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Background: Shenfu injection (SF) has demonstrated its potential to enhance cellular immunity and induce clinical regression in
patients suffering from sepsis or infectious shock. However, the therapeutic effect of SF on sepsis-induced cognitive dysfunction
(SAE) and the mechanisms involved are still unclear. We aimed to investigate the mechanism of SF in mice with SAE.

Methods: Sepsis was constructed by caecal ligation and puncture. Mice were injected intraperitoneally with SF or NLRP3 inhibitor.
The hippocampus injury of brain tissues was evaluated, and the levels of inflammatory cytokines (IL-1B, IL-18) and NLRP3 and
Caspase 1 were measured. The active ingredients of SF were analyzed using network pharmacology, and molecular docking of the
active ingredients of SF with NLRP3 and Caspase 1 was performed. BV-2 cells were treated with LPS or norcoclaurine. CCK-8
detected the cell viability, and the levels of inflammatory cytokines and NLRP3 and Caspase 1 were measured.

Results: SF and NLRP3 inhibitor increased survival rate and the number of crossing the platform and decreased the escape latency
time of sepsis mice. Moreover, SF and NLRP3 inhibitor improved neuronal damage and apoptosis in hippocampus of sepsis mice. In
addition, SF and NLRP3 inhibitor reduced the levels of inflammatory cytokines, as well as inflammasomes in sepsis mice. There were
43 active ingredients in SF. Among them, 22 were Renshen and 21 were Fuzi. Renshen and Fuzi, the main active components of SF,
form a complex regulatory network with NLRP3 and Caspase 1. (R)-norcoclaurine was most closely bound to NLRP3 with binding
energy of —7.2 kJ-mol ™', ignavine was most closely bound to Caspase 1 with binding energy of —8.3 kJ-mol '. Norcoclaurine
increased the cell viability and decreased inflammation and pyroptosis.

Conclusion: SF regulated NLRP3/Caspase 1 through (R)-norcoclaurinee to prevent SAE.
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Introduction

Sepsis-associated encephalopathy (SAE) is a serious and frequently encountered complication of sepsis,' which could
lead to acute cognitive and consciousness disorders.” SAE is linked to increased mortality, decreased quality of life, and
long-term neurological complications, ranging from 9% to 76% in patients with SAE diagnosed with sepsis progression.’
The pathogenesis of SAE involves neuroinflammatory response, neurotransmitter dysfunction, destruction of blood-brain
barrier, and abnormal blood flow regulation.* At present, the treatment of SAE is mainly symptomatic. Lack of specific
treatment plans and insufficient understanding of the underlying mechanism of the disease are the reasons for poor
prognosis of sepsis patients.” Therefore, it is of great significance to explore the treatment and underlying mechanisms of
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SAE, as well as implement preventive measures to reduce its occurrence and lower the incidence rate, so as to improve
the prognosis of sepsis patients.

Herbal injections contain a large number of hydrophilic components, and an in-depth understanding of their chemical
composition, both qualitatively and quantitatively, is important to ensure the safety of their clinical use.® As a novel and
promising option for the treatment of sepsis, herbal injections are widely used in China.” Shenfu injection (SF) derived
from traditional Chinese medicine (TCM), which prepared from red ginseng and processed aconite root, is widely used in
China for sepsis and cardiovascular diseases.®’ SF has various anti-inflammatory, anti-apoptotic, antioxidant and innate
immunomodulatory effects.'®'? These pharmacological effects may be attributed to the active constituents of the
compound, which mainly consists of ginsenosides and aconite alkaloids.® Study has shown that SF could reduce cardiac
dysfunction and inhibit apoptosis in septic mice.'* In addition, SF has demonstrated its potential to enhance cellular
immunity and induce clinical regression in patients suffering from sepsis or infectious shock.'* However, the therapeutic
effect of SF on SAE and the mechanisms involved are still unclear.

Pyroptosis is a form of programmed cell death triggered by the activation of specific inflammatory cysteinases
through the inflammasome complex, including nucleotide binding oligomerization domain-like receptor family pyrin
domain protein 3 (NLRP3)."* The main function of NLRP3 inflammasomes is to promote the secretion of interleukin
(IL)-1B and IL-18, as well as Caspase 1-mediated pyroptosis.'® Indeed, research has demonstrated the involvement of
NLRP3 inflammasomes in the pathogenesis and advancement of immune inflammatory conditions such as sepsis.'’
Energy metabolism and respiratory dysfunction during sepsis can lead to the generation of reactive oxygen species,
which not only induce oxidative damage to tissues and organelles but also directly or indirectly activate NLRP3
inflammasomes. The activation of NLRP3 inflammasomes, in turn, enhances the inflammatory response, triggers
apoptosis in immune cells, and worsens the progression of sepsis.'® In addition, NLRP3/Caspase 1 pathway-mediated
pyroptosis has been found to contribute to cognitive impairments in a mouse model of SAE.'® Zhou et al reported that
Ginsenoside Rgl reduced blood-brain barrier damage by inhibiting NLRP3/Caspase 1/gasdermin D (GSDMD) mediated
classic pathway of pyroptosis, thereby improving SAE and thus playing a brain protective role.”” However, it is unclear
whether SF improves SAE through NLRP3/Caspase 1-mediated pyroptosis.

Based on the above background, we intend to detect the regulatory effect of SF on NLRP3/Caspase 1 mediated
pyroptosis, and explore the potential mechanism of SF in treating SAE. Our study offers a novel strategy for the prevention
and treatment of clinical SAE, while also establishing a molecular foundation for the utilization of TCM in SAE treatment.

Materials and Methods

Animals

Forty male C57BL/6 mice aged 6—8 weeks and weighing 20-25 g were obtained from Guangzhou Ruige Biotechnology
Co., Ltd (Guangzhou, China). The mice were housed in a controlled environment with a 12-hour light-dark cycle,
maintained at a room temperature of 22—24°C, and humidity levels ranging from 30% to 70%. They were given free food
and water before the experiment. The mice were randomly divided into 4 groups: Control, caecal ligation and puncture
(CLP), CLP + SF, CLP + NLRP3 inhibitor, with 10 mice in each group. One hour before operation, mice in CLP +SF
group were injected intraperitoneally with SF (10 mL/kg, CR SANJIU, Henan, China)."**' Mice in CLP + NLRP3
inhibitor group were injected intraperitoneally with NLRP3 inhibitor (70 mg/kg).?> Mice in Control and CLP groups
were injected with normal saline. One hour later, a mouse model of sepsis was constructed by CLP.>*** In the Control
group, only laparotomy was performed, denoted as day zero. The survival rate of mice was analyzed from day one to the
fifth day after operation. Morris water maze (MWM) was performed from day one to the fourth day postoperatively to
record the escape latency time. On the 5th day, water maze without platform detection was performed. After anesthesia
with 2% isoflurane, the eyeballs were removed to obtain blood for serum separation and whole brain tissue (separated by
coronal transection) was taken. The mice were euthanized ethically when they were near death. Mice are euthanized by
exposure to carbon dioxide. All animal experiments have been approved by ethics committee of Guangdong Provincial
People’s Hospital (approval number KY-H-2022-004-03), and performed in according with the IJACUC Handbook,
Third Edition.
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MWM

MWM test (one min/time) was performed on mice from day one to the fourth day after surgery to record the escape

latency time to evaluate their cognitive function.®?” During the acquisition phase, the mice were introduced into the pool
from four different entry points facing the pool wall. The time it took for each mouse to enter the water, find, and stand
on the submerged hidden platform was recorded as the escape latency, denoted in s. After the mice successfully located
the platform, they were permitted to remain on it for 10s. In cases where the mice were unable to locate the platform
within 60s, they were gently guided to the platform from the water, where they stayed for 10s before the next training.
Each mouse was placed into the pool from each of the four entry points as one training session, with a 30s interval
between sessions.

Hematoxylin-Eosin (HE) Staining

To detect pathological changes in the hippocampal region (DG and CA3) of the brain tissues, HE staining was employed.
Mouse brain tissues were taken and fixed in tissue fixative (G1101, Servicebio, Wuhan, China). The tissue slices were
subjected to baking at 60°C for 1-2 h, followed by dewaxing and rinsing in distilled water. Hematoxylin (G1003,
Servicebio) was then applied to stain the slices for 5—10 min, after which they were rinsed again with distilled water and
subjected to a brief phosphate buffer saline (PBS) rinse to restore a blue color. Eosin was used to stain for 3—5 min.
Gradient alcohol (95-100%) dehydration was performed for 5 min in each stage. After removal, the slices were
immersed in xylene (10023418, Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) two times for 10 min each.
Subsequently, the slices were sealed with neutral gum (10004160, Sinopharm Chemical Reagent Co., Ltd) and examined
using a fluorescence microscope (BA210T, Motic, Xiamen, China).

TdT Mediated dUTP Nick End Labeling (Tunel)

Apoptosis in the hippocampal region (DG and CA3) of brain tissues was detected using Tunel kit (G1502, Servicebio).
Hippocampal tissues were sliced and baked at 60°C for 30—60 min, and the slices were deparaffinised to water. 100 puL of
proteinase K (G1205, Servicebio) was added dropwise to each sample and incubated at 37°C for 20 min. Following this,
the slices were rinsed three times in PBS, with each rinse lasting for 5 min. Appropriate amount of membrane-breaking
solution (G1204, servicebio) was added dropwise to the tissues, and the tissues were fully infiltrated and processed at
room temperature for 20 min. The samples were washed with PBS. Then, for each sample, 100 pL of 1 x Equilibration
Buffer was added dropwise to cover the specific area to be examined, followed by incubation at room temperature for
10-30 min. TdT enzyme incubation buffer was prepared, and excess 1 x Equilibration Buffer (100 pL) was carefully
removed from the equilibrated area using absorbent paper. Subsequently, 50 pL of TdT enzyme incubation buffer was
added to the tissue samples being examined. TdT enzyme incubation buffer was added to the tested tissues, followed by
incubation at 37°C for 60 min in the absence of light. The nuclei were then rinsed three times with PBS for 5 min each.
Afterward, DAPI (G1012, servicebio) was used to stain the nuclei at 37°C for 10 min. Finally, the slices were sealed with
neutral gum and observed under a fluorescence microscope.

Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of IL-1p and IL-18 in serum and brain tissue of mice were measured. IL-1p (RX203063M, Risen Bio,
Quanzhou, China) and IL-18 (RX203064M, Risen Bio) kits were used to detect inflammatory cytokines IL-1p and IL-18
according to the instructions.

Western Blot

Western blot was utilized to quantify NLRP3 and Caspase 1 expressions in brain tissues, or Caspase 1, NLRP3, IL-18,
and IL-1B expression in BV-2 cells. Total proteins were extracted from brain tissues or cells using radio-
immunoprecipitation assay (P0013B, Beyotime, Shanghai, China) following the provided instructions. Protein quantifi-
cation for each group of samples was performed using the bicinchoninic acid (BCA) Kit (BL521A, Biosharp, Hefei,
China). Sodium dodecyl sulfate, sodium salt polyacrylamide gel electrophoresis loading buffer (MB2479, meilunbio,
Dalian, China) was mixed with the samples, and the mixtures were heated in a boiling water bath at 100°C for 5 min. The
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proteins were then electrophoretically transferred onto a polyvinylidene fluoride membrane and blocked with a 5%
skimmed milk solution at room temperature for 90 min. The samples were incubated with primary antibodies against
NLRP3 (13158s, Cell Signaling Technology, Danvers, MA, USA), Caspase 1 (22,915-1-AP, Proteintech, Wuhan, China),
IL-18 (A1115, ABCLONAL, Wuhan, China), IL-1p (A1112, ABCLONAL), GAPDH (60004-1-Ig, Proteintech) and -
actin (66009-1-Ig, Proteintech) overnight at 4°C. Membrane washed with TBST (three times at room temperature). Then,
membrane incubated with the secondary antibodies Goat anti-Rabbit IgG-HRP (BL003A, Biosharp) or Goat anti-Mouse
IgG-HRP (BLOO1A, Biosharp). ECL chemiluminescent substrate (K-12045-D50, advansta, Beijing, China) was used for
visualization of proteins. Protein bands were analyzed by imaging with software (Chemiscope6100, CLINX, Shanghai,
China). GAPDH and B-actin was used as an internal reference.

Immunofluorescence (IF)

IF was used to detect NLRP3/Caspase 1 and NeuN expression in the hippocampus of brain tissues. Slices were baked at
60°C for 12 h and deparaffinised to water. They were then washed sequentially in 100%, 100%, 95%, 85%, and 75%
ethanol for 5 min at each level, and rinsed in distilled water for 5 min. Slices were heated to repair antigens, and
endogenous enzymes were inactivated by adding 3% H,O, for 10 min, and the slices were blocked with 5% bovine
serum albumin (BS114-100g, Biosharp) for 60 min. Appropriately diluted primary antibodies against NLRP3 (13158s,
CST), Caspase 1 (22,915-1-AP, Proteintech), and NeuN (26975-1-AP, Proteintech) were incubated at 4°C overnight.
Subsequently, secondary antibody (RC0086-23, Recordbio Biological Technology, Shanghai, China) was incubated at
37°C for 90 min, and the nuclei were stained with DAPI at 37°C for 10 min. Antifade mounting medium (G1401,
servicebio) was used to seal the slices, which were then visualized under fluorescence microscope.

Acquisition of Active Ingredients for SF

All components of Renshen and Fuzi in SF were obtained through the Traditional Chinese Medicine systems pharma-
cology database and analysis platform (TCMSP, https://tcmspw.com /tcmsp.php). Compounds were screened according
to ADME parameters (drug-likeness (DL) > 0.18 and oral bioavailability (OB) > 30%)).

The Molecular Docking Analysis of the Active Ingredients of SF and the Targets

NLRP3 and Caspase |
The mol2 structure files of SF active ingredients were downloaded from TCMSP database and the PDB files of NLRP3
and Caspase 1 were obtained from RCSB PDB (https://www.rcsb.org/) database. Receptor protein was optimized by

AutoDockTools and converted into pdbqt format. AutoDock Vina 1.1.2 was utilized to conduct molecular docking
between the receptor protein and the ligand small molecule, resulting in the calculation of the binding energy score. If the
binding energy was < 0, it indicated that the ligand molecule could bind spontaneously to the receptor protein.
Furthermore, if the binding energy was < —5.0 kJ-mol ', it indicated a strong binding property. Typically, a lower
binding energy signifies a stronger binding effect between the two molecules. The top three molecules with the closest
binding degree to each target were selected to showed the molecular docking model using Discovery Studio 2019
software.

BV-2 Cells Culture and Cell Viability

BV-2 cells (337749, BNCC, Henan, China) were cultured in DMEM-H supplemented with 10% FBS at 37°C in a 5%
CO, incubator. Cells were confirmed by STR method. To detect the cell viability, BV-2 cells (3000 cells/well in 96-well
plate) were divided four groups, Control group (normal cultivation), lipopolysaccharide (LPS) group (treated with LPS),
LPS + DMSO group (treated with LPS and dimethyl sulfoxide (DMSO)), and LPS + norcoclaurine (treated with 200 ng/
mL LPS (L2880, Sigma, St. Louis, MO, USA) and norcoclaurine (HY-N2037A, Med Chem Express, Shanghai, China).
After treatment for 24 h, 10% Cell Counting Kit-8 (CCK-8) regent (BS350B, Biosharp) was added to each well and
continue to cultivate for 2 h. The values were obtained at the 450 nm. Relative viability was calculated compared to the
Control group.
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Statistical Analysis

Statistical analysis was conducted using GraphPad Prism 8.0 software GraphPad Software Inc., San Diego, CA, USA).
Measurement data were presented as mean + standard deviation. Comparisons between multiple groups were performed
using One-way analysis of variance. A significance level of P < 0.05 was considered statistically significant.

Results
Comparison of Survival and Mortality and Behavioral Detection in Mice

First, we applied CLP to mice to assess survival and mortality. Compared to the Control group, the survival rate of mice
in CLP group significantly decreased over time (from day one to the fifth day), and the end point of death was 5 mice.
With the use of SF and NLRP3 inhibitor, the survival rate of mice was improved, and the end point of death was 4 and 3
mice, respectively (Figure 1A). Base on the records of weight, compared to the Control group, the weight of the other
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Figure 1 Comparison of survival and mortality and behavioral detection in mice. (A) Percentage comparison of survival and number of endpoint deaths in mice from day
one to the fifth day. n=10 mice/group. (B) The weight of mice from day one to the fifth day. (C) Morris water maze recordings of the escape latency time. The upper panel
shows the third quadrant experimental graph on the fourth day. The lower graph shows the graph of the escape latency time on from day one to the fourth day. I, Il Ill, and
IV correspond to quadrant |, 2, 3, and 4, respectively. The black circle is the location information point at the beginning of the mouse experiment, the black square is the
location information point at the end of the mouse experiment, and the blue circular area is the hidden underwater platform position. (D) Water maze behavioral tested the
number of crossings the platform. The upper panel shows the third quadrant experimental graph on the fifth day. The lower graph shows the the inter group analysis. |, Il IlI,
and IV correspond to quadrant I, 2, 3, and 4, respectively. The black circle is the location information point at the beginning of the mouse experiment, the black square is the
location information point at the end of the mouse experiment, and the blue circular area is the hidden underwater platform position. **P < 0.01; ns, no significant.
Abbreviations: CLP, caecal ligation and puncture; SF, shenfu injection.
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three groups of mice slightly decreased on day zero and the first day, but there was no statistically significant difference
(Figure 1B). From the activity trace diagram of the MWM of mice on the fourth day, the activity trace of mice in CLP
group was much higher than that in CLP + SF and CLP + NLRP3 inhibitor groups. Then, the escape latency time of mice
was analyzed. Compared to Control group, the escape latency time of mice in the CLP group significantly increased
starting from the third day. However, the escape latency time of mice was reduced after treatment with SF and NLRP3
inhibitor (Figure 1C). In addition, water maze without platform detection on the fifth day showed that the spatial memory
of CLP group mice was worse than the other three groups, with fewer crossings of the original platform compared to the
other three groups (Figure 1D).

Pathological Analysis of the Hippocampal Region (DG and CA3) of Mouse Brain

Tissue

Next, we analyzed the pathology of the hippocampal region of brain tissueS. HE staining showed that compared to
Control group, neuronal damage in the hippocampal region (DG and CA3) was significantly increased in CLP, CLP + SF,
and CLP + NLRP3 inhibitor groups, which all showed irregular cell borders, disorganized cell arrangement, and dark
staining of the cytoplasm. Among them, the CLP group was especially obvious (Figure 2A). Moreover, Tunel staining
(red signals) showed a significant increase in apoptosis in the hippocampal region (DG and CA3) and peripheral regions
in CLP, CLP + SF and CLP + NLRP3 inhibitor groups than Control group. Among them, the CLP group was particularly
obvious (Figure 2B and C).

Levels of the Inflammatory Cytokines IL-1( and IL-18 and the Inflammasomes NLRP3

and Caspase |

In addition, inflammatory cytokines IL-1p and IL-18 levels in serum and brain tissues of mice showed that IL-1f and IL-
18 levels were observably elevated in CLP group than Control group. IL-1B and IL-18 levels were reduced after
treatment with SF and NLRP3 inhibitor respectively (Figure 3A-D). Furthermore, compared to Control group, NLRP3
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Figure 2 Pathological analysis of the hippocampal region of mouse brain tissue. (A) Hematoxylin-eosin staining was performed to observe the pathological changes of
hippocampus (DG and CA3). Scale bar: 50 pm. (B) TdT mediated dUTP Nick End Labeling (Tunel) was utilized to evaluate apoptosis in hippocampus (DG and CA3) of brain
tissueS. Red indicated Tunel signals, blue indicated the DAPI signals. Scale bar: 200 um. (C) Statistical analysis of Tunel-positive cells. **P < 0.01; ***P < 0.001; ****P < 0.0001.
Abbreviations: CLP, caecal ligation and puncture; SF, shenfu injection.

7300  rees Journal of Inflammation Research 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Liu et al

Control CLP CLP+SF CLP+NLRP3 Inhibitor

150 *x **
] Caspase 1

IL-18 (pg/mL)
IL-1B (pg/mL)
a
(=3
o

50

150

10 —

P [] —— —_—
—s z_8 2

jry =y b= 2 . 4

£ £ 200 §2 6 g o

= = T ©

o =3 © o X

(=% o % [ 389 sS4

- - 22 4 sZ

e e g8 5< 2

< < e, «©

0 0 0 0-

300

100

4 50 1, 100

L L > £ » L
& N Qxé & & Qxé & & 0\3 Qxé‘ & & &2 & &
® ~ & <® & & <® &~ & ® & &
%] ) ) 3
& & & &
W' WV
Qx\“\' Q,\“’ = S
9 v (o4 &~

Figure 3 Levels of the inflammatory cytokines IL-If and IL-18 and the inflammasomes NLRP3 and Caspase |. (A and B) Enzyme-linked immunosorbent assay was applied to
detect serum IL-1f and IL-18 levels. (C and D) Enzyme-linked immunosorbent assay was utilized to detect IL-1{ and IL-18 levels in brain tissues. (E) Western blot analysis of
NLRP3 and Caspase | expression in brain tissues. **P < 0.01, **P < 0.001.

Abbreviations: CLP, caecal ligation and puncture; SF, shenfu injection; IL, interleukin; NLRP3, nucleotide binding oligomerization domain-like receptor family pyrin domain
protein 3.

and Caspase 1 expressions in the brain tissues of CLP group were notably elevated. NLRP3 and Caspase 1 expressions
were repressed after treatment with SF and NLRP3 inhibitor respectively (Figure 3E).

Expression of NLRP3/Caspase | and NeuN in Hippocampus of Brain Tissues

In addition, we further used IF staining to detect NLRP3/Caspase 1 and NeuN expression in hippocampus (DG and CA3)
of brain tissues. The green fluorescence is NLRP3 or Caspase 1, the red fluorescence is NeuN, and the blue fluorescence
is DAPI. Compared to Control group, the expression of NLRP3/Caspase 1 and NeuN in hippocampal neurons in CLP
group was up-regulated. After treatment with SF and NLRP3 inhibitor respectively, the expression of NLRP3/Caspase 1
and NeuN in hippocampal neurons was decreased (Figure 4A-D).

The Acquisition of Active Ingredients of SF and the Molecular Docking Analysis of the
Active Ingredients of SF and the Targets NLRP3 and Caspase |

Next, we conducted a network pharmacological analysis. According to DL > 0.18 and OB > 30%, there were 43 active
ingredients in SF. Among them, 22 were Renshen and 21 were Fuzi (Table 1). Cytoscape 3.7.0 was utilized to visualize
the interaction between the active components of SF and the targets NLRP3 and Caspase 1, and to construct the
compound-ingredient-target diagram. As shown in Figure 5A, the main active components of SF formed a complex
regulatory network with NLRP3 and Caspase 1, indicating that TCM compounds were regulated through the synergistic
action of multiple components and targets in regulating and restoring the balance of human function. In addition, in order
to study the interaction between the active ingredients of SF and the targets NLRP3 and Caspase 1, TCMSP database was
acted as the ligand library, and the PDB file obtained by the targets NLRP3 and Caspase 1 was used as the receptor
protein, and the molecular docking was performed using Auto Dock Vinal.1.2. The binding energy < —5.0 kJ-mol " was
selected as the screening condition to obtain SF ingredients and targets NLRP3 and Caspase 1. Among them, 27
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Figure 4 Expression of NLRP3/Caspase | and NeuN in hippocampus of mouse brain tissue. (A) NLRP3 and NeuN expressions in hippocampus (DG) was assessed by
immunofluorescence staining. The green fluorescence is NLRP3, the red fluorescence is NeuN, and the blue fluorescence is DAPI. Scale bar: 200 um. (B) Caspase | and
NeuN expressions in hippocampus (DG) was measured by immunofluorescence staining. The green fluorescence is Caspase |, the red fluorescence is NeuN, and the blue
fluorescence is DAPI. Scale bar: 200 um. (C) NLRP3 and NeuN expressions in hippocampus (CA3) was assessed by immunofluorescence staining. The green fluorescence is
NLRP3, the red fluorescence is NeuN, and the blue fluorescence is DAPI. Scale bar: 200 pm. (D) Caspase | and NeuN expressions in hippocampus (CA3) was measured by
immunofluorescence staining. The green fluorescence is Caspase |, the red fluorescence is NeuN, and the blue fluorescence is DAPI. Scale bar: 200 pm. *P < 0.05, **P <
0.01, ¥¥P < 0.001; ***P < 0.0001.

Abbreviations: CLP, caecal ligation and puncture; SF, shenfu injection; NLRP3, nucleotide binding oligomerization domain-like receptor family pyrin domain protein 3.

molecules were well bound to the target NLRP3, and 42 molecules were well bound to the target Caspase 1 (Table 2).
The top three molecules with the closest binding degree to each target were selected to draw two- and three-dimensional
graph using Discovery Studio 2019 software. Results showed in Supplemental Figure 1. In addition, PyMOL 2.5.4 was

applied to visualize the molecular docking results. Results showed that (R)-norcoclaurine (MOL002419) was most
closely bound to NLRP3 with binding energy of —7.2 kJ-mol ', ignavine (MOL002421) was most closely bound to
Caspase 1 with binding energy of —8.3 kJ ‘mol ! (Figure 5B and C, Table 2).

Table | Active Ingredient of Shenfu

Mol ID OB (%) DL Herb

MOL002879 43.59 0.39 | Renshen
MOL000449 43.83 0.76 | Renshen
MOL000358 3691 0.75 | Renshen
MOL003648 65.83 0.54 | Renshen
MOL000422 41.88 0.24 | Renshen
MOL004492 38.72 0.58 | Renshen
MOL005308 66.65 0.22 | Renshen
MOL005314 101.88 0.49 | Renshen
MOL005317 39.27 0.81 | Renshen
MOL005318 40.45 0.2 | Renshen
MOL005320 45.57 0.2 | Renshen
MOL005321 65.9 0.34 | Renshen
MOL005344 36.32 0.56 | Renshen

(Continued)
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Table | (Continued).

Mol ID OB (%) DL Herb
MOL005348 3111 0.78 | Renshen
MOL005356 61.22 0.31 | Renshen
MOL005357 31.99 0.83 | Renshen
MOL005360 5771 0.63 | Renshen
MOL005376 33.09 0.79 | Renshen
MOL005384 57.52 0.56 | Renshen
MOL005399 3691 0.75 | Renshen
MOL005401 39.56 0.79 | Renshen
MOL000787 59.26 0.83 | Renshen
MOL00221 | 39.99 0.2 | Fuzi
MOL002388 57.76 0.28 | Fuzi
MOL002392 46.69 0.37 | Fuzi
MOL002393 34.52 0.18 | Fuzi
MOL002394 34.52 0.18 | Fuzi
MOL002395 56.3 0.31 | Fuzi
MOL002397 51.73 0.73 | Fuzi
MOL002398 69.56 0.34 | Fuzi
MOL002401 43.1 0.85 | Fuzi
MOL002406 39.43 0.38 | Fuzi
MOL002410 34.06 0.53 | Fuzi
MOL002415 51.87 0.66 | Fuzi
MOL002416 30.96 0.24 | Fuzi
MOL002419 82.54 0.21 | Fuzi
MOL00242 | 84.08 0.25 | Fuzi
MOL002422 50.82 0.73 | Fuzi
MOL002423 33.41 0.19 | Fuzi
MOL002433 41.52 0.22 | Fuzi
MOL002434 38.16 0.8 | Fuzi
MOL000359 3691 0.75 | Fuzi
MOLO000538 31.39 0.26 | Fuzi

Abbreviations: DL, drug-likeness; OB, oral bioavailability.

Norcoclaurine Increases the Cell Viability and Decreases Inflammation and Apoptosis
Furthermore, BV-2 cells were treated with LPS was considered the in vitro model. Figure 6A showed that LPS decreased
the cell viability compared to the Control group; while norcoclaurine, not DMSO (solvent of norcoclaurine) promoted the
cell viability when compared to the LPS group. The expression levels of apoptosis related protein Caspase 1, inflamma-
tion related protein (NLRP3, IL-18, and IL-1p) were promoted by LPS treatment, while norcoclaurine, not DMSO,
reduced the above protein upregulation induced by LPS (Figure 6B and C).

Discussion

Sepsis evoked systemic inflammation, including neuroinflammation.”® SAE is a form of diffuse central nervous system
dysfunction during sepsis, which is associated with increased mortality and poor prognosis in patients with sepsis.?’
Patients with SAE can present with a wide range of severity, ranging from mild delirium to deep coma. This condition is
known to occur in up to 70% of patients in intensive care units.*® Despite extensive research, specific treatments for SAE
are still lacking.*' In this study, we conducted in vivo experiments to investigate the specific mechanism of SF in SAE,
which involved NLRP3/Caspase 1 mediated pyroptosis pathway. We found that SF reduced sepsis induced cognitive
dysfunction by improving pyroptosis. This is the first time to report the study of SF/NLRP3/Caspase 1 mediated
pyroptosis in SAE.
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Figure 5 The acquisition of active ingredients of shenfu injection and the molecular docking analysis of the active ingredients of shenfu injection and the targets NLRP3 and
Caspase |. (A) Cytoscape3.7.0 was applied to visualize the interaction between the active components of shenfu injection and the targets NLRP3 and Caspase |, and to
construct the compound-ingredient-target diagram. (B and C) PyMOL 2.5.4 was utilized to visualize the molecular docking results of (R)-norcoclaurine with NLRP3 (B) and
ignavine with Caspase | (C). NLRP3, nucleotide binding oligomerization domain-like receptor family pyrin domain protein 3.

As a Chinese medicinal preparation, SF is widely used in treating various diseases, including sepsis. Previous study
has demonstrated that SF dose-dependently prolonged survival and protected intestinal mucosa in septic rats.'* Xu et al
reported that SF prevented sepsis-induced myocardial injury by inhibiting mitochondrial apoptosis.** In addition, SF has
shown good clinical efficacy in treating sepsis.”® However, the therapeutic effect of SF on SAE remains unclear. The use
of CLP has been reported to induce experimental sepsis in mice, causing polymicrobial sepsis.** Polymicrobial sepsis
caused by CLP is the most commonly employed model 1 due to its close resemblance to the progression and

Table 2 Molecular Docking Results of NLRP3 and
Caspase | with the Active Ingredient of Shenfu

Mol ID Target PDB ID | Affinity/k] mol-I
MOL002419 | NLRP3 7ALY =72
MOLO003648 | NLRP3 7ALY -7
MOL005321 | NLRP3 7ALY —6.7
MOLO005376 | NLRP3 7ALY —6.6
MOL000787 | NLRP3 7ALY -6
MOLO005314 | NLRP3 7ALY -6
MOL002398 | NLRP3 7ALY -5.8
MOL002401 | NLRP3 7ALY -5.7
MOLO005356 | NLRP3 7ALY =57
MOL000358 | NLRP3 7ALY -5.5
MOL000359 | NLRP3 7ALY -5.5
MOL002421 | NLRP3 7ALY -5.5

(Continued)
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Table 2 (Continued).
Mol ID Target PDB ID | Affinity/k] mol-I
MOLO005348 | NLRP3 7ALVY 5.5
MOL005401 | NLRP3 7TALV 55
MOL000449 | NLRP3 7ALVY -5.4
MOL002434 | NLRP3 7ALVY -53
MOL002388 | NLRP3 TALV -5.2
MOLO005344 | NLRP3 7ALVY -5.2
MOL000422 | NLRP3 7ALV =5.1
MOL002410 | NLRP3 7ALV =5.1
MOL002422 | NLRP3 7ALVY 5.1
MOL002394 | NLRP3 7ALVY -5
MOL002397 | NLRP3 7ALV =5
MOLO002416 | NLRP3 7ALY -5
MOLO005318 | NLRP3 7ALVY -5
MOL005360 | NLRP3 7ALV -5
MOL005384 | NLRP3 7ALV -5
MOL00242| | Caspase-| IBMQ -8.3
MOL004492 | Caspase-l | IBMQ -8.2
MOL002410 | Caspase-1 | IBMQ =77
MOL002401 | Caspase-1 | IBMQ 7.6
MOL000787 | Caspase-1 | IBMQ =75
MOL000538 | Caspase-1 | IBMQ =7.1
MOL002392 | Caspase-1 | IBMQ =7.1
MOL003648 | Caspase-1 | IBMQ =7.1
MOL005344 | Caspase-1 | IBMQ =7.1
MOL002433 | Caspase-1 | IBMQ -7
MOL002434 | Caspase-1 | IBMQ -7
MOL005357 | Caspase-1 | IBMQ -7
MOL005384 | Caspase-1 | IBMQ -7
MOL000422 | Caspase-1 | IBMQ -6.9
MOL005318 | Caspase-1 | IBMQ -6.9
MOL005376 | Caspase-1 | IBMQ -6.9
MOL000358 | Caspase-1 | IBMQ —6.8
MOL005321 | Caspase-| I1BMQ —6.8
MOL005356 | Caspase-1 | IBMQ —6.8
MOLO005401 | Caspase-1 | IBMQ —6.8
MOL002398 | Caspase-1 | IBMQ -6.7
MOL005314 | Caspase-1 | IBMQ -6.7
MOL000449 | Caspase-| I1BMQ —6.6
MOLO005348 | Caspase-l | IBMQ —6.6
MOL002395 | Caspase-1 | IBMQ -6.5
MOL005360 | Caspase-1 | IBMQ —6.5
MOLO000359 | Caspase-l | IBMQ —6.4
MOL002388 | Caspase-l1 | IBMQ —6.4
MOL002393 | Caspase-1 | IBMQ —6.4
MOL002419 | Caspase-1 | IBMQ —6.4
MOL002394 | Caspase-l1 | IBMQ —6.3
MOL002415 | Caspase-1 | IBMQ —-6.2
MOL002416 | Caspase-1 | IBMQ —6.2
MOL005399 | Caspase-| I1BMQ —-6.2
MOL002397 | Caspase-1 | IBMQ —6.1
(Continued)
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Table 2 (Continued).

Mol ID Target PDB ID | Affinity/k] mol-I
MOL002422 | Caspase-l | IBMQ —6.1
MOL005308 | Caspase-| I1BMQ —6.1
MOL005317 | Caspase-l1 | IBMQ —6.1
MOL002406 | Caspase-l | IBMQ =59
MOL002423 | Caspase-| I1BMQ -59
MOL002879 | Caspase-l | IBMQ -5.4
MOL005320 | Caspase-l | IBMQ =5.1

characteristics of human sepsis.®> In addition, CLP-induced cognitive impairment.*® In this study, we successfully
constructed a mouse sepsis model with cognitive impairment through CLP method. Same with previous study,’® the
survival rate of CLP group decreased significantly. In addition, we found that the escape latency time increased
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Figure 6 Norcoclaurine increases the cell viability and decreases inflammation and apoptosis. BV-2 cells were treated with/without LPS/norcoclaurine for 24 h. (A) Cell
viability detection using Cell Counting Kit-8. (B) Western blot analysis of Caspase |, NLRP3, IL-18, and IL-If levels. (C) The relative density analysis of (B). *P < 0.05, **P <
0.01, P < 0.001.

Abbreviations: IL, interleukin; LPS, lipopolysaccharide; DMSO, dimethyl sulfoxide; NLRP3, nucleotide binding oligomerization domain-like receptor family pyrin domain
protein 3.
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significantly, and the number of crossings the platform decreased significantly. SF and NLRP3 inhibitor increased the
survival rate of mice, decreased the escape latency time of mice. Hippocampus play key role in learning contextual
information.>” We found that neuronal damage and cell apoptosis in hippocampal region increased in CLP group. SF and
NLRP3 inhibitor could improve neuronal damage and apoptosis in hippocampus region. These results indicated that SF
could effectively alleviate SAE in mice. Therefore, we further explored the mechanism of SF in SAE in mice.

Pyroptosis plays an important role in host defense against pathogenic infections, and this process is planned by
inflammasomes.*® Activation of NLRP3 triggers the assembly of intracytoplasmic multiprotein signaling complexes, known
as inflammasomes, which serve as platforms for the activation of Caspase 1. This activation, in turn, leads to the release of pro-
inflammatory cytokines like IL-1B and IL-18, as well as cell death mediated by GSDMD.*’ The study results of Fu et al showed
that hippocampal dependent memory deficit induced by CLP was accompanied by an increase in NLRP3 and Caspase 1 positive
cells and an increase in protein levels of NLRP3, Caspase 1 and pro-inflammatory cytokines in the hippocampus.'® Therefore,
inhibition of pyroptosis may have potential therapeutic effects on SAE.*” Sun et al reported that in juvenile rats with sepsis, P2X7
receptor-mediated NLRP3/Caspase 1-related pyroptosis occurs in the cerebral cortex through the ERK1/2 signaling pathway and
plays a neuroprotective role.*! In this study, we found that SF reduced inflammatory cytokines IL-1f and IL-18 levels in serum
and brain tissue. In addition, SF could reduce the levels of inflammasome NLRP3 and Caspase 1 in brain and NLRP3/Caspase 1
and NeuN expressions in hippocampal neurons. Therefore, targeting NLRP3/Caspase 1-mediated pyroptosis may be a viable
treatment for SAE.

Network pharmacology provides a new paradigm for uncovering and visualizing the potential interaction networks of
TCM against multifactorial diseases.** Through collaborative multi-compound network pharmacology and drug reuse,
precise and effective therapeutic interventions could be achieved, avoiding the need for drug discovery and accelerating
clinical transformation.*® Yuan et al employed a novel research approach using network pharmacology to identify
potential therapeutic targets and key active ingredients of SF for sepsis based on the pathophysiological perspective of
the condition. Through their analysis, they identified 28 active ingredients of SF, including 18 ginsenosides and 10
aconite alkaloids.** We found 43 active ingredients in SF through network pharmacological analysis, including 22
Renshen and 21 Fuzi. In addition, we found Renshen and Fuzi, the main active ingredients of SF, form a complex
regulatory network with NLRP3 and Caspase 1. Study has indicated that the main bioactive ingredients of Fuzi-Gancao
herb couple in the treatment of non-alcoholic fatty liver disease including (R)-norcoclaurine.*’ In addition, norcoclaurine
significantly improve memory in Alzheimer’s disease.*® Ignavine is a novel allosteric modulator of the mu opioid
receptors, which may be used to treat pain.*’ However, the relationship between (R)-norcoclaurine/ignavine and NLRP3/
Caspase 1 in SAE is unclear. Through molecular docking, we found that (R)-norcoclaurine (MOL002419) was most
closely bound to NLRP3 with binding energy of —7.2 kJ-mol ', ignavine (MOL002421) was most closely bound to
Caspase 1 with binding energy of —8.3 kJ-mol . These results suggested that SF might improve SAE by modulating
NLRP3/Caspase 1 via (R)-norcoclaurine and ignavine. In addition, we found that norcoclaurine increased the cell
viability and decreased inflammation and apoptosis. Therefore, we speculated that norcoclaurine could prevent SAE.
Furthermore, we will further validate the preventive effects of norcoclaurine and ignavine on SAE in animal experiments.

Conclusion

Our results suggested that SF could improve SAE, which may be involved in NLRP3/Caspase 1 mediated pyroptosis.
Moreover, SF could regulate NLRP3/Caspase 1 through (R)-norcoclaurinee to prevent SAE. Therefore, our study
provides clues to understand the molecular mechanism of SF in SAE, and provides a new idea for treating SAE.

Abbreviation

SAE, sepsis-associated encephalopathy; SF, shenfu injection; CLP, caecal ligation and puncture; MWM, Morris water
maze; TCM, traditional Chinese medicine; NLRP3, nucleotide binding oligomerization domain-like receptor family
pyrin domain protein 3; HE, hematoxylin-eosin; Tunel, TdT mediated dUTP Nick End Labeling; ELISA, enzyme-linked
immunosorbent assay; IF, immunofluorescence; GSDMD, gasdermin D; PBS, phosphate buffer saline; IL, interleukin;
LPS, lipopolysaccharide; DMSO, dimethyl sulfoxide; CCK-8, Cell Counting Kit-8.
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