suggests that pyroptosis was sup-
pressed. Additionally, necroptosis was also inhibited by
ODN2088 because RIPK1, RIPK3, and p-MLKL were
found to be decreased [Figure 5C]. These findings suggest
that TLRY could simultaneously regulate apoptosis,
pyroptosis, and necroptosis in CLP-induced SAE rats.

TLR9 inhibition improved survival rate and pathological
changes in SAE rats

Since TLRY activated PANoptosis in SAE rats, we
wondered whether inhibition of TLR9 could protect
SAE rats. We found that the administration of the TLR9
inhibitor, ODN2088, significantly increased the survival
rate of SAE rats compared with the vehicle-treated rats. At
3,6,12,24, and 48 h, the survival rate of sham group was
100% (30/30). In the CLP group, the survival rates were
96.7% (29/30),76.7% (23/30), 53.3% (16/30),23.3% (7/
30), and 13.3% (4/30), respectively. In the CLP + Veh

group, the survival rates were 93.3% (28/30), 70.0% (21/
30), 50.0% (15/30), 20.0% (6/30), and 13.3% (4/30),
respectively. Finally, in the CLP + ODN2088 group, the
survival rates were 100% (30/30), 93.3% (28/30), 76.7%
(23/30), 66.7% (20/30), and 60.0% (18/30), respectively
[Figure 6A]. Furthermore, the pathological changes were
rescued after inhibiting TLR9 in SAE rats [Figure 6B].

Discussion

The roles of TLRY in SAE and its related regulatory
mechanisms are not clear. In this study, the role of TLR9
and its mechanisms in different cell death programs after
SAE were studied. We found that SAE could induce
PANoptosis. Among them, necroptosis regulated apopto-
sis and pyroptosis. In addition, the p38 MAPK pathway
played an important role in regulating PANoptosis caused
by TLRO. Further, inhibition of TLR9 had a neuro-
protective effect on SAE in rats.

Sepsis often causes extensive cell death. Many damage-
related factors released during cell death are directly
involved in the development of sepsis. For many years,
apoptosis has been the focus of cell death in sepsis.
Recently, new cell death programs including pyroptosis
and necroptosis have been found in sepsis, suégﬁesting that
cell death in sepsis is a complex process!! 32T Apoptosis
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Figure 5: ODN2088 inhibited PANoptosis in SAE rats. At 24 h after CLP, (A) caspase-3, Bcl-2, (B) NLRP3, caspase-1, (C) RIPK1, RIPK3, p-MLKL in different groups are shown, with GAPDH
used as the loading control. n=5. Data are represented by histograms, and the sham group is normalized. P < 0.05. Al experiments were repeated three times and error bars depict
mean =+ standard deviation. CLP: Cecal ligation and perforation; MLKL: Mixed lineage kinase domain-like protein; NLRP3: NOD-, LRR-, and pyrin domain-containing protein 3; PANoptosis:
Pyroptosis, apoptosis, and necroptosis; RIPK: Receptor-interacting protein kinase; SAE: Sepsis associated encephalopathy.

is a common cell death program characterized by
programmed DNA degradation, chromatin concentra-
tion, cell shrinkage, and fragmentation, and eventually the
engulfment of cell fragments by macrophages[ 371
Apoptosis is a physiological self-destruction process,
which helps the body to eliminate a§8in§] and abnormal
cells and maintain normal function'***3”1 The other two
cell death programs, pyroptosis, and necroptosis, have
been 1mphcated in various auto- mﬂammatory condi-
tions!*”! Pyroptosis, driven by inflammasomes, is closely
related to inflammation. By activating CASP-1, 4, 5, and
11, inflammation factors can cleave Gasdermin D at its N-
terminus, creating a pore-forming domain, causing large
pores to form in the cell membrane. These pores change
the flow of extracellular fluid and affect the osmotic
pressure gradient of the cells, and finally cause the cells to
swell and rupture.'*!"*3! Necroptosis was found to be more
sensitized after inhibition of apoptosis under the stimula-

tion of inflammatory factors.**! Necroptosis is also
closely related to inflammation. Inflammatory factors,
such as tumor necrosis factor, can signal RIPK1 to recruit
RIPK3 and to form a necrosome, in which RIPK1 and
RIPK3 interact with each other causing a series of cross-
phosphorylation. Phosphorylated RIPK3 recruits and
subsequently phosphorylates MLKL, which can penetrate
the plasma membrane and organelles, resultln§
membrane rupture and the spillage of cell contents.!***
The term PANoptosis was coined in recent years to
emphasme the interaction and coordination of PANop-
tosis.[*®! In this study, we found that PANoptosis exists in
the cortical nerve cells of SAE rats, indicating that multiple
cell death programs can be simultaneously triggered by
SAE. It was further found that in the cortex of SAE rats,
apoptosis and pyroptosis were dominant, while necrop-
tosis was secondary. Apoptosis and pyroptosis cooperated
to balance necroptosis.
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The MAPK family plays an important role in cell
proliferation and death. There are three main subfamilies
of the MAPK family including p38 MAPK, ERK, and
JNK. p38 MAPK negatively regulates cell cycle procession
and eventually leads to cell death.!**! ERK is involved in
many biological reactions such as proliferation and
cytoskeleton construction.®®! JNK plays an important
role in regulating cell proliferation and differentiation.!>"!
Since the MAPK family can regulate cellular proliferation,
differentiation, and death, we further studied their
regulatory effects on PANoptosis in SAE. We found that
all of these three signaling pathways were activated after
SAE. Our findings are similar to the previous findings that
p38 MAPK, ERK, and JNK were activated in sepsis.[*>>*!
MAPKs may positively or negatively regulate cell death
programs. Their effect on PANoptosis is closelgf regulated
by the degree and duration of stimulation.®*! Through
transcription-dependent or -independent mechanisms,
MAPKs integrate signals in a cell-specific manner and

activate cellular apoptosis.****! In other studies, pyrop-
tosis was found to be regulated by MAPKs in SAE and
intracerebral hemorrhage models.”***! Recently, necrop-
tosis was found to be re%ulated by MAPKs in liver and
spleen of sepsis models.***”! Interestingly, we found,
using specific MAPK inhibitors, only the p38 MAPK
signaling pathway could simultaneously regulate the three
PANoptosis pathways. Moreover, blocking the p38
MAPK activated necroptosis but inhibited apoptosis
and pyroptosis. These findings suggest that p38 MAPK
plays different roles in the programs forming PANoptosis;
namely, p38 MAPK negatively regulated necroptosis but
positively regulated apoptosis and pyroptosis in the SAE
model. These data are consistent with the findings in HT-
29 cells, glioblastoma multiform cells, and the intracere-
bral hemorrhage mouse model 555859 1t i possible that
MK2, the downstream effector kinase of p38 MAPK,
directly phosphorylates RIPK1, which causes inhibition of
its kinase activity, and thereby inhibits necroptosis.*%:¢°!
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Another reason may be the interaction between apoptosis
and necroptosis. Necroptosis was triggered after apoptosis
was blocked, which is thought to be a “backup” defense
mechanism. Previous studies have shown that activation
of apoptosis inhibits necroptosis, whereas activation of
necroptosis inhibits apoptosis.[**:¢!

Necroptosis is a recently discovered cell death program,
and it acts as a double-edged sword to the organism. It
can maintain homeostasis by prohibiting responses to
stress. Necroptosis can trigger the inflammatory cascade
by releasing inflammatory factors such as interleukin!**!
To investigate the differences in the regulation of p38
MAPK on necroptosis as well as apoptosis and
pyroptosis in the SAE model, we further inhibited
necroptosis and found that apoptosis and pyroptosis
were reactivated. These ﬁndlngs were similar to the
report of Fritsch et al'**! who found that blocking
necroptosis could activate the inflammasome and
promote apoptosis-mediated tissue pathology. Further-
more, inhibiting RIPK1 through kinase-dependent and
non-dependent functions could inhibit necroptosis and
then trigger inflammation, su]ggesting necroptosis plays
a key role in inflammation.!®*I Recently, Gasdermin E, a
specific regulatory protein for pyroptosis, was found to
be spec1ﬁcall§ cleaved by CASP-3 and thus induce
pyropto-sis.[®?! This means that activated apoptosis
could trigger pyroptosis through cleaved Gasdermin E.
Since necroptosis could inhibit apoptosis, its function in
inhibiting pyroptosis may be due to its role in inhibiting
apoptosis.

MAPKSs signaling pathways are related to inflammatory
cascades and were found to be involved in the regulation
of PANoptosis in the SAE model. We further studied the
regulatory mechanisms of MAPKs. TLRY, an inflamma-
tion-related protein, participates in the occurrence and
development of sepsis. It was reported that TLRY
mediated the functlonal damage of multiple organs caused
by sep51s 4l Since multlple organ dysfunction is often
seen in patients with SAE in the clinic, we investigated
whether TLRY expression was regulated in the SAE
model. We found that TLR9 was significantly increased in
SAE rats, suggesting that TLR9 activation may be one of
the pathogenic causes of SAE. Recently, TLR9 was found
to trigger cell death by initiating an inflammatory response
under the condition of bacterial infection.[®>*®! In this
study, we found that after down-regulating TLRO,
PANoptosis was significantly inhibited suggesting that
TLRY regulated PANoptosis in SAE. Although several
previous studies have found that TLR9 could regulate
apoptosis and pyroptosis in different disease models, our
findings suggest a novel purpose for TLR9 function in
regulating necroptosis.?*®”! Furthermore, this study also
found that down-regulation of TLRY inhibited p38
MAPK and ERK but not JNK, suggesting TLR9 is the
upstream regulator of MAPKs in the SAE model.
Therefore, we think that TLR9 regulation of PANoptosis
might be through its action on the p38 MAPK signaling
pathway in SAE. Although TLR9 could separately
regulate inflammation through p38 MAPK pathway
and regulate apoptosis by ERK signaling pathway, our
findings suggested that TLR9 regulated PANoptosis

WWW.CImj.org

throué;h both p38 MAPK and ERK pathways in
SAE.[*%%1 We also found that TLR9 could not regulate
JNK, which might be due to the fact that JNK is the
upstream regulator of TLR9. This was confirmed by the
finding that the deletion of TLR9 had no effect on the JNK
signaling pathway.”®”!! In this study, we found that
necroptosis was blocked by inhibiting TLR9 leading to
p38 MAPK inhibition. However, inhibition of p38 MAPK
alone could activate necroptosis. This difference may be
due to the existence of different pathways such as NF- kB
in regulating necroptosis.!”

After inhibiting TLR9, we found that the survival rate of
SAE rats was improved, and cortical pathological changes
were alleviated. These findings support previous literature.
For example, one study found that the deletion of TLR9
significantly eliminated the neutrophil-mediated 1nﬂam—
matory reaction and provided a protective effect.l”?! In
another study, researchers found that the deletion of
TLRY improved the heart function of rats with sepsis,
suggestmg that TLRY is involved in sepsis-induced heart
damage.!

In conclusion, our study showed that the cell death
programs comprising PANoptosis occurred simultaneous-
ly in SAE rats. The results indicated that TLR9 activated
PANoptosis by the p38 MAPK signaling pathway.
Further, inhibition of TLRY provided a neuroprotective
effect in SAE rats. Hence, TLR9 may function as a
potential target for the treatment of SAE.
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