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Purpose: Systemic lupus erythematosus (SLE) features immune cell dysfunction, causing immune - complex and inflammatory -
factor formation that damages organs. Astragaloside IV (AS-1V), a cyclic triterpene saponin from Astragalus membranaceus, has
strong anti-inflammatory and immunomodulatory effects. This study aimed to evaluate AS-IV’s therapeutic potential for SLE and
uncover its mechanism.

Methods: MRL/lpr mice were divided into MRL/lpr, low - medium - high - dose AS-IV, and Pred groups, with C57BL/6 mice as
controls. Renal damage was assessed by histopathology and electron microscopy. Immune parameters were analyzed using ELISA,
flow cytometry, immunofluorescence, and immunohistochemistry. Network pharmacology was used to find AS-IV’s SLE targets, and
molecular docking was employed to clarify its mechanism, with multiple methods used to measure target expression.

Results: AS-1V ameliorated renal pathology by reducing glomerular and vascular wall lesion scores while attenuating immune
complex deposition. It significantly decreased podocyte foot process fusion rates, alleviated overall renal damage, and reduced key
renal inflammatory cytokines. Systemically, AS-IV reduced spleen index and lowered anti-dsDNA, IgG levels, while restoring
complement components C3 and C4, akin to the effects observed in the Pred group. AS-IV notably downregulated the expression
of ITGB1, PTK2, p38, IL-4, IL-21, IL-17, and the Th1/Th2 and Th17 ratios, while upregulating the Treg ratio compared to the MRL/
Ipr group. Molecular docking and Western blot analyses further validated the interaction between AS-IV and the ITGB1/PTK2/p38
axis.

Conclusion: AS-IV can modulate the ITGB1/PTK2/p38 axis to suppress immune inflammatory responses, thereby ameliorating SLE
progression. These findings suggest the certain therapeutic value of AS-IV in managing SLE.
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Introduction

Systemic Lupus Erythematosus (SLE) is a chronic autoimmune disease characterized by the production of autoantibo-
dies, inflammatory damage to multiple organs, and disruption of immune tolerance mechanisms.' The pathogenesis
involves intricate networks of interactions, including genetic predisposition, aberrant epigenetic modifications, immune
cell dysfunction, and imbalances in cytokine microenvironments.”> Growing evidence suggests that T cell and B cell
dysfunction are pivotal in SLE pathogenesis,” particularly the aberrant differentiation of T cells and the resulting increase
in plasma cells, which are considered crucial drivers of disease progression.* Epidemiological data indicates a prevalence
of SLE in Chinese urban areas ranging from 41.77 to 53.83 per 100,000 individuals, with women being 5.27 times more
likely to be affected than men.” The disease predominantly affects women of childbearing age. Kidney involvement
occurs in about 50% of SLE patients, often progressing to lupus nephritis and potentially leading to end-stage renal
disease.® While interventions such as glucocorticoids, hydroxychloroquine, and B-cell targeted therapies have improved
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patient survival rates significantly, long-term drug toxicity and disease recurrence rates remain elevated. Currently, there
is still a lack of effective drug treatments for SLE. Hence, the identification of novel therapeutic targets and effective
drugs holds substantial clinical importance.

Astragalus membranaceus, a traditional Chinese medicinal herb documented in the Shennong Herbal Classic, contains
Astragaloside IV (AS-1V), a cycloaltane-type triterpenoid saponin recognized as a key bioactive compound.” AS-1V
exhibits superior biological activity and efficacy compared to Astragalus polysaccharide,® demonstrating pharmacologi-
cal properties such as anti-inflammatory, antioxidant, immunomodulatory, and anti-fibrotic effects.” Studies indicate that
AS-IV regulates macrophage immune activity by mediating the HIF-1o/NF-«kB signaling pathway. Additionally, AS-IV
mitigates inflammatory responses in rats by regulating mitophagy and apoptosis. It protects against sepsis-induced acute
kidney injury by alleviating mitochondrial dysfunction and apoptosis in renal tubular epithelial cells, suggesting its
therapeutic potential for acute kidney injury.'®'" Additionally, AS-IV has been observed to rebalance Th1/Th2 levels in
the spleens of mice exposed to hypobaric hypoxia, reducing spleen damage and inflammation.'? Furthermore, AS-IV
attenuates renal fibrosis by modulating ALDH2-mediated autophagy to inhibit epithelial-mesenchymal transition.'* In the
context of SLE, an autoimmune condition, AS-IV exhibits anti-inflammatory and immunoregulatory effects, potentially
slowing the progression of SLE. Nonetheless, the precise mechanism by which AS-IV treats SLE remains unclear,
necessitating comprehensive and systematic investigations to elucidate its molecular pathways in SLE therapy, offering
significant scientific and clinical value.

The core principle of network pharmacology is a research method that systematically analyzes the synergistic action
mechanisms of multiple components, multiple targets, and multiple pathways of drugs based on the “disease - gene -
target - drug” interaction network.'*'> This approach is well-suited for investigating the pharmacological basis and
intervention mechanisms of AS-IV compounds in treating SLE. Molecular docking, a computational chemistry techni-
que, is utilized to predict and assess binding patterns and affinities between small molecule ligands and biomacromo-
lecule receptors.'® This validation of ligand-receptor interactions identified in network analysis holds significant promise
for the development of novel therapeutics across diverse disease states.

In this study, we hypothesize that AS-IV can impede the progression of SLE by suppressing the immune -
inflammatory response. To this end, we utilized MRL/Ipr mice as lupus models, as they closely mimic the multi-organ
damage observed in human SLE.'” Through a combination of network pharmacology and in vivo assays, we examined
the effectiveness, potential targets, and molecular pathways of AS-IV in treating SLE. Our findings offer novel insights
into potential therapeutic approaches for SLE and establish a basis for deeper comprehension of the mechanisms
underlying AS-IV’s actions in autoimmune disorders.

Materials and Methods

Reagents and Drugs

Astragaloside IV (batch number: 2024212002) was supplied by Shanghai Yuanye Biological Co., LTD. (Shanghai,
China); Prednisone (batch number: 20240318) was provided by Tianjin Tianyao Pharmaceutical Co., LTD. (Tianjin,
China); ITGB1 (batch number: GR3102156-1), p-ITGB1 (batch number: GR3018265-9), p38 (batch number:
GR3315660-2), IL-4 (batch number: AG19287106), IL-17 (batch number: AG18207920), IL-21 (batch number:
AG19287106) AD19870462) was purchased from Santa (Shanghai, China); Kits for anti-dsDNA, IgG, C3 and C4
were provided by Wuhan Genemix Technology Co., LTD. (Wuhan, China).

Animals and Groups

Female MRL/lpr and C57BL/6 mice (7 weeks old, 18-22 g) were obtained from Shanghai Slek Laboratory Animal Co.,
Ltd. (License No. SCXK2022-0004). All mice were housed under specific pathogen-free (SPF) conditions at the Animal
Experiment Platform of the Hefei Comprehensive National Science Center Artificial Intelligence Research Institute. The
housing environment was maintained at 25+2°C with 50+10% relative humidity, a 12-hour light/dark cycle, and provided
with food and water ad libitum. All animal procedures strictly adhered to the “Regulations for the Administration of
Affairs Concerning Experimental Animals of the People’s Republic of China” and relevant ethical guidelines, and were

8968 https: Drug Design, Development and Therapy 2025:19



Tang et al

approved by the Animal Ethics Committee of Anhui University of Chinese Medicine (Approval No. AHUCM-mouse
-2022130). Prepare a 10 mg/mL AS-IV solution in 5% DMSO/saline. Fifty MRL/lpr mice were randomly assigned to
five groups (n=10 per group): MRL/lpr, AS-IV low-dose group (AS-IV-L, 10 mg/kg/d), AS-IV medium-dose group (AS-
IV-M, 20 mg/kg/d), AS-IV high-dose group (AS-IV-H, 40 mg/kg/d), and Prednisolone group (Pred, 5 mg/kg/d). An
additional group of ten C57BL/6 mice served as the control. Treatments were administered for 8 weeks. Following
treatment completion, blood, spleen, and kidney samples were collected from all groups. The spleen index was calculated
as spleen weight (mg) divided by body weight (g).

Histopathology

Kidney tissues were fixed in 4% paraformaldehyde for 48h before rinsing with running water, dehydrated using ethanol,
placed in xylene for transparency, embedded in paraffin, and later subjected to sectioning and deparaffinization
procedures. Sections were stained with hematoxylin-eosin (HE)'® and Masson,' respectively, and observed and recorded
under a light microscope.

Transmission Electron Microscope (TEM)

Ultrathin sections were prepared by primary fixation (2.5% pentylacetaldehyde), secondary fixation (1% osmium
tetroxide solution), dehydration with gradient ethanol, resin infiltration, and embedding of kidney tissue. The kidneys
were stained with uranyl acetate for 30 min and lead citrate for 5 min, and then rinsed thoroughly with distilled water to
avoid the crystallization of stain. The structure of kidney tissue was observed and recorded by transmission electron
microscope.

T-Cell Flow Assay

The spleen tissue was cut into small pieces, filtered through a 70 um filter, and then centrifuged with Percoll density
gradient to remove dead cells and impurities to obtain purified cell suspension. Corresponding antibodies were added to
100 pL of cell solution in each group: Th1/Th2 (CD4), Treg (CD4, CD25), Th17 (CD3, CD4), and incubated for 20 min
away from light. Cells were washed and resuspended in PBS, and assayed using flow cytometry. Cells were located by
adjusting forward scattered light (FSC) and side scattered light (SSC), ensuring that the cells were shown on the FSC-
SSC dot plot, and setting the gate to circle the target cell population, and calculating the percentage of the different T-cell
subpopulations.

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)
The extraction of RNA was completed by grinding the kidney tissue into a powder in liquid nitrogen or collecting the cell
precipitate and lysis by adding 1mL TRIzol for delamination and RNA precipitation. The RT reaction was performed to

~AACt
2

obtain cDNA. The relative mRNA expression was calculated using the method. GAPDH was used as an internal

control. The primers were synthesized by Anhui Zhongkang Biotechnology Co., LTD (Table 1).

Western Blotting (WB)

Kidney tissue samples were collected, lysed by adding 600uL of RIPA cell lysate, centrifuged at 12000 r/min for 15min,
and the supernatant was collected. 5X SDS-PAGE protein loading buffer was added at a ratio of 1:4 and heated in
a boiling water bath for 15 min. The cooled protein samples were placed in the SDS-PAGE gel sampling Wells and

Table | Primers Used for RT-qPCR

Gene Name | Forward Reverse

ITGBI GCCAGAAGACATTACTCAG TCAAATCCGTTCCAAGAC
PTK2 ACTTGGACGCTGTATTGGAG CTGTTGCCTGCTTTCTGGAT
p38 CTCATTAACAGGATGCCAAGC | CTTGGGCCGCTGTAATTCTC
GAPDH TTCCACCCATGGCAAATTCC ATCTCGCTCCTGGAAGATGG
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subjected to constant pressure of 80V for protein electrophoresis for 1h. The proteins were transferred to PVDF
membrane after 1 h of membrane transfer and blocked for 2 h at room temperature on a shaker. After incubation with
primary antibodies, ITGB1 (1:2000), p-ITGB1 (1:10,000), PTK2 (1:1500), p38 (1:2000) and GAPDH (1:2000) were
added, and HRP-labeled secondary antibodies (Goat Anti-Mouse IgG, 1:20000) were added and incubated at room
temperature for 1.2 hours. The ECL luminescence kit was used to take pictures with the chemiluminescence imaging
system, and Image J software was used for gray level analysis.

Biochemical Kit Testing

Mouse urine was collected, and 24-hour urine protein quantification (24hPRO), total protein, albumin, and creatinine
were detected using a urine protein quantification kit, urine protein kit, and urine creatinine kit, respectively. The urine
total protein-to-creatinine ratio (UTPCR) was calculated.

Enzyme-Linked Immunosorbent Assay (ELISA)
The whole blood of mice was collected and centrifuged to obtain serum. ELISA kits were used to detect the levels of
anti-dsDNA, immunoglobulin G (IgG), complement 3 (C3) and complement 4 (C4) in serum. The specific operation

procedure was referred to the kit instruction manual.?

Immunofluorescence Staining

Kidney tissue sections were deparaffinized in xylene, followed by antigen repair, addition of 0.3% Triton X-100,
permeabilization and blocking at room temperature. Primary antibodies: GATA3 (1:200), Foxp3 (1:200), ITGB1
(1:300), IL-21 (1:500) were added, and the cells were incubated at 37°C for 60 min. Secondary antibody was added
by dropping: proper amount of HRP-labeled secondary antibody reagent was added and incubated at room temperature in
the dark for 30 min. TSA fluorescent dye was added dropfold, the cells were incubated at room temperature in the dark
for 10 min, and washed three times with PBS. The sections were counterstained by dropping an appropriate amount of
DAPI staining solution. The tablets were sealed with anti-fluorescence quenching sealant, and the images were observed
under a fluorescence microscope and collected.

Immunohistochemical Staining

The renal tissue sections were incubated in 3% H>O, at room temperature for 10 min and washed with PBS for 3 times.
5% BSA was added dropingly and sealed at room temperature for 30 min. Primary antibodies: RORyt (1:200), PTK2
(1:200), IL-4 (1:100), and IL-17 (1:100) were added drop by drop and incubated at 37 °C for 60 min. Secondary antibody
was added dropatively: an appropriate amount of HRP-labeled secondary antibody reagent was added and incubated at
37 °C for 30 min. The slides were counterstained with hematoxylin for 2 min, blued with lithium carbonate solution for
30s, sealed with neutral gum, and observed under a microscope.

Network Pharmacology

The chemical structure and canonical SMILES representation were first retrieved by searching for the keyword
“Astragaloside IV” in the PubChem database®' (Accessed on 18 March 2025, https:/pubchem.ncbi.nlm.nih.gov/). The
target genes were collected using ChEMBL database®” (Accessed on 18 March 2025, https://www.ebi.ac.uk/chembl/) and
SwissTargetPrediction database™ (Accessed on 19 March 2025, http://swisstargetprediction.ch/). The UniProt database
was also used to normalize the protein names to obtain the final Astragaloside IV gene set. Next, from the GeneCards
database®® (Accessed on 19 March 2025, https:/www.genecards.org/), the OMIM database®> (Accessed on
19 March 2025, https://omim.org/), the TTD database®® (Accessed on 19 March 2025, https:/db.idrblab.net/ttd/), and
the Disgenet database®’ (Accessed on 19 March 2025, https:/disgenet.com/) to collect SLE target genes, and the SLE
gene set was obtained by combining the genes obtained from the four databases and removing duplicates. The above two

sets were used to obtain the intersecting genes using Venn diagrams, and the common targets were imported into the
STRING database (Accessed on 21 March 2025, https://cn.string-db.org/) for protein-protein interaction (PPI) analysis to

screen the core targets, which were visualized and analyzed in Cytoscape software (3.10.2). Finally, gene ontology (GO)
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analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were performed using
the Metascape database® (http:/metascape.org).

Molecular Docking

The molecular structures of the core targets, namely ITGB1, PTK2, and p38, were retrieved from the Protein Data Bank
(PDB) database®® (Accessed on 22 March 2025, https://www.rcsb.org/). The PDB IDs for ITGB1, PTK2, and p38 are
1JV2, 2J0J, and 3PY3, respectively. Meanwhile, the three-dimensional structure of Astragaloside IV was obtained from

the PubChem database. Subsequently, molecular docking was carried out using AutoDock Vina software (v1.5.7, The
Scripps Research Institute) to identify potential binding sites. To gain a more intuitive understanding of the docking
outcomes, the results were visualized with the help of PyMOL software (v2.5.4, DeLano Scientific LLC). This
visualization step was crucial for comprehensively assessing the binding affinity between the ligand (AS-IV) and the
receptors (ITGB1, PTK2, and p38).

Statistical Analysis

Each experiment was independently repeated at least five times. GraphPad Prism v9.5.1 (GraphPad Software) and SPSS
Statistics v27.0 (IBM Corp.) were applied for statistical analysis and data visualization. The measurement data were
expressed as mean =+ standard deviation, and two independent samples ¢-test was used for comparisons between groups
that conformed to normal distribution, and non-parametric tests were used for those that did not conform to normal
distribution. A p-value of less than 0.05 indicated a statistically significant difference.

Results
AS-IV Ameliorates Renal Histopathologic Damage in MRL/Lpr Mice

To assess the impact of AS-IV on renal tissues, kidney specimens from all experimental groups were processed for HE
staining and Masson’s trichrome staining. HE staining results revealed that the MRL/Ipr group exhibited prominent
intracapillary and mesangial cell proliferation, thickening of the glomerular basement membrane, and extensive
lymphocyte infiltration. In contrast, in the AS-IV-L, AS-IV-M, AS-IV-H, and Pred groups, both cell proliferation
and mesangial thickening were mitigated, and lymphocyte infiltration was notably reduced compared to the MRL/lpr
group (Figure 1A). Masson’s trichrome staining demonstrated that the MRL/lpr group displayed marked fibrotic
changes in the glomerular capillary lumens, substantial basement membrane thickening, and partial global glomerulo-
sclerosis. Conversely, fibrotic lesions were significantly attenuated in the AS-IV-L, AS-IV-M, AS-IV-H, and Pred
groups. Among them, the Pred group showed the least severe fibrosis (Figure 1B). Compared withdamage (Figure 1C
and D, P < 0.01). The AS-IV-L, AS-IV-M, and AS-IV-H groups showed significant reductions in these scores
compared to the MRL/Ipr group (P < 0.01, P < 0.05). Biochemical kits were used to measure 24hPRO and UTPCR
in each group. Compared with the control group, the MRL/lpr group exhibited significantly elevated 24hPRO and
UTPCR levels (Figure 1E and F, P < 0.01). After AS-IV treatment, both parameters decreased to levels comparable to
those of the Pred group, with no statistically significant difference observed between the two treatment groups.
Collectively, these findings suggest that AS-IV is as effective as Pred in ameliorating renal histopathological damage.

Effect of AS-IV on Kidney Ultrastructure in MRL/Lpr Mice

Transmission electron microscopy (TEM) findings provided detailed insights into the renal ultrastructure. In the Control
group, glomerular mesangial cells exhibited a characteristic star-shaped morphology, featuring multiple protrusions of
unequal lengths. The distinct structures of dense plaques and dense bodies were clearly discernible. In contrast, the MRL/
lpr group presented a marked pathological phenotype. Electron-dense deposits were prominently observed in the glomerular
mesangial area, accompanied by evident mesangial cell proliferation and an increase in the extracellular matrix. However, in
the AS-IV-L, AS-IV-M, AS-IV-H, and Pred groups, there was a notable alleviation of these pathological features.
Specifically, the deposition of electron-dense materials in the glomerular mesangial area and the degree of mesangial cell
proliferation were significantly reduced compared to the MRL/lpr group (Figure 2A-F). Quantitative analysis further
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Figure | AS-IV ameliorated renal histopathological damage in MRL/Ipr mice. (A) HE staining of kidney tissue. (B) Masson staining of kidney tissue. (C) Glomerular scores of
mice in each group. (D) Renal vessel wall scores of mice in each group. (E) 24-hour urine protein (24hPRO) quantification in each group. (F) Urine total protein-to-
creatinine ratio (UTPCR) in each group. Data are presented as mean # SD (n=10). **P < 0.0] compared with the Control group; **P < 0.01, *P < 0.05 compared with the
MRU/Ipr group. Each experiment was repeated ten times.
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Figure 2 Transmission electron microscopy (TEM) observation of the ultrastructure of the kidneys in MRL/Ipr mice. (A—F) TEM images of the kidneys of mice in each group.
(G) Density of electron-dense deposits in mice of each group. (H) Foot-process effacement rate in mice of each group. Data are presented as mean = SD (n=10). **P < 0.0l
compared with the Control group; #p < 0.01 compared with the MRL/Ipr group. Each experiment was repeated ten times.

demonstrated that AS-IV effectively decreased the density of electron-dense deposits and the foot process fusion rate in the
kidneys of MRL/lpr mice (Figure 2G and H, P < 0.01). Collectively, these results strongly suggest that AS-IV can mitigate
the deposition of immune complexes, thereby alleviating the severity of renal damage.

AS-IV Improves Immune Function in MRL/Lpr Mice

The intervention effect of AS-IV was evaluated by calculating the spleen index of each group and detecting immune
function-related indicators using ELISA. The results showed that compared with the Control group, the spleen index
in the MRL/lpr group was significantly increased (P < 0.01). After intervention with AS-IV or Pred, the spleen index
was significantly decreased (Figure 3A and B, P < 0.01). Compared with the MRL/lpr group, the levels of IgG and
anti-dsDNA in the AS-IV-L, AS-IV-M, AS-IV-H, and Pred groups were significantly decreased (Figure 3C and D,
P < 0.01), while the levels of C3 and C3 were significantly increased (Figure 3E and F, P < 0.01). These results
revealed that AS-IV has the effect of improving the immune function of MRL/lpr mice.
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Figure 3 AS-IV improves the immune function of MRL/Ipr mice. (A and B) Spleen indices of mice in each group. (C—F) Levels of IgG, anti-dsDNA, C3, and C4 in mice of

each group detected by ELISA. Data are presented as mean * SD (n=10). **P < 0.0] compared with the Control group; #p < 0.0l compared with the MRL/Ipr group. Each
experiment was repeated ten times.

AS-IV Improves T-Cell Subset Ratio in MRL/Lpr Mice

The proportion of T cell subsets in each group of mice was detected by flow cytometry (Figure 4A). The results showed that
compared with the Control group, the ratio of Th1/Th2 and the proportion of Th17 cells in the MRL/Ipr group were increased
(P <0.01), while the proportion of Treg cells was decreased (P < 0.01). After the intervention of AS-IV, the ratio of Th1/Th2
and the proportion of Th17 cells in MRL/lpr mice were significantly decreased (P < 0.01), and the proportion of Treg cells
was significantly increased (P < 0.01). The intervention effect of Astragaloside IV was comparable to that of Pred
(Figure 4B-D). These results indicate that Astragaloside IV can improve the proportion of T cell subsets in MRL/Ipr mice.

Effect of AS-IV on T-Cell Differentiation-Related Factors in MRL/Lpr Mice

Immunohistochemistry and immunofluorescence staining were employed to detect the expression of T-cell differ-
entiation-related factors in each experimental group (Figure 5A). The results revealed that, in comparison with the
Control group, the MRL/lpr group exhibited a significant decrease in Foxp3 expression and an increase in the
expression of GATA3, RORyt, and T-bet (P < 0.01). In MRL/lpr mice, AS-IV significantly upregulated Foxp3
expression and downregulated the expression of GATA3, RORyt, and T-bet (Figure 5SB-E, P < 0.01, P < 0.05).
Among the treatment groups, the AS-IV-M group demonstrated the most pronounced intervention effect, comparable

to that of the Pred group. Collectively, these findings suggest that Astragaloside IV can modulate T-cell differentiation
in MRL/Ipr mice.

Network Pharmacology Analysis of Potential Targets of AS-IV in SLE

We retrieved 94 target genes associated with AS-IV and 2444 target genes related to SLE from multiple authoritative
databases. Subsequently, 34 intersection genes were identified (Figure 6A and B). Using PPI network analysis, we
pinpointed nine core targets, namely ITGB1, PTK2, MAPK14, CXCL8, and LGALS3 (Figure 6C-E). KEGG and GO
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Figure 4 AS-IV improves the proportion of T cell subsets in MRL/Ipr mice. (A) The proportion of Thl, Th2, Th17 and Treg cells in each group was detected by flow
cytometry. (B) Th1/Th2 ratio of mice in each group. (C and D) The proportion of Th17 and Treg cells in each group. Data are presented as mean * SD (n=10). **P < 0.0l
compared with the Control group; P < 0.01 compared with the MRL/Ipr group. Each experiment was repeated ten times.

enrichment analyses of the 34 intersection genes indicated that the underlying mechanism of AS-IV’s action is linked to
cell differentiation, integrin binding, the extracellular matrix, and the ITGB1/PTK2/p38 signaling axis (Figure 6F and G).

Effects of AS-IV on the ITGBI/PTK2/p38 Signaling Axis in MRL/Lpr Mice

To comprehensively explore the regulatory effects of AS-IV on the ITGB1/PTK2/p38 signaling axis, we employed
multiple experimental techniques, including Western blotting, RT-qPCR, immunofluorescence, and immunohistochem-
istry. The expression levels of ITGB1, PTK2, and p38 in the MRL/Ipr group were significantly elevated compared to
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Figure 5 Effect of AS-IV on factors associated with T-cell differentiation in MRL/Ipr mice. (A) Immunofluorescence and immunohistochemical staining were used to detect
the expression of Foxp3, GATA3, RORyt and T-bet. (B and C) Mean optical density of Foxp3 and GATA3 in each group. (D and E) Expression levels of RORyt and T-bet in
each group. Data are presented as mean + SD (n=10). ¥P < 0.0] compared with the Control group; P < 0.01, #P < 0.05 compared with the MRL/Ipr group. Each
experiment was repeated ten times.

those in the Control group (P < 0.01). This indicates a dysregulation of the ITGB1/PTK2/p38 signaling pathway in the
MRL/lpr mice model. Immunofluorescence and Western blotting results demonstrated that AS-IV effectively decreased
the protein levels of p-ITGB1, PTK2, and p38 in MRL/lpr mice (Figure 7A-E, P < 0.01). This suggests that AS-IV can
directly modulate the protein abundance within the signaling axis. Immunohistochemistry and RT-qPCR analyses showed
that AS-IV also led to a significant reduction in the mRNA expression of ITGB1, PTK2, and p38 (Figure 7F-J, P <0.01).
These findings imply that AS-IV may act at the transcriptional level to regulate the signaling pathway. To further validate
the potential targets of AS-IV, molecular docking technology was utilized to assess its binding affinity to ITGB1, PTK2,
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Drug-disease-target network diagram. (E) Screening of core targets. (F and G) GO and KEGG analysis results.

and p38. The results revealed that the minimum binding energies of AS-IV with ITGB1, PTK2, and p38 were —8.2 kcal/
mol, —6.4 kcal/mol, and —7.9 kcal/mol, respectively (Figure 8). These negative binding energies suggest a strong binding
ability of AS-IV to these key molecules of the signaling axis. Collectively, these results strongly suggest that AS-IV
exerts its regulatory effects by acting on the ITGB1/PTK2/p38 signaling axis, providing a potential molecular mechanism
for its therapeutic application in relevant diseases.

Effect of AS-IV on Renal Cytokines in MRL/Lpr Mice

Immunohistochemical and immunofluorescent staining were employed to assess the expression of renal cytokines. Key
findings were as follows: In the MRL/lpr group, the expression levels of IL-4, IL-17, and IL-21 were significantly
elevated compared to the Control group (P < 0.01). In the AS-IV-L, AS-IV-M, AS-IV-H, and Pred groups, there was
a significant reduction in the expression of IL-4, IL-17, and IL-21 when compared to the MRL/Ipr group (Figure 9A-E,
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Figure 7 Effect of AS-IV on ITGBI/PTK2/p38 signaling axis in MRL/Ipr mice. (A) Immunofluorescence staining to detect the expression of ITGBI in each group of mice.
(B-E) Protein blotting to detect the expression of p-ITGBI, PTK2, and p38 proteins in each group of mice. (F) Immunohistochemical staining to detect the expression of
PTK2 and p38 in each group of mice. (G) Molecular formula of AS-IV. (H-J) RT-qPCR to detect the expression of ITGBI, PTK2 and p38 mRNA. Data are presented as
mean % SD (n=10). *¥P < 0.01 compared with the Control group; **P < 0.01 compared with the MRL/Ipr group. Each experiment was repeated ten times.

P <0.01 or P <0.05). Among them, the AS-IV-M group exhibited the most pronounced intervention effect, comparable
to that of the Pred group. These results strongly suggest that AS-IV effectively downregulates cytokine expression,
thereby alleviating the inflammatory response in the kidneys of MRL/Ipr mice.

Discussion
Systemic lupus erythematosus (SLE) represents a multifactorial autoimmune disorder characterized by dysregulated
immune cell function, pathological immune complex deposition, and aberrant overproduction of inflammatory mediators,
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culminating in multi-organ damage.' Current clinical management of SLE primarily relies on conventional therapeutics
including glucocorticoids and immunosuppressive agents. While effective for disease control, chronic administration of
these pharmacotherapies induces significant adverse effects, including heightened infection risk, osteoporosis, and
metabolic derangements.>*>' Consequently, the development of novel therapeutic agents remains an imperative research
focus. Astragalus membranaceus (Huangqi), a traditional immunomodulatory botanical medicine with extensive clinical
history, demonstrates established efficacy in immune regulation.? Preliminary investigations identified astragaloside IV
(AS-1V), a bioactive saponin isolated from Astragalus membranaceus, as a compound of significant pharmacological
interest.*® This study comprehensively evaluated the therapeutic efficacy of AS-IV in the MRL/Ipr murine lupus model.
Employing an integrated approach combining network pharmacology and molecular docking, we elucidated its under-
lying mechanisms. Key findings demonstrate that AS-IV: Significantly ameliorates renal pathology, Attenuates glomer-
ular immune complex deposition, Suppresses systemic and renal inflammation. Notably, the therapeutic potency of AS-
IV proved comparable to glucocorticoid treatment. Collectively, these data validate the therapeutic potential of AS-IV for
SLE intervention and provide mechanistic insights supporting its clinical translation.

In this study, MRL/Ipr mice were administered AS-IV for eight weeks. Our findings revealed that AS-IV exerted
a notable protective effect on the kidneys. Histopathological analysis via HE and Masson staining indicated that AS-IV
significantly mitigated glomerular mesangial proliferation, lymphocyte infiltration, and renal fibrosis. Renal histopathol-
ogy serves as a reliable indicator of the extent of kidney damage.** To gain deeper insights into the ultrastructural
alterations in the kidneys, transmission electron microscopy was employed. The results demonstrated that AS-IV
effectively alleviated immune complex deposition and foot-process effacement in the kidneys of MRL/Ipr mice, with
its efficacy comparable to that of prednisone. SLE is clinically characterized by the presence of anti-double-stranded
DNA (anti-dsDNA) antibodies, elevated immunoglobulin levels, and complement depletion.*> Anti-dsDNA antibodies
are a quintessential biomarker of SLE, and fluctuations in their levels have a profound impact on the diagnosis, treatment,
and prognosis of the disease.*® It has been established that anti-dsDNA antibodies can trigger thrombosis by directly
activating platelets.?” In the pathogenesis of SLE, TRIM21 has been identified as a novel modulator of the cGAS-STING
signaling pathway. TRIM21 can influence type I interferon production and promote the generation of anti-dsDNA
antibodies by inhibiting the autophagic degradation of STING through p62/SQSTM1 ubiquitination.*® Our experimental
results showed that AS-IV effectively decreased the spleen index, anti-dsDNA antibody levels, and immunoglobulin
G levels, while increasing complement levels. These findings strongly suggest that AS-IV can restore the immune
homeostasis in MRL/lpr mice.
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Figure 9 Effect of AS-IV on renal cytokines in MRL/Ipr mice. (A and B) Immunohistochemical staining and immunofluorescence staining were used to detect the expression
of IL-4, IL-17 and IL-21. (C-E) Mean optical density values of IL-4, IL-17 and IL-21 in each group. Data are presented as mean * SD (n=10). **P < 0.0] compared with the
Control group; P < 0.01, #P < 0.05 compared with the MRL/Ipr group. Each experiment was repeated ten times.

SLE is characterized by profound immune dysregulation, primarily manifesting as an imbalance in T-cell subsets and
excessive activation of B cells. In this study, we employed a comprehensive multi-omics approach, including ELISA,
flow cytometry, immunofluorescence, and immunohistochemistry, to evaluate the immunomodulatory effects of AS-IV.
Our findings demonstrated that AS-IV significantly normalized the Th1/Th2 and Th17 cell ratios while up-regulating the
proportion of Treg cells. Concomitantly, AS-IV effectively reduced the expression of key pro-inflammatory cytokines,
namely IL-4, IL-21, and IL-17. IL-4, a signature cytokine secreted by Th2 cells, is intricately involved in the humoral
immune response.” Elevated IL-4 levels are commonly observed in SLE patients, and previous research has indicated
that blocking IL-4 signaling may hold therapeutic potential for SLE.*® IL-21, secreted by Th17 and T follicular helper
(Tth) cells, is a crucial mediator that promotes B-cell activation and antibody production, thereby playing a pivotal role
in the pathogenesis of SLE.*'*? IL-17, a hallmark cytokine of Th17 cells, is central to the inflammatory cascade in
autoimmune diseases.*® Correlative studies have established a positive association between serum IL-17 levels and SLE
disease activity, as well as renal and nervous system involvement.** The inhibitory effect of AS-IV on these pro-
inflammatory cytokines is likely to contribute to the restoration of immune homeostasis and the mitigation of
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inflammatory damage. Moreover, the ability of AS-IV to regulate the Th1/Th2 and Th17 cell ratios and enhance the
proportion of Treg cells further underscores its potential as an immunomodulatory agent in the context of SLE.* To
explore the mechanism by which AS-IV modulates T-cell subsets, we further investigated the expression of T-cell
differentiation-related factors. The results indicated that AS-IV significantly upregulated the expression of Foxp3, a key
transcription factor specific to Treg cells, while downregulating the expression of GATA3, RORyt, and T-bet. GATA3 is
associated with Th2 cell differentiation, RORyt is crucial for Th17 cell differentiation, and T-bet is a master regulator of
Thl cell differentiation. These findings are consistent with the previous observations on the effects of AS-IV on T-cell
subset ratios. Mechanistically, AS-IV exerts its immunomodulatory and anti-inflammatory effects by precisely regulating
the balance of T-cell subsets. By promoting Treg cell function and inhibiting the differentiation of pro-inflammatory Thl,
Th2, and Th17 cells, AS-IV restores the disrupted immune equilibrium in SLE. This suggests that AS-IV holds
significant potential as a therapeutic agent for the treatment of SLE, offering a novel approach to address the complex
immunopathology of this disease.

Our prior research substantiated the efficacy of AS-IV in treating SLE. Subsequently, we employed network
pharmacology to identify the potential molecular targets of AS-IV. The analysis revealed core targets including
ITGB1, PTK2, MAPK14, and CXCL8. ITGBI1, a transmembrane protein, participates in cell-extracellular matrix
interactions, cell-cell adhesion, migration, and signal transduction.*® In SLE patients, aberrant ITGB1 expression can
trigger abnormal activation and migration of immune cells, facilitating immune complex deposition and the onset of
inflammatory responses.*’” PTK2, also referred to as focal adhesion kinase (FAK), serves as a crucial downstream
signaling molecule of ITGBI1. It mediates cell adhesion signaling through autophosphorylation at tyrosine residue 397
(Y397).* A previous study reported that the interaction between ITGB1 and T cells in SLE induces FAK-mediated
signaling,*” which enhances the activation of autoreactive T cells, aligning with our network pharmacology findings.
MAPK14, known as p38 mitogen-activated protein kinase, is pivotal in the inflammatory response, promoting the
synthesis of inflammatory factors.”® CXCLS, a chemotactic factor, attracts immune cells such as neutrophils to the
inflammatory site, thereby exacerbating the inflammatory process.”' These targets are intricately interconnected, forming
a complex signaling network that collectively contributes to the pathogenesis of SLE. This network provides
a mechanistic basis for understanding how AS-IV exerts its therapeutic effects in SLE treatment.

In our pursuit to further validate the impact of AS-IV on the potential targets ITGB1, PTK2, and p38, we employed an
MRL/lpr mouse model, a well-established animal model for SLE. In MRL/Ipr mice, we observed upregulated expression
of ITGB1, PTK2, and p38, which is consistent with the pathological features of SLE. However, treatment with AS-IV
effectively downregulated the expression levels of these proteins. This finding strongly suggests that AS-IV can act on
these potential targets, interrupt the activation of associated signaling pathways, and thus exert its therapeutic efficacy.
From a signal transduction perspective, upon binding to its ligand, ITGB1 initiates the activation of PTK2. Subsequently,
activated PTK2 triggers the downstream p38 mitogen-activated protein kinase (MAPK) signaling pathway.>>>* This
cascade ultimately leads to the production of inflammatory factors and the activation of immune cells, as previously
reported in the literature. By suppressing the expression of ITGB1, PTK2, and p38, AS-IV can disrupt this signaling axis,
curtail the release of inflammatory factors, and modulate the function of immune cells.Molecular docking technology
offered us direct insights into the interaction between AS-IV and these potential targets. Through molecular docking
analysis, we discovered that AS-IV can form a stable binding conformation with the target sites of ITGB1, PTK2, and
p38, exhibiting a certain degree of binding affinity. This observation provides molecular-level evidence for the interaction
between AS-IV and the ITGB1/PTK2/p38 signaling axis, further supporting the potential of AS-IV as a therapeutic agent
for SLE.

The findings of this study demonstrate that AS-IV exerts remarkable anti-inflammatory and immunomodulatory
effects, effectively impeding the progression of SLE. AS-IV likely modulates immune cell functions and inflammatory
responses by binding to targets within the ITGB1/PTK2/p38 signaling axis, thereby inhibiting their activity and
expression. Despite the significant outcomes achieved in this study, there are inherent limitations. Primarily, this research
is predominantly grounded in animal experiments. Although MRL/Ipr mice are widely recognized as a standard lupus
mouse model, the pathogenesis and pathophysiological processes in these animals may deviate from those in human
SLE. Consequently, further clinical trials are imperative to validate the efficacy and safety of AS-IV in treating human
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SLE. Simultaneously, we intend to integrate cutting-edge technologies such as gene editing and single-cell sequencing.
These advanced approaches will enable us to conduct in-depth investigations into the precise regulatory mechanisms of
AS-IV on immune cells and signaling pathways. By doing so, we aim to provide a robust theoretical foundation for the
development of more effective therapeutic agents for SLE.

Conclusion

In summary, this study systematically evaluated the efficacy of AS-IV in the treatment of SLE and explored its potential
mechanism of action by MRL/Ipr mouse model. The results showed that AS-IV could significantly improve renal
damage, attenuate immune complex deposition, regulate immune cell function, and reduce inflammatory response, and
its therapeutic efficacy was close to that of Pred. Network pharmacology and in vivo experiments further indicated that
AS-IV might inhibit immune-inflammatory response by mediating the ITGB1/PTK2/p38 axis, thereby alleviating the
progression of SLE. This study not only provides a theoretical basis for the application and molecular mechanism of AS-
IV in the treatment of SLE, but also lays the foundation for the clinical application of AS-IV. Further in vitro, in vivo, and
clinical studies will be conducted to comprehensively evaluate the efficacy and safety profile of AS-IV, particularly in
SLE contexts.
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