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Purpose: This study aimed to investigate the mechanisms by which Astragalus polysaccharide nanoparticles (APS-CS/TPP) protect
against septic myocardial injury, addressing the limited understanding of how APS-CS/TPP specific signaling pathways in this
condition.

Materials and Methods: Potential targets and pathways of Astragalus polysaccharide (APS) were initially predicted using network
pharmacology, molecular docking, and microscale thermophoresis. APS-CS/TPP were prepared using an ion gel method with
a chitosan derivative and characterized for formation, size, and surface charge. A murine model of septic myocardial injury was
established by cecal ligation and puncture (CLP), and therapeutic outcomes were assessed via echocardiography, ELISA, histology,
and Western blot. In vitro, H9¢2 cells were stimulated with LPS and treated with APS-CS/TPP, with or without the HSP9OAA1
inhibitor TAS-116, followed by evaluation of inflammatory markers and protein expression.

Results: APS showed high binding affinity to HSP90AA1. APS-CS/TPP improved survival and attenuated myocardial damage in
septic mice. In vitro, they reduced levels of IL-1f, IL-6, and TNF-a, and downregulated HSP9OAA1, NLRP3, caspase-1, and IL-1p.
These effects were suppressed by TAS-116.

Conclusion: APS-CS/TPP protect against septic myocardial injury by inhibiting the HSP9OAA1/NLRP3 signaling pathway.
Keywords: nanoparticles, HSP9OAA1, NLRP3, cardioprotection, astragalus polysaccharide

Introduction

Sepsis, characterized by a dysregulated host response to infection leading to organ dysfunction, remains a major cause of
global morbidity and mortality.' The heart is particularly vulnerable in sepsis, and effective therapies to prevent or treat
septic myocardial injury are limited, with current management relying mainly on supportive care and antibiotics.*

The NOD like receptor protein 3 (NLRP3) inflammasome plays a central role in the pathogenesis of septic myocardial
injury,” promoting inflammation, cardiomyocyte apoptosis, and cardiac dysfunction.” Although inhibition of the NLRP3
pathway represents a promising therapeutic strategy, its upstream regulation in sepsis is not fully understood.

Heat Shock Protein 90 Alpha Family Class A Member 1 (Hsp90AA 1) maintained the stability of NLRP3 by guarding
it.® It has been reported that the overexpression of Hsp90AA activated innate immunity via NLRP3 signaling pathways
in yellow catfish.” In response to the priming signal, the removal HSP9OAA1 led to the NLRP3 inflammasome triggering
the cleavage of pro-caspase-1 into active caspase-1, which then promoted the secretion of inflammatory cytokines,
including IL-1B, TNF-0, and IL-6."° A recent study further demonstrated that the HSP9OAA1 inhibitor TAS-116
effectively degraded NLRP3 and attenuated inflammasome activation in rats with ulcerative colitis."' In addition to
maintaining stability, HSP9OAA1 was also implicated in DNA repair, immune response, neurodegenerative diseases, and
heat stress response.'> HSP9OAA1 has been shown to stabilize NLRP3 and facilitate inflammasome activation in other
inflammatory conditions, yet its role in septic cardiomyopathy remains unclear.
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Astragalus polysaccharide (APS) exhibits anti-inflammatory and cardioprotective properties and has been reported to
inhibit NLRP3 signaling.'*'* However, its clinical translation is limited by poor cellular uptake due to its macromole-
cular structure.'> To address this, we developed Astragalus polysaccharide nanoparticles (APS-CS/TPP) using a chitosan-
based delivery system. Previous studies demonstrated that, at an equivalent dose, these nanoparticles outperform plain
APS by markedly lowering the bacterial load in peripheral blood, attenuating inflammatory markers, and reducing levels
of myocardial injury-specific indicators in sepsis models, thereby conferring protection against septic myocardial
injury.'® Nevertheless, the precise mechanism underlying the cardioprotective effect of APS-CS/TPP in sepsis remains
unclear.

Therefore, this study aimed to investigate whether APS-CS/TPP attenuate septic myocardial injury by targeting
HSP90AAT1 and inhibiting the NLRP3 inflammasome pathway. Using integrated network pharmacology, molecular
docking, and experimental validation in vivo and in vitro, we hypothesized that APS-CS/TPP exert cardioprotective
effects by suppressing the HSP9OAA1/NLRP3 signaling axis. This study revealed the protective effect of APS-CS/TPP,
provided a brand-new drug candidate strategy for the treatment of septic myocardial injury.

Materials and Methods

Network Pharmacology Research

The HERB database (http://herb.ac.cn/) was utilized to screen for the related chemical components of APS.
Subsequently, their SMILES (Simplified Molecular Input-Line Entry System) representations were acquired via the
PubChem database (https://pubchem.ncbi.nlm.nih.gov/) and uploaded to the Swiss Target Prediction database (http://

www.swisstargetprediction.ch/) to find the bioactive components. The species chosen was “Homo sapiens” and the

search results were fifiltered and deduplicated. “Septic myocardial injury” was used as a keyword to screen disease
targets through the GeneCards database (https://www.genecards.org), the OMIM database (https://omim.org/), and the
DrugBank database (https://go.drugbank.com/). Subsequently, with the aid of a Venn diagram (http://bioinformatics.psb.

ugent.be/Webtools/Venn/), the overlapping targets were identified as the potential targets of APS against septic myo-

cardial injury. The pathway enrichment analysis was performed using the DAVID database (https://david.ncifcrf.gov/) to

explore the signal pathways with P < 0.05 as the screening condition. These KEGG pathways were visualized through the
microletter online platform (http://www.bioinformatics.com.cn/). The component-target-pathway-disease network was

visualized using Cytoscape software (version 3.7.2). The STRING 11.0 database (https://string-db.org/) was utilized to

construct the Protein-Protein Interaction (PPI) network information which was set as Homo sapiens and high confidence
of 0.700, and the key targets were screened by Cytoscape software (version 3.7.2). Subsequently, the hub genes were
identified using six topological analysis methods (MCC, MNC, Degree, Stress, EPC, Bottleneck) commonly provided by
the Cytohubba plugin of Cytoscape software (version 3.7.2) to evaluate and select hub targets.

Molecular Docking Analysis

Molecular docking technology was performed to predict the binding affinity of the hub target protein to active
compounds. Generally, the crystal structures of hub targets were downloaded from the Protein Data Bank (http://www.
rcesb.org/pdb). The MOL2 format of APS as the ligand was obtained from the TCMSP database. The processed ligand
was then molecularly docked with the target protein using Autodock Vina 1.5.7 software to evaluate the interaction
between key bioactive ingredients and the target proteins. Compounds with lower binding energy values were selected.
Finally, PyYMOL 2.3.4 software was utilized to analyze and visualize the docking results.

Microscale Thermophoresis Analysis

The binding of HSP90AA1 and APS was detected by Microscale thermophoresis (MST) with Monolith NTTM Protein
labeling kits according to the instruction. Firstly, the NT-647-NHS-labeled HSP90AA1 was performed. Briefly, 100 pL
HSP90AAT1 protein was transfered to column A. Then mixed with 93uL labelling buffer and 7 puLL dye into supernatant
and placed it on ice Incubating in the dark for 30 minutes. Transfer 300 pL of the purified TMV protein solution to NHS-
647 dye and mix very well by pipetting up and down several times. Subsequently, the labeled HSP9OAA1 protein was
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collected through filling in column B. A total of 16 gradient dilutions of APS were prepared beginning at a concentration
of 100 uM. 10 puL NT-647-NHS-labeled HSP90AA1 was mixed well by pipetting up and down several times with
different concentrations of 16 series of APS. Then all the samples were transfered to standard glass capillaries and
measured using the MO. Control software to obtain the fitted curve and Kd value.

Components of APS

The ingredients of APS were roughly characterized by high-performance liquid chromatography (HPLC). 5 mg of APS
samples was precisely weighed separately in one screw-cap tube. Then, 2 mL of trifluoroacetic acid was precisely added
to the tube, sealed and hydrolyzed in an oven at 100°C for 4 hours. 2 mL of methanol was used to compensate for weight
loss. Subsequently, dissolved the residue in 1 mL of ultrapure water to obtain the astragalus polysaccharide hydrolysate.
After that, 200 uL of 1-phenyl-3-methyl-5-pyrazolone (PMP) and 200 pL 0.3 mol/L sodium hydroxide solution were
mixed and incubated at 70°C for 30 minutes. After sample solutions were cooled to room temperature, the extracted
solutions were extracted three times with an equal volume of chloroform, and the supernatant was then filtered by
0.22 pm millipore filter.

Preparation and Characteration of APS-CS/TPP

APS-CS/TPP were prepared using the ionic gelation technique as mentioned in our previous method.'® Typically, a 1mg/
mL TPP solution was added dropwise to a 2mg/mL chitosan acetic acid solution under magnetic stirring for 10 minutes.
Subsequently, 10mg of APS was introduced and the mixture was stirred magnetically overnight at room temperature.
Following a 60-minute centrifugation at 16,000 r/min, the precipitate was washed three times with 75% ethanol and then
with distilled water. Finally, it was transformed into powder using a vacuum freeze dryer. To confirm the successful
preparation of APS-CS/TPP, fourier Transform Infrared spectrometer (SPECTRUM 1000, Pontypool, UK) was employed
to detect the absorption peaks of both APS and the APS-CS/TPP. At the same time, the prepared APS-CS/TPP was
utilized to measure the nanoparticle size and ZETA potential using a particle size and ZETA potential analyzer
(ZETASIZER Pro; Malvern, UK).

Animal Feeding and Treatment

C57BL/6 male mice (8—10 weeks old, n=82) were obtained from the Experimental Animal Center of Lanzhou University
and fed a standard laboratory diet in the SPF Grade Trial Animal Center of Lanzhou University. Mice were randomly
assigned to three groups: sham (n = 22), model control (CLP group, n=30), and Astragalus polysaccharides nanoparticles
(CLP+APS-CS/TPP group, n=30). The CLP+APS-CS/TPP group received daily gavage administration of 200mg/kg
APS-CS/TPP for three consecutive days prior to the establishment of the CLP model, as described in our previous
method.'® Equal volumes of saline were orally administered to both the sham and CLP groups. After an 8-hour fast, the
mice underwent CLP surgery. A 1-2 cm midline incision was made to expose the cecum, which was then tightly ligated
1.5 cm from the tip and punctured with double holes17. Sham mice underwent the same procedure, except for the
ligation and puncture. Administer APS-CS/TPP (at a dose of 200 mg/kg) by gavage every six hours after CLP surgery,
lasting for 48 hours. Mice were humanely euthanized after 24 hours, and tissue samples were collected for analysis.

Cell Line and Infection

The H9¢2 cardiomyocyte cell line (RRID:CVXL 0286, Wuhan Savier Biotechnology Co., Ltd., China) was cultured in
DMEM supplemented with 10% fetal bovine serum (ExCell Bio, Australia), at 37 °C in 5% CO2. Upon reaching 80%
confluence, the cells were divided into five groups: Control group (control), model control group (LPS+PBS), APS-CS
/TPP group (LPS+APS-CS/TPP), model + HSP9OAAT inhibitor group (LPS+TAS-116), Model + HSP90AA1 inhibitor +
APS-CS/TPP group (LPS+TAS-116+APS-CS/TPP). The LPS+PBS group was treated with 10pug/mL LPS for 24 hours,
followed by the addition of 10 pL PBS and incubation for another 24 hours. The LPS+APS-CS/TPP group was treated
with 10pg/mL LPS for 24 hours, followed by incubation with 50pug/mL APS-CS/TPP for 24 hours. The LPS+TAS-116
group was treated with 10pg/mL LPS for 24 hours, followed by incubation with 0.2 mg/mL TAS-116 for 24 hours. The
LPS+TAS-116+APS-CS/TPP group was treated with 10 pg/mL LPS for 24 hours, followed by incubation with 0.2 mg/
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mL TAS-116 for 4 hours, and then incubation with 50 pg/mL. APS-CS/TPP for 20 hours. The Control group was
incubated with PBS for 48 hours.

Transthoracic Echocardiography

Eight hours after CLP surgery, echocardiographic assessment was performed using a transesophageal echocardiography
device specifically designed for animals (VisualSonics, 3080 Yonge St, Canada) to evaluate acute changes in cardiac
function. The mice were anesthetized with 3% isoflurane and subsequently immobilized for molding. Ultrasound imaging
was conducted using a 57-MHz probe. Subsequently, a series of M-mode images were obtained at the level of the left
ventricular end-diastolic dimension (LVDd), end-systolic dimension (LVDs), stroke volume (SV), and cardiac output
(CO). The Teichholz formula was used to estimate the left ventricular fractional shortening (LVFS), and the ejection
fraction (LVEF) was measured using Vevo LAB 3.0.0. All measurements were based on three consecutive cardiac cycles.

HE Staining

Forty-eight hours after CLP, hematoxylin and eosin (H&E) staining was performed to observe more comprehensive
pathological morphological changes in the myocardial structure of mice. The mouse myocardial tissues were fixed with
4% paraformaldehyde and subsequently embedded in paraffin, cut into sections 4 pm thick. The sections were then
dewaxed, hydrated, and stained using H&E (Baso, Zhuhai Beso Biotechnology Co., China) following the manufacturer’s
protocol. An optical microscope (Olympus CX22, Japan) was used to observe the histopathological changes.

Enzyme-Linked Immunosorbent Assay

Forty-eight hours after CLP surgery, an ELISA kit from Jiangsu Enzyme Biotechnology Industrial Co., Ltd. was used to
detect acute-phase changes in myocardial injury markers in mice, including cardiac troponin T (cTnT), lactate dehy-
drogenase (LDH), and creatine kinase-MB (CK-MB). The levels of ¢TnT and CK-MB in the cell supernatant were
measured using commercial kits (Sino Best Biological Technology, China), following the respective instructions. The
levels of tumor necrosis factor-a (TNF-a), interleukin 6 (IL-6), and IL-1B in cell supernatant were measured using
commercial ELISA kits (Thermo Scientific-Pierce, China) following the guidelines stipulated by the manufacturer. The
assays were conducted in triplicate.

CCK8 Assay

The Cell Counting Kit-8 (CCKS8) from Psaitong, China, was utilized to assess cell viability. H9¢2 cells (1x1075 cells/mL)
were cultured for 4 hours in 96-well plates and subsequently treated with APS-CS/TPP, HSP9OAA1 inhibitor TAS-116.
After 24-hour treatment, each well was administered 10 puL of CCK-8 solution and subsequently incubated at 37 °C for
2 hours. The optical density was measured at 450 nm using a 96-well plate reader (BIO-TEK Instruments, Inc).

The Wright Staining

HO9c2 cells were cultured in 6-well plates, and one slide was placed in each well plate. H9c2 cardiomyocytes were treated
with APS-CS/TPP for 6 hours. Subsequently, cells were treated with TAS-116 (0.2 mg/mL) for an additional 6 hours to
observe more comprehensive morphological and pathological changes in cardiomyocytes. Wright staining was performed
after washing with PBS. Finally, images were obtained under a microscope.

Western Blotting Analysis

The myocardial tissues and H9c2 cells were lysed in RIPA buffer (Servicebio, China) containing 1:100 PMSF
(Servicebio, China). The concentration of all extracted proteins was quantified using the BCA protein analysis kit
(Solarbio, China). Proteins were separated by SDS-PAGE using a 12% gradient gel and transferred onto 0.45 pm
polyvinylidene fluoride (PVDF) membranes. After blocking with 5% skimmed milk, the following antibodies were used
overnight at 4°C: rabbit anti-NLRP3 (1:1500, Gene Tex), rabbit anti-Hsp90AA1 (1:1000, Gene Tex), rabbit anti-Caspase
-1 (1:1000, proteintech), rabbit anti-IL-1B (1:800, Gene Tex), and rabbit anti-beta-actin antibody (1:2000, Servicebio).
The membranes were subsequently incubated with HRP-conjugated anti-rabbit IgGs (diluted 1:10000, provided by
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Servicebio) at room temperature for 1 hour. The membranes were then processed using the enhanced chemiluminescence
(ECL) detection system. ImageJ software was utilized for the quantification of the expression levels of the target proteins.

Statistical Analysis

All data were presented as the mean =+ standard error of the mean (SEM) from at least three independent experiments and
were analyzed using GraphPad Prism 9.0 software. Multiple group comparisons were conducted via one-way ANOVA
using SPSS 22.0 software to assess statistical differences at P < 0.05. The survival curves was performed using the
Kaplan-Meier method with the GraphPad Prism 5 software to assess statistical differences at P < 0.05.

Results
Predicting HSP90AAI as a Key Target in APS Treating Septic Myocardial Injury

To predict the pharmacological mechanism of APS in treating septic myocardial injury, network pharmacology analysis
was conducted. A total of 10 active ingredients of APS were collected from the HERB database and 264 compound-
related targets were obtained through the Swiss Target Prediction database (Table 1). From the Genecards database,
OMIM database, and Drugbank database, 2723 genes associated with septic myocardial injury were identified.
Ultimately, 123 overlapping targets relevant to APS for the treatment of septic myocardial injury were selected using
a Venn diagram (Figure 1A).

These potential genes were uploaded to the STRING database and used to construct a Protein-Protein Interaction
(PPI) network to identify key targets, including HSP90AA1 (Figure 1B). To determine the critical pathways in which the
hub targets were involved in APS against septic myocardial injury, KEGG signaling pathway analysis was conducted.
The top-ranked pathways associated with the target protein HSP9OAA1 were the NOD-like receptor signaling pathway
(Figure 1C). Furthermore, to further clarify the interactions among hub targets, the active components of APS,
HSP90AAI1, and pathways, a drug-targets-pathway network was established using Cytoscape software. There were
four components of APS that act on the core targets (fucose, galactose, glucose, rhamnose), which had higher degrees of
interaction with HSP90OAAT1 and the NOD-like receptor signaling pathway (Figure 1D).

To further examine the interaction between APS and HSP90AA1, the analysis of molecular docking was conducted
(Figure 2A). It was found that HSP90AA1 exhibited a higher binding affinity with fucose (—4.45 kcal/mol), galactose
(—4.26 kcal/mol), glucose (—4.10 kcal/mol), and rhamnose (—3.97 kcal/mol), which are the main active compounds in
APS. Therefore, HSP90AA1 is a specific target for APS, offering a novel strategy to reverse septic myocardial injury.

To further confirm the notion of molecular docking analysis indicating the tight intermolecular affinity between APS
and HSP90AAI, an interaction between them was further examined by from MST assay. As expected, data revealed that
APS had a high affinity to bind to HSP90AA1 with a Kd of 3.36+2.3nM (Figure 2B). Thus, HSP90AAL is a specifically

target for APS to provide a novel strategy to reverse septic myocardial injury.

Table | The Active Ingredients of APS

Ingredient_Id | Ingredient_Name Ingredient_Smile
HBINO16562 Arabinose CIC(C(C(C(OI1)0)0)0O)O

HBIN028037 Glucose C(CIC(C(C(C(O1)0)0)0)0)0O

HBIN024572 D-xylose CIC(C(C(C(OI1)0)0)0O)O

HBIN048047 Vitamin ¢ C(C(CIC(=C(C(=0)0O1)0)0)0)O

HBIN033605 L-rhamnose CCIC(C(C(C(O1)0)0)0)O

HBIN023521 | d-galacturonicacid | CI(C(C(OC(C10)0)C(=0)0)0)O
HBIN024308 | DL-Glucuronic acid | C(=O)C(C(C(C(C(=0)0)0)0)0)O

HBIN026805 | Fucose CCIC(C(C(C(O1)0)0)0)O
HBIN026990 | Galactose C(CIC(C(C(C(O1)0)0)0)0)O
HBINOI8I29 | Beta-Glucan CIC(C(OC(CI10)OC2C(C(OC(C20)0OC3C(COC(C30)CO)0)CO)O)CO)O
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Figure | Network pharmacology predicted the potential therapeutic effects of APS on sepsis-induced myocardial injury via the NOD-like receptor signaling pathway. (A) To
search for the overlapped targets of APS against septic myocardial injury, the Venny figure was utilized. (B) Core target proteins from the PPl network were identified using
the MCODE algorithm. (C) KEGG enrichment analysis was performed using the DAVID database to explore signaling pathways. The red box highlights the strong
association between sepsis-induced myocardial injury and the NOD-like receptor signaling pathway. (D) The drug-component-target-pathwaynetwork was visualized with
the Cytoscape software. The red box indicates the higher interaction with the core components of APS and HSP90AAI.

Components of APS and Characterization of APS-CS/TPP
Analysis of monosaccharide composition of APS was necessary for structural characterization. It could be found that
APS consisted of mannose (Man), rhamnose (Rha), glucose (Glc), galactose (Gal), fucose (Fuc), glucuronic acid (GlcA)
and galacturonic acid (GalA). Additionally, the most hub portion of APS primarily contained Rha, Gle, Gal (Figure 3A).
To confirm the successful preparation of APS-CS/TPP, infrared spectroscopy was employed to detect the character-
istic absorption peaks of both APS and the APS-CS/TPP. The results revealed a unique absorption peak at 618.3 cm ' in
the spectrum of the APS-CS/TPP, which was likely attributed to the connection site between APS and CS-TPP
(Figure 3B). This finding confirmed the successful preparation of the APS-CS/TPP.
The characterization of APS-CS/TPP was investigated using the Zetasizer nano array to measure the size and ZETA
(Figure 3C and D). The particle size of the APS-CS/TPP was relatively uniform, with an average of 186.35+0.31 nm.
The ZETA potential results indicated that the APS-CS/TPP were positively charged with a value of +47.89+0.11 mV,

demonstrating stable properties.
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Figure 2 To further examine the interaction between APS and HSP90AAI using molecular docking and Microscale thermophoresis (MST). (A) Molecular docking was
utilized to confirm the interaction between the HSP90AAI and the core targets of APS polysaccharides. (B) The interaction between APS and HSP90AAI was further
verified APS had a high affinity to bind to HSP90AAI by from MST assay.

APS-CS/TPP Alleviated Myocardial Injury in CLP-Induced Mice

To validate the protective effect of APS-CS/TPP on septic myocardial injury, an CLP-induced myocardial injury mice was
applied (Figure 4A). As shown in Figure 4B, CLP led to a high mortality rate (66.67%). However, APS-CS/TPP overtly
improved the survival rate compared to the CLP group (43.33%, P<0.05). Besides, echocardiography was used to evaluate the
cardiac function of mice. Compared to the sham group, CLP resulted in severe myocardial injury, as evidenced by decreased
LVEF, LVFS, SV as well as CO (P<0.05), while APS-CS/TPP treatment remarkably restored these CLP-induced pathological
changes (Figure 4C and D). In addition, HE staining presented varying degrees of myocardial swelling, disordered myocardial
fiber, expanded cell spaces, and inflammatory infiltration in the CLP model group. However, the pathological features of
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Figure 3 The components of APS and characterization of APS-CS/TPP. (A) The ingredients of APS was characterized via HPLC. The A, B, and C peaks correspond to
rhamnose (Rha), glucose (Glc), galactose (Gal) respectively which correspond to the key components of APS. (B) The characteristic absorption peaks of APS and APS-CS
[TPP using Infrared spectroscopy showed a unique absorption peak at 618.3 cm™ ' in the spectrum of the APS-CS/TPP meaning the successful preparation of the APS-CS/TPP.
(C) The size distribution of the APS-CS/TPP was relatively uniform, with an average of 186.35+0.31 nm. (D) The zeta potential values of APS-CS/TPP were positively
charged with a value of +47.89£0.11 mV.

myocardial destruction were ameliorated in APS-CS/TPP group (Figure 4E). Moreover, APS-CS/TPP treatment reduced the
serum levels of cTnl, CK-MB, and LDH (Figure 4F). Therefore, the results above suggested that APS-CS/TPP could alleviate
septic myocardial injury in vivo.

APS-CS/TPP Regulating HSP90AA| Impacts NLRP3 Signaling Pathway in vivo

To evaluate the impact of APS-CS/TPP on HSP90AAT activity following CLP, we analyzed HSP90OAA1 expression in the
myocardial tissues using Western blotting. As shown in Figure SA, APS-CS/TPP could downregulate the protein expression of
the HSP9OAA1/NLRP3 signaling pathway. Compared to the Sham group, the HSP9OAA1 protein level was significantly
increased in the CLP group but was reduced by APS-CS/TPP treatment (Figure 5B). Furthermore, to verify whether the
suppression of HSP90OAA1 activation by APS-CS/TPP was dependent on the NLRP3 pathway, the levels of NLRP3, caspase-1,
and IL-1P were examined. The results revealed that APS-CS/TPP significantly decreased the levels of NLRP3, caspase-1, and
IL-1p (P<0.01, Figure SC—E), compared with those in the CLP groups.
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Figure 4 Effects of APS-CS/TPP on septic myocardial injury in vivo. (A) A schematic diagram of the experimental group and protocol. There were three groups: sham
(n=22), model control group (CLP group, n=30), Astragalus polysaccharides nanoparticles group (CLP+APS -CS/TPP group, n=30) which were received gavage adminis-
tration of 200mg/kg APS-CS/TPP once daily for 3 consecutive days prior to establish the CLP model. (B) The 72 h survival analysis of mice induced by CLP in each group. (C)
Representative echocardiography images of the short axis using an animal specific transthoracic echocardiography at 8 h post-CLP in mice. (D) Statistical graph of LVEF, LVFS,
SV as well as CO.*P<0.05,**P<0.01, compared with the CLP group. (E) Representative hematoxylin and eosin (H&E) stained sections of myocardial tissue from mice
48 h after cecal ligation and puncture (CLP) surgery. The black arrows indicate infiltrating inflammatory cells in the myocardial tissue. (F) Bar graphs of the levels of cTnl, CK-
MB, and LDH in each group at 48 h post-CLP in mice.*P<0.05,%*P<0.01, compared with the CLP group.
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Figure 5 APS-CS/TPP inhibited the HSP9OAA I/NLRP3 signaling pathway. (A) Representative images and (B—E) quantitative analysis of Western blots of HSP90AAI, NLRP3,
Caspase- 1, and IL-1B.*P<0.05,%*P<0.01. Values are means+ SD. The results represent three independent experiments.

APS-CS/TPP Allleviated the Cytotoxicity Induced by LPS in H9c2 Cells
Cell viability was assessed to investigate the function of APS-CS/TPP in LPS-induced myocardial cell damage using the
CCK-8 assay. As showed in Figure 6A, after a 24 h incubation period, the cell viability of the LPS group was
significantly reduced compared to the control group. However, upon treatment with APS-CS/TPP, the viability was
notably higher (P < 0.05). However, after the inhibition of HSPAAI, the therapeutic efficacy of APS-CS/TPP sig-
nificantly decreased. These results suggested that APS-CS/TPP could increase cell viability in LPS-induced H9¢2 cells.

The c¢TNI and CK-MB levels as the cardiomyocyte injury-specific markers were analyzed in the cell culture
supernatant by ELISA (Figure 6B and C). The results showed that compared to the LPS group, both levels of ¢cTNI
and CK-MB were significantly reduced by 23.3% and 28.3% in the LPS+APS-CS/TPP group (P<0.05), suggesting that
APS-CS/TPP alleviated cardiac dysfunction in LPS-induced sepsis. However, upon administration of the HSP9OAA1
inhibitor TAS-116, the therapeutic effect of APS-CS/TPP was affected. There was a statistically significant difference in
c¢Tnl and CK-MB levels between the LPS+APS-CS/TPP group and the LPS+TAS-116+APS-CS/TPP group.

The Wright staining results showed that the cellar integrity was damaged in the LPS group compared with the Control
group resulting in irregular cell sizes. This damage was ameliorated by treatment with APS-CS/TPP. However, admin-
istration of TAS-116 still resulted in varying degrees of morphological damage (Figure 6D).

APS-CS/TPP Inhibited Inflammatory Cytokines in LPS-Induced H9c2 Cells

To investigate whether APS-CS/TPP attenuated septic myocardial injury by decreasing inflammatory cytokines secretion, the
levels of key inflammatory markers (IL-1p, IL-6, and TNF-q) in cell supernatant were detected. As displayed in Figure 6E—-G,
the levels of IL-1f, IL-6, and TNF-a were remarkably increased in the LPS group compared with the Control group. APS-CS
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Figure 6 APS-CS/TPP suppressed inflammatory responses in LPS-induced H9c2 cells. (A) Cell viability was determined using the CCK-8 assay. (B and C) CK-MB and cTNI
levels in LPS-induced H9c2 cells were measured by ELISA. (D) Morphological changes in H9c2 cardiomyocytes across groups were observed using Swiss staining. The red
arrows indicate varying degrees of damage to the integrity of the cardiomyocyte cell membrane and cytoplasmic volume in each group. (E-G) The levels of TNF-q, IL-6, and
IL-1B in LPS-induced H9c2 cells were determined by ELISA. The mean and standard deviation (n = 3 per group) represent the data. *P < 0.05, **P < 0.01, compared to the
LPS group and the APS-CS/TPP group.

/TPP significantly inhibited the levels of IL-1p, IL-6, and TNF-a at least twice compared to the LPS group indicating that
APS-CS/TPP had a strong anti-inflammatory effect. After treatment with the HSP9OAA1 inhibitor TAS-116, however, there
was a significant difference in inflammatory cytokine levels between the LPS+APS-CS/TPP group and the LPS+TAS-116
+APS-CS/TPP group, suggesting again that inhibition of the HSP9OAA1 may influence the therapeutic effect of APS-CS/TPP.

Inhibition of the HSP90OAA| Activation by TAS-116 in LPS-Induced H9c2 Cells

To confirm the successful inhibition of the HSP90OAAT1 activation by TAS-116 in the experimental groups, Western blot
analysis was performed to detect HSP9OAAL1 levels. After incubation with 0.2 mg/mL HSP90AAT1 inhibitor TAS-116,
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Figure 7 APS-CS/TPP attenuated protein expression in the HSP9OAAI/NLRP3 signaling pathway in LPS-induced H9c2 cells. (A and B) Western blotting was used to
visualize the successful inhibition of the HSP9OAAI activation by Tas-116 in the experimental groups. (C) Bands of NLRP3, Caspase-|I, IL-If, and B-actin were analyzed to
verify whether the suppression of HSP9OAAI activation by APS-CS/TPP was dependent on the NLRP3 pathway. (D—F) The Western blot data was quantified using
densitometric analysis and normalized to B-actin. *P<0.05,%*P<0.01, compared to the LPS group and the APS-CS/TPP group.

HSP90AAT1 levels in the LPS+TAS-116 and LPS+TAS-116+APS-CS/TPP groups were significantly lower compared to
the LPS+PBS group, indicating successful inhibition of the HSP90AA lactivation (Figure 7A and B).

APS-CS/TPP Inhibited the HSP9OAA I/NLRP3 Signaling Pathway in LPS-Induced H9c2 Cells
To verify whether the suppression of HSP90AAT1 activation by APS-CS/TPP was dependent on the NLRP3 pathway, the
levels of NLRP3, Caspase-1, and IL-1B were analyzed. As shown in Figure 7C, the expression levels of NLRP3,
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Caspase-1, and IL-1p revealed differences between the LPS+TAS-116+APS-CS/TPP group and the APS-CS/TPP group.
The results revealed that APS-CS/TPP significantly decreased the levels of NLRP3, Caspase-1, and IL-1p (P<0.01,
Figure 7D-F), compared with those in the LPS groups. These results demonstrated that APS-CS/TPP exerted a protective
effect against septic myocardial injury potentially by modulating the NLRP3 pathway. HSP9OAA1 had been identified as
a novel target of APS-CS/TPP for the improvement of septic myocardial injury.

Discussion

For a long time, the treatment of septic myocardial injury has been a challenging issue worldwide. Apart from supportive
treatment, there has been a notable absence of highly effective therapeutic drugs and methods.'”'® In recent years, the
utilization of nanomaterials for sepsis treatment has garnered significant interest due to their biocompatibility, precise
targeting, and low toxicity.'” For instance, gold nanoparticles (AuNPs) enhance the survival rate of septic mice by
mitigating systemic inflammation.?® Likewise, Casey et al developed cargo-less PLA/PLGA nanoparticles to study their
anti-inflammatory effects on septic mice.?! In this study, nanoparticles composed of APS and a chitosan nanocarrier were
found to significantly enhance the survival rate and improve electrocardiogram readings. Furthermore, these APS-CS
/TPP were capable of suppressing indicators of myocardial injury. This evidence has proven that APS-CS/TPP therapy
was beneficial for septic myocardial injury. Nonetheless, it remained challenging to fully elucidate the mechanisms by
which APS-CS/TPP treat septic myocardial injury. Consequently, we employed a network pharmacology approach to
systematically investigate the mechanisms of APS-CS/TPP in protecting against septic myocardial injury.

Upon analyzing the constructed herb-compound-target network, it was determined that fucose, galactose, glucose, and
rhamnose are the active ingredients associated with the majority of the targets. Additionally, the analysis of monosaccharide
composition of APS via HPLC also showed a portion of APS may contain galactose, glucose, and rhamnose. Consequently,
the multiple active compounds in APS could effectively treat septic myocardial injury. Upon analyzing the target interaction
network, JUN, IL1B, VEGFA, and HSP90AA1 were identified as central to the entire network, which can be considered the
key targets of APS in treating septic myocardial injury. The molecular docking and MST results indicated that HSP90OAA1
exhibits good binding properties with the main active components of APS. Previous studies have suggested that HSP90AA 1
acted on specific targets of APS in the treatment of pulmonary fibrosis.**

Hsp90AAL1, one of the most abundant and conserved chaperones, was a potential therapeutic target for heart disease.”>*
These were the hub genes of heart failure (HF), playing a critical role in the oxidative stress associated with HF.? It has also
been indicated that it plays a vital role in the process of myocardial ischemia/reperfusion (I/R) injury and is a novel target of
miR-1 during myocardial I/R.?® Several studies have investigated HSP9OAAL1 in sepsis. Wang et al have demonstrated that
HSP90AAL significantly decreased the LPS-induced elevation of ROS production and reduced nitric oxide release in
RAW264.7 cells.?’ In CLP rats, HSP9OAAl was increased in pathogenesis of Atrial fibrillation regulating lipid
biosynthesis.”® In our study, the protein level of HSP9OAA1 was also elevated in LPS-induced H9c2 cells. However,
following treatment with APS-CS/TPP, the viability was significantly restored, the Cellular morphology was ameliorated,
and the levels of circulating myocardial markers, cTNI and CK-MB, were reduced in H9¢2 cells.

APS possess excellent anti-inflammatory properties, not only suppressed NF-kB activation but also inhibited MAPK
pathways in LPSstimulated RAW264.7.% In this study, the KEGG enrichment analysis indicated that the pharmacological
mechanisms of APS in septic myocardial injury might be primarily associated with the NOD-like receptor signaling pathway.
Further in vivo and vitro study revealed that APS-CS/TPP could attenuate sepsis myocardial injury by decreasing proin-
flammatory cytokines secretion through the inhibition of HSP9OAA1/NLRP3 signaling pathway. HSP90OAA1 proteins were
major stabilizing factors for NLR proteins. More recent studies indicated that HSP90 facilitated NLRP3 inflammasome
activity during infections and inflammatory diseases.>*' Choudhury et al demonstrated that HSP90 played a significant role
in the regulation of NLRP3 inflammasome activity and downstream IL-1B and IL-18 secretion in alcoholic liver injury.*
Inhibition of HSP90 significantly decreased the secretion of IL-1p and IL-18. This demonstrated that HSP90 could promote
proinflammatory cytokines, and its inhibition in vivo could attenuate LPS-mediated inflammation.”* Consistently, Our data
identified treatment with an HSP90OAAT1 inhibitor TAS-116, which suppresses HSP9OAA1 activity, similarly abolished the
therapeutic effect of APS-CS/TPP. APS-CS/TPP could reduce IL-1p, IL-6 and TNF-a secretion in the HSP9OAA1/NLRP3
axis during therapeutic treatment in septic myocardial injury. Notably, this made the first instance of revealing the potential
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Figure 8 APS-CS/TPP intervene in septic myocardial injury, involving the HSP9OAAI/NLRP3 signaling pathway. (A) Schematic diagram of the HSP9OAAI/NLRP3 signaling
pathway. The purple box designates the Hsp90AAI/NLRP3 signaling pathway, and the red box indicates the inflammatory effects ultimately produced by this pathway. (B)
APS-CS/TPP suppressed the release of inflammatory cytokines while reducing the protein levels of HSP90AAI, NLRP3, caspase-1, and IL-1p.

targets and mechanisms of APS-CS/TPP in treating septic myocardial injury by inhibiting the HSP9OAA1/NLRP3 signaling
pathway.

In conclusion, this study demonstrated that APS-CS/TPP exhibited significant protective activity against septic
myocardial injury in both CLP mice and LPS induced H9¢c2 cells. Additionally, APS-CS/TPP exerted protective effect
in septic myocardial injury by modulating the HSP9OAA1/NLRP3 signaling pathway. This discovery offered valuable
insights into the protective mechanism of APS-CS/TPP, suggesting that it may have therapeutic potential for septic
myocardial injury. However, further studies are needed to explore the clinical applicability of APS-CS/TPP in septic
myocardial injury treatment.

Conclusion
This study elucidated the mechanisms by which APS-CS/TPP intervene in septic myocardial injury, involving the
HSP90AA1/NLRP3 signaling pathway (Figure 8). Furthermore, this discovery offered valuable insights, identifying
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HSP90AAT1 as a novel intervention target for APS to reverse septic myocardial injury. While this preclinical study
identifies a novel mechanistic insight, its translational relevance to HSP9OAA1/NLRP3 and septic myocardial injury
requires further investigation. Future research should aim to validate this target in clinical contexts, which could pave the
way for new therapeutic strategies. A key limitation is the focus on acute-phase injury, which limits insights into long-
term cardiac function. The mechanistic findings, derived from model systems, necessitate future validation in clinical
settings.
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