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This study aimed to explore the molecular mechanisms underlying the therapeutic effects of Qihuang 
JianPi ZiShen granule (QJZG) in treating Sjögren’s syndrome (SS) using a combination of network 
pharmacology, transcriptomics, and experimental validation. We conducted differential expression 
analysis, weighted gene co-expression network analysis, and utilized GeneCards along with other 
databases to identify potential therapeutic targets for SS. Concurrently, the active ingredients of 
QJZG and their associated targets were extracted from the Traditional Chinese Medicine Systems 
Pharmacology Database and Analysis Platform. Network pharmacology was then employed to 
predict the therapeutic targets and biological pathways through which QJZG may exert its effects on 
SS. To validate these predictions, we performed immune infiltration analysis and molecular docking 
studies, followed by transcriptomic sequencing and in vitro experiments for further confirmation. A 
total of 1,570 SS-related targets were identified, along with 70 active ingredients of QJZG and 253 
associated targets, 99 of which overlapped with the SS-related targets. Protein-protein interaction 
network analysis revealed hub targets, including IL-1β, TNF, and IL-6. Kyoto Encyclopedia of Genes and 
Genomes pathway enrichment analysis highlighted significant pathways such as the “TNF signaling 
pathway” and “Apoptosis”. Immune infiltration analysis suggested that IL-1β, TNF, and IL-6 play 
critical roles in the pathogenesis and progression of SS. Molecular docking studies demonstrated 
strong binding affinities between the core ingredients of QJZG and hub targets. Transcriptomic 
sequencing confirmed that QJZG modulates SS through the TNF signaling pathway. In vitro 
experiments showed that QJZG, at a concentration of 4 mg/mL, exerted the most pronounced effects 
on human salivary gland (HSG) cells. Furthermore, treatment of interferon-γ-induced HSG cells with 
QJZG led to varying degrees of recovery in both inflammatory and apoptotic processes. Real-time 
quantitative PCR (RT-qPCR) and Western blot analyses further revealed that QJZG influences SS by 
modulating the expression of IL-1β, TNF-α, IL-6, and apoptotic-related cytokines. The results suggest 
that the therapeutic effects of QJZG in treating SS may be mediated through the TNF signaling and 
apoptosis pathways. This is likely achieved by downregulating pro-inflammatory factors such as IL-1β, 
TNF-α, and IL-6, which in turn alleviates inflammation-induced damage to the salivary glands.
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Background
Sjögren’s syndrome (SS) is a chronic systemic autoimmune disorder characterized by the production of 
inflammatory factors and the extensive infiltration of lymphocytes into exocrine glands, leading to persistent 
inflammation and dysfunction of exocrine glands, including the lacrimal, salivary, and minor lip glands1–3. 
The most prominent symptoms are dry eyes and dry mouth, resulting from dysfunction of the lacrimal and 
salivary glands. In addition to these hallmark features, patients with SS frequently experience fatigue, joint pain, 
swelling, and in some cases, joint deformities as well as other organ systems4. Severe complications, such as 
mucosal-associated lymphoid tissue lymphoma and non-Hodgkin’s lymphoma, are also commonly observed 
in SS patients5. The incidence of SS is relatively high, with more than 90% of patients being women. One study 
reported an incidence of 60.82 cases per 100,000 individuals in the general population, with the highest incidence 
observed at 56 years of age6. Additionally, the disease is persistent and often recurrent, significantly impacting 
the quality of life of those affected7.

Currently, due to the unclear pathogenesis and individual differences, there is no specific treatment for SS, 
and clinical management primarily targets the affected organs. Patients with mild symptoms often find relief 
through gland secretion stimulation or increased hydration8. For those with more extensive organ involvement, 
treatment may include nonsteroidal anti-inflammatory drugs to alleviate joint pain, hydroxychloroquine, 
glucocorticoids, and immunosuppressive agents for systemic management. However, these therapies are 
associated with significant drawbacks, including adverse reactions and high costs9,10. Consequently, the search 
for novel anti-SS therapies remains a key focus in rheumatology.

Traditional Chinese Medicine (TCM) takes a holistic approach, combining both disease diagnosis and 
syndrome differentiation. This approach offers unique advantages in improving clinical symptoms, slowing 
disease progression, and enhancing the quality of life for patients with SS. Qihuang Jianpi ZiShen Granule 
(QJZG) is a TCM formula developed based on the extensive clinical experience of Professor Huang, a renowned 
rheumatologist at the First Affiliated Hospital of Anhui University of Chinese Medicine. This formula is designed 
to modulate immune function, alleviate renal injury, and provide adjunctive therapeutic effects.11. It is derived 
from two classical TCM formulations: Liuwei Dihuang decoction and Sijunzi decoction12. Clinically, QJZG 
has been utilized to treat various rheumatic diseases, including systemic lupus erythematosus13, rheumatoid 
arthritis14, and ankylosing spondylitis15, demonstrating significant therapeutic effects. Furthermore, the formula 
has generally demonstrated a favorable safety profile in clinical practice, with only occasional gastrointestinal 
reactions and mild liver function abnormalities being reported13,16. In recent years, clinical studies have shown 
that QJZG has promising therapeutic potential in alleviating symptoms such as dry eyes, dry mouth, dry skin, 
and fatigue, while also improving the overall quality of life for patients with SS16,17.

Interferon-γ (IFN-γ), a type II interferon, plays a crucial role in modulating the activity of specific innate 
immune cells. In the salivary glands of patients with SS, it is produced in large quantities by immune cells. 
IFN-γ exerts a pro-inflammatory effect on the salivary glands by stimulating the production of cytokines and 
chemokines18. Previous studies have indicated a correlation between IFN-γ levels and the degree of inflammatory 
infiltration in SS19, further exacerbating its pathogenesis20–22. Based on this, we have established an IFN-γ-
induced human salivary gland (HSG) cell model to investigate the effects of QJZG on SS inflammation and 
apoptosis. The total glycosides of paeony (TGP), a compound extracted from the root of the peony plant, have 
been shown to alleviate SS symptoms by reducing inflammatory cytokines and inhibiting the inflammasome 
pathway23–25. Given these therapeutic effects, TGP was selected as a positive control in this study to compare 
with the effects of QJZG.

This study aims to investigate the mechanisms underlying the therapeutic effects of QJZG in treating SS 
through network pharmacology, bioinformatics, molecular docking, transcriptomic sequencing, and in vitro 
cell experiments, thereby laying the integration of TCM into the modern clinical treatment of SS. The study 
framework is illustrated in Fig. 1.

Materials and methods
Network Pharmacology
Screening for differentially expressed genes (DEGs) of SS
To identify DEGs of SS, we searched the Gene Expression Omnibus (GEO) database ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​n​c​b​i​.​n​l​m​.​n​i​h​.​
g​o​v​/​g​e​o​​​​​) using the term “Sjögren’s syndrome” and obtained the GSE66795 dataset, annotated with the GPL10558 
platform. This dataset includes whole blood samples from 131 fully phenotyped SS patients and 29 healthy 
controls. DEGs were identified by comparing SS samples with control samples using the “limma” package 3.62.2 
in the R environment (v.4.4.1, https://www.r-project.org). Genes with significant expression differences were 
selected based on the following criteria: |log2FC (fold change)| > 1 and an adjusted p-value (q-value) < 0.05.

Identification of key co-expression modules of SS by weighted gene co-expression network analysis (WGCNA)
We performed WGCNA on the top 25% of the most variable genes from the GSE66795 dataset. Data preprocessing 
was initially conducted using the “goodSamplesGenes” function from the “WGCNA” R package 1.73 to filter out 
outlier genes and samples. The optimal soft threshold power for constructing the gene co-expression adjacency 
matrix was determined using the pickSoftThreshold function. This adjacency matrix was then transformed into 
a Topological Overlap Matrix (TOM), followed by hierarchical clustering with dynamic tree cutting to identify 
co-expression modules, with a minimum module size of 50 genes. Finally, we selected key gene modules that 
were significantly correlated with clinical traits of SS, using a correlation p-value threshold of < 0.05.
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Identification of SS-related targets
The targets associated with SS were identified by searching the keyword “Sjögren’s syndrome” across several 
databases, including GeneCards (https://www.genecards.org), DisGeNET (https://disgenet.org), NCBI ​(​​​h​t​t​p​s​:​
/​/​w​w​w​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​​​​​)​, TTD (https://db.idrblab.net/ttd), and DrugBank (https://go.drugbank.com). Genes 

Fig. 1.  Study Framework. This study first employed network pharmacology and bioinformatics to identify 
the core ingredients, hub targets, and signaling pathways associated with QJZG in the treatment of SS. 
Subsequently, molecular docking, transcriptomic sequencing, and in vitro cell experiments were conducted to 
validate the findings from the network pharmacology analysis.
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identified from DEGs, WGCNA, and the aforementioned databases were then merged and deduplicated to 
generate the final set of SS-related targets.

Screening of active ingredients of QJZG and related targets
QJZG is composed of eight Chinese herbs: Astragalus mongholicus, Atractylodes macrocephala, Dioscorea 
polystachya, Prepared Rehmannia glutinosa, Poria cocos, Cuscuta chinensis, Rubus chingii, and Rosa laevigata. 
The active ingredients of these herbs were initially screened using the Traditional Chinese Medicine Systems 
Pharmacology Database and Analysis Platform (TCMSP, https://www.tcmsp-e.com). The screening criteria were 
set to include ingredients with a drug-likeness (DL) score ≥ 0.18 and oral bioavailability (OB) ≥ 30%. The related 
targets of the identified active ingredients were subsequently retrieved from the TCMSP platform. The target 
names were then standardized using the UniProt Knowledgebase (https://www.uniprot.org), and duplicates 
were removed, resulting in a refined list of target genes associated with the active ingredients of QJZG.

Acquisition of intersecting targets
The final set of SS-related targets was matched with the targets associated with the active ingredients of QJZG, 
using the Venny 2.1 tool (​h​t​t​p​s​:​​/​/​b​i​o​i​​n​f​o​g​p​.​​c​n​b​.​c​s​​i​c​.​e​s​​/​t​o​o​l​s​​/​v​e​n​n​y​​/​i​n​d​e​x​​.​h​t​m​l). A Venn diagram was generated 
to visualize the overlap between these target sets. The intersecting targets were considered potential therapeutic 
targets of QJZG for the treatment of SS.

“Herb-Ingredients-Targets” network and extraction of core ingredients
The active ingredients of QJZG and their intersecting targets were imported into Cytoscape 3.8.0 software 
(https://cytoscape.org) to construct the “Herb-Ingredients-Targets” network. Topological analysis of the 
ingredient nodes was performed using the CytoNCA plugin. Key ingredients were identified based on three 
centrality parameters: Betweenness Centrality (BC), Closeness Centrality (CC), and Degree Centrality (DC). A 
higher value of these parameters indicates that a node is closer to the center of the network26. Ingredients that 
exceeded the average values for these parameters were selected, and this process was repeated twice to identify 
the core ingredients27.

Protein-protein interaction (PPI) network and prediction of hub targets
The intersecting targets were uploaded to the STRING platform (https://cn.string-db.org) using the “Multiple 
Proteins” option. The organism was set to Homo sapiens, with a minimum interaction score of ≥ 0.85, and 
disconnected nodes were hidden to construct the PPI network. The resulting network’s TSV file was then 
imported into Cytoscape 3.8.0, where the CytoNCA plugin was used to analyze the network nodes based on 
six key parameters: BC, CC, DC, Eigenvector Centrality (EC), Local Average Connectivity (LAC), and Network 
Centrality (NC). Nodes that exceeded the average values for these parameters were selected, and this process was 
repeated twice to identify the hub targets.

Enrichment analysis of gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG)
GO functional and KEGG pathway enrichment28–30 analyses of the intersecting targets were performed using 
R packages (org.Hs.eg.db 3.20.0, enrichplot 1.26.6, clusterProfiler 4.14.6, and others). GO and KEGG terms 
with p-values and q-values < 0.05 were considered statistically significant. The results were ranked by q-value 
in ascending order. The top 10 GO functional terms and top 20 KEGG pathways were visualized, and pathway 
maps for key KEGG pathways were generated.

Immune cell infiltration analysis
We conducted an immune infiltration analysis to assess the abundance and activity of immune cells in SS, 
utilizing the CIBERSORT deconvolution algorithm to evaluate the relative proportions of 22 immune cell types 
in each sample from the GSE66795 dataset. Differences between SS patients and healthy controls were compared. 
Additionally, a Pearson’s correlation analysis was performed to examine the relationship between the expression 
of hub target genes and immune cell content, with statistical significance set at p-values < 0.05.

Molecular docking
The 2D structures of the core ingredients were downloaded from the PubChem database ​(​​​h​t​t​p​s​:​/​/​p​u​b​c​h​e​m​.​n​c​b​i​.​
n​l​m​.​n​i​h​.​g​o​v​​​​​)​. These structures were converted to 3D format using ChemBio3D Ultra 14.0 software ​(​​​h​t​t​p​s​:​/​/​w​w​w​
.​c​h​e​m​d​r​a​w​.​c​o​m​.​c​n​​​​​)​, followed by optimization based on minimizing the free energy, and saved in “Mol2” format, 
representing the small molecule ligands. The corresponding 3D structures of the hub targets were downloaded 
from the Protein Data Bank (PDB) (https://www.rcsb.org). Using PyMOL 3.1 software (https://www.pymol.org), 
water molecules, and bound ligands were removed, and the structures were saved in “pdb” format, representing 
the protein receptors. AutoDock Tools 1.5.6 software (https://autodock.scripps.edu) was used to identify the 
rotatable bonds in the small molecule ligands, add hydrogens to the target proteins, and compute partial charges. 
Both the small molecule ligands and protein receptors were then saved in “pdbqt” format. The docking grid 
parameters were set with a spacing of 1.0 Å, and the box size was adjusted to cover all active sites and the entire 
receptor. Molecular docking simulations were performed using AutoDock Vina 1.1.2 software ​(​​​h​t​t​p​s​:​/​/​a​u​t​o​d​o​
c​k​.​s​c​r​i​p​p​s​.​e​d​u​​​​​)​, and binding energies were calculated. A lower binding energy indicates a more stable docked 
complex31. A portion of the molecular docking results was visualized using PyMOL software.
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Experimental verification
Reagents
Gibco RPMI 1640 Medium (basic) (batch No: C11875500BT) was purchased from KeJing (Guangzhou, China). 
Fetal bovine serum (FBS) (batch No: C0235) was obtained from Beyotime (Beijing, China). Recombinant human 
IFN-γ (batch No: HY-P7025) was sourced from MedChemExpress (Shanghai, China). The Cell Counting Kit-8 
(CCK-8) (batch No: KGA9306), goat anti-rabbit IgG (batch No: KGC6207), and goat anti-mouse IgG (batch 
No: KGC6206) antibodies were acquired from KeyGEN (Jiangsu, China). RNA extraction reagent (batch No: 
G3013), chloroform substitute (batch No: G3014), SweScript All-in-One RT SuperMix for qPCR (batch No: 
G3337), 2×Universal Blue SYBR Green qPCR Master Mix (batch No: G3326), and Annexin V-IF488/PI Cell 
Apoptosis Detection Kit (batch No: G1513) were purchased from Servicebio (Wuhan, China). Gene primers 
were synthesized by GeneralBiol (Chuzhou, China). Antibodies targeting TNF-α (batch No: 6945 S), IL-6 (batch 
No: 12153 S), and IL-1β (batch No: 12703 S) were acquired from Cell Signaling Technology (Danvers, MA, 
USA). Polyvinylidene fluoride (PVDF) membranes (batch No: IPVH00010) were purchased from Millipore 
(Darmstadt, Germany).

Drug Preparation
The QJZG formulation was provided by the Preparation Center of the First Affiliated Hospital of Anhui University 
of Chinese Medicine (batch No: 20240219). TGP capsules were sourced from Ningbo Lihua Pharmaceutical Co., 
Ltd. (batch No: H20055058).

QJZG was dissolved in RPMI 1640 Medium to prepare a stock solution at a concentration of 100 mg/mL. 
IFN-γ was diluted to 30 µg/mL using an appropriate diluent. TGP was dissolved in DMSO to create a stock 
solution at 100 mg/mL. As required by the experiment, the QJZG stock solution was further diluted to 4 mg/
mL, IFN-γ was diluted to 10 ng/mL, and TGP was diluted to 5 µg/mL using the complete medium. The final 
concentration of DMSO was kept below 0.1% to minimize potential cytotoxicity.

Cell culture, IFN-γ-induced SS model, and treatment
HSG cells (batch No: JNO-H0638) were purchased from Jennio (Guangzhou, China). The cells were cultured in 
RPMI 1640 Medium supplemented with 10% FBS and 1% penicillin-streptomycin. The cultures were maintained 
in a humidified incubator with 95% air and 5% CO₂ at 37 °C.

To establish the SS model, HSG cells were treated with 10 ng/mL IFN-γ, as described in previous studies32–34, 
followed by treatment with the corresponding drugs. HSG cells in the logarithmic growth phase were seeded 
into 6-well plates at a density of 2 × 10⁵ cells per well. The cells were then divided into the following treatment 
groups: blank control group, model group (10 ng/mL IFN-γ), QJZG group (10 ng/mL IFN-γ + 4 mg/mL QJZG), 
and positive control group (10 ng/mL IFN-γ + 5 µg/mL TGP).

CCK-8 assay
Before drug treatment, the CCK-8 assay was used to determine the optimal concentration of QJZG and evaluate 
its effect on cell viability. HSG cells in the logarithmic growth phase were seeded into 96-well plates at a density 
of 4 × 10³ cells per well, with a blank control well included. Each experimental group was set up with six replicate 
wells. After cell adhesion, 100 µL of complete medium containing different concentrations of QJZG (0, 0.5, 1, 2, 
4, and 8 mg/mL) was added to the wells, while the control group received an equal volume of complete medium. 
After 24 and 48 h of treatment, 10 µL of CCK-8 solution was added to each well, and the cells were incubated for 
one more hour. The optical density at 450 nm was measured.

Transcriptome sequencing
After 10 h of treatment, cells from the blank control, model, and QJZG groups were collected, with three 
technical replicates per group. The cells were lysed using TRIzol reagent, left standing at room temperature 
for 5 min, and then immediately stored in liquid nitrogen. The samples were subsequently sent to Biomarker 
Technologies Co., Ltd. for RNA extraction, library construction, and transcriptome sequencing. Upon obtaining 
the transcriptome data, DEGs between the model and control groups, as well as between the model and QJZG 
groups, were identified using the “limma” R package. The criteria for identifying DEGs included a |log2FC| > 1 
and a q-value < 0.05. The DEGs identified in both comparisons were then intersected, and the overlapping genes 
were subjected to subsequent enrichment analysis.

Cell apoptosis
HSG cells in the logarithmic growth phase were seeded at 2 × 10⁵ cells/well in a 12-well plate and grouped as 
described in the “Cell culture” Section. After 24 h, cells were washed, collected, and resuspended in a pre-cooled 
Binding Buffer (1–5 × 10⁶ cells/mL). A 100 µL aliquot was mixed with 5 µL Annexin V-IF488 and 5 µL PI, 
vortexed gently, and incubated in the dark at room temperature for 8–10 min. Afterward, 400 µL of pre-cooled 
Binding Buffer was added, and the mixture was gently mixed. A 6 µL aliquot was placed on a glass slide for 
fluorescence microscopy. Annexin V-IF488 stained early apoptotic cells green, while PI stained late apoptotic 
cells red.

Western blot
After 24 h of treatment, cells were lysed on ice using a mixture of radioimmunoprecipitation assay (RIPA) buffer 
and protease inhibitor. Protein concentration was determined using a BCA protein assay kit. The protein extracts 
were mixed with 5× loading buffer and boiled at 95 °C for 10 min. Electrophoresis was performed on a 10% 
SDS-PAGE gel, followed by transfer to a PVDF membrane. The membrane was blocked with 5% skim milk 
in TBST for 2 h at room temperature. After three washes with TBST, the membrane was incubated overnight 
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at 4 °C with primary antibodies against TNF-α, IL-6, and IL-1β (all 1:1000). Subsequently, the membrane was 
incubated with secondary antibodies (1:1000) for 1 h at room temperature. Protein signals were detected using 
an ECL chemiluminescence reagent. The gray values of the protein bands were quantified using ImageJ software 
to calculate relative expression levels.

Quantitative real-time PCR (qRT-PCR)
After treating the cells according to the protocol in the “Cell culture” Section for 10 h, the cells were collected. 
Total RNA was extracted using the Trizol reagent, and 1 µg of RNA was reverse transcribed into complementary 
DNA (cDNA). QRT-PCR was performed to amplify the cDNA of the target genes. The primer sequences are 
provided in Table 1. The reaction mixture (20 µL) contained 10 µL SYBR Green Mix, 1 µL of each forward and 
reverse primer, 2 µL of cDNA template, and 6 µL of nuclease-free water. The amplification conditions were as 
follows: pre-denaturation at 95 °C for 30 s, denaturation at 95 °C for 15 s, and annealing at 60 °C for 30 s, for a 
total of 40 cycles. β-actin was used as the internal reference gene. Gene expression levels were calculated using 
the 2−ΔΔCt method.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 9.5. Each experiment was independently repeated at 
least three times. One-way ANOVA was used to analyze differences among groups, and P < 0.05 is considered to 
indicate a statistically significant difference.

Result
Results of network Pharmacology
Acquisition of SS-related targets
We initially performed differential expression analysis on the GSE66795 dataset, comparing SS patients with 
healthy controls, which revealed 29 DEGs (Fig. 2A). Subsequently, WGCNA was conducted using data from the 
same dataset. Six were selected as the optimal soft threshold (R2 = 0.85) to ensure that the interactions among 
genes conform maximally to a scale-free distribution (Fig. 2B). Modules associated with clinical characteristics of 
SS were then identified, with a total of nine modules constructed based on the gene dendrogram and the dynamic 
tree-cutting algorithm (Fig. 2C). The correlation between these modules and the samples (SS patients or healthy 
controls) was assessed, and the MEblack module, which showed the highest correlation, was identified as the key 
module (Fig. 2D). As a result, the 346 genes within the key module were considered to be highly associated with 
SS (cor = 0.88, p-value = 2.9e-113) (Fig. 2E). Additionally, we screened 1,269 potential targets associated with SS 
from GeneCards, DisGeNET, NCBI, TTD, and DrugBank. By integrating the targets identified through these 
three approaches, we obtained a final set of 1,570 potential SS-related targets (Fig. 2F).

Acquisition of active ingredients and anti-SS targets of QJZG
Using the TCMSP platform, a total of 70 active ingredients were identified in QJZG, derived from the following 
herbs: 20 from Astragalus mongholicus, 7 from Atractylodes macrocephala, 16 from Dioscorea polystachya, 2 from 
Prepared Rehmannia glutinosa, 15 from Poria cocos, 11 from Cuscuta chinensis, 7 from Rubus chingii, and 6 from 
Rosa laevigata, with 10 ingredients shared across multiple herbs (Supplementary Table S1). Subsequently, 253 
related targets for these active ingredients were retrieved from the TCMSP platform for further analysis. The 
intersection between SS-related targets and those of the active ingredients in QJZG was visualized using a Venn 
diagram (Fig. 2G), revealing 99 intersecting targets (Supplementary Table S2). These intersecting targets are 
considered potential therapeutic candidates for QJZG in the treatment of SS.

“Herb-Ingredients-Targets” network analysis results
The “Herb-Ingredients-Targets” network comprises 134 nodes and 271 edges. As shown in Figs.  3 and 35 
active ingredients interact either directly or indirectly with 99 intersecting targets, while an additional 35 
active ingredients lack corresponding targets within this set. After two rounds of topological analysis, based 
on the criteria outlined in the “extraction of core ingredients” Section, five core ingredients were identified, 
with topological parameters (BC, CC, DC) exceeding the respective mean values of 543.35, 0.2121, and 10.00. 
These core ingredients are quercetin, β-sitosterol, 7-O-methylisomucronulatol, formononetin, and kaempferol. 
The detailed topological parameters for these ingredients are provided in Supplementary Table S3. These core 
ingredients were subsequently selected for molecular docking analysis.

Gene Forward primer (5′–3′) Reverse primer (5′–3′)
TNF-α ​G​C​T​G​C​A​C​T​T​T​G​G​A​G​T​G​A​T​C​G ​A​T​G​A​G​G​T​A​C​A​G​G​C​C​C​T​C​T​G​A

IL-6 ​G​C​C​A​C​T​C​A​C​C​T​C​T​T​C​A​G​A​A​C​G​A ​T​C​A​C​C​A​G​G​C​A​A​G​T​C​T​C​C​T​C​A​T​T

IL-1β ​T​A​C​C​T​G​T​C​C​T​G​C​G​T​G​T​T​G​A​A​A ​G​G​T​G​C​T​G​A​T​G​T​A​C​C​A​G​T​T​G​G​G

Bcl-2 ​A​T​C​G​C​C​C​T​G​T​G​G​A​T​G​A​C​T​G​A ​G​A​G​A​C​A​G​C​C​A​G​G​A​G​A​A​A​T​C​A​A​A​C

Bax ​C​G​G​G​T​T​G​T​C​G​C​C​C​T​T​T​T​C​T​A ​G​A​G​G​A​A​G​T​C​C​A​A​T​G​T​C​C​A​G​C​C

β-actin ​T​C​T​C​C​C​A​A​G​T​C​C​A​C​A​C​A​G​G ​G​G​C​A​C​G​A​A​G​G​C​T​C​A​T​C​A

Table 1.  Primer list.
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PPI network analysis results
To identify the hub targets of QJZG in the treatment of SS, we constructed a PPI network using the STRING 
platform. The network comprised 86 nodes and 404 edges. Following the selection criteria described in the 
“prediction of hub targets” Section, we applied two rounds of filtering, resulting in the identification of seven hub 
targets: JUN, TP53, IL-1β, AKT1, TNF, IL-6, and BCL2. The topological parameters—BC, CC, DC, EC, LAC, 
and NC—for these targets were all higher than their respective averages, with values of 6.19, 0.62, 11.00, 0.18, 
6.36, and 7.75, respectively. Detailed topological parameters for these targets are presented in Supplementary 
Table S4, and the filtering process is depicted in Fig. 4.

GO and KEGG enrichment analysis results
The results of the GO functional enrichment analysis are shown in Fig. 5A. A total of 2,287 GO terms were 
enriched, including 2,117 associated with biological processes (BP), 40 with cellular components (CC), and 130 
with molecular functions (MF). The enriched BP terms included “response to lipopolysaccharide”, “response 
to molecules of bacterial origin” and “regulation of miRNA transcription”, among others. The enriched CC 
terms were primarily related to “membrane raft,” “membrane microdomain” and “external side of the plasma 
membrane,” among others. Additionally, the enriched MF terms were primarily associated with “cytokine 

Fig. 2.  Identification of Anti-SS Targets of QJZG. (A) Volcano plot of DEGs. (B) Determination of the optimal 
soft threshold power. (C) Dendrogram of clustered modules. (D) Heatmap showing the correlation between 
module eigengenes and SS. (E) Gene significance for the black module. (F) Venn diagram illustrating targets 
associated with SS. (G) Venn diagram depicting the overlap between QJZG targets and SS-related targets.
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receptor binding”, “cytokine activity” and “G protein-coupled neurotransmitter receptor activity”, among other 
functions.

The results of the KEGG pathway enrichment analysis, presented in Fig.  5B, identified 161 significantly 
enriched pathways. Among these, the most prominent include the “Lipid and atherosclerosis,” “Fluid shear 
stress and atherosclerosis,” “AGE-RAGE signaling pathway in diabetic complications,” “IL-17 signaling pathway,” 
“TNF signaling pathway,” and “Apoptosis,” among others. Notably, both the TNF and IL-17 signaling pathways 
are strongly implicated in the inflammatory response observed in SS, with apoptosis playing a critical role in its 
pathogenesis. Since TNF can induce the production of IL-1β and IL-635, and these three cytokines were identified 

Fig. 3.  “Herb-Ingredients-Targets” Network. Diamond nodes represent intersecting targets, with the size 
of each node reflecting the number of active ingredients associated with that target. Square nodes represent 
the active ingredients of QJZG, each labeled with its corresponding TCMSP ID. The color of the pie chart 
within each square node indicates the source herb of the ingredient, with color codes assigned as follows: 
1: Atractylodes macrocephala, 2: Poria cocos, 3: Rubus chingii, 4: Astragalus mongholicus, 5: Rosa laevigata, 
6: Dioscorea polystachya, 7: Prepared Rehmannia glutinosa, and 8: Cuscuta chinensis. If a pie chart displays 
multiple colors, this indicates that the ingredient is derived from more than one herb.
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as hub targets in the PPI network analysis, we focused on the TNF signaling pathway and its associated targets 
(IL-1β, TNF, and IL-6) for further investigation. This included an analysis of immune cell infiltration, molecular 
docking, and experimental validation. A diagram of the TNF signaling pathway is shown in Supplementary 
Figure S1.

Results of immune cell infiltration analysis
The results of the immune cell infiltration analysis are presented in Fig. 6. Among the 22 immune cell types 
tested, 18 were expressed in the samples. There are significant differences in the expression of memory-activated 
CD4+ T cells, monocytes, M0 macrophages, and activated dendritic cells between the SS group and the control 
group (p-value < 0.05, Wilcoxon test) (Fig. 6A). IL-1β expression was positively correlated with neutrophil levels, 
while negatively correlated with naive B cells, resting NK cells, resting mast cells, naive CD4+ T cells, and CD8+ T 
cells. TNF expression was positively correlated with both monocytes and naive B cells, but negatively correlated 
with activated mast cells and memory-activated CD4+ T cells (Fig. 6B-D). Additionally, IL-6 expression was 
positively correlated with both naive B cells and CD8+ T cells. These findings suggest that IL-1β, TNF, and IL-6 
may play key roles in the pathogenesis and progression of SS by modulating immune responses.

Molecular Docking results
As shown in Supplementary Table S5, the binding energies between the core ingredients and the selected target 
proteins are all below − 5 kcal/mol, indicating strong affinities for the proteins. The docking results with the 
lowest binding energies for each target protein-core ingredient pair were visualized using PyMOL software, 
including quercetin-IL-1β (PDB ID: 5r8k), quercetin-IL-6 (PDB ID: 1alu), and β-sitosterol-TNF-α (PDB ID: 
7kp9), as shown in Fig. 7.

The formation of stable complexes between the hydrophobic small molecules and the active sites of the target 
proteins is primarily driven by hydrogen bonding. For instance, the visualization results show that quercetin 
interacts with the GLU-25 residue in IL-1β via a hydrogen bond (Fig.  7A). Additionally, quercetin forms 
hydrogen bonds with the GLN-175 and ARG-179 residues in IL-6 (Fig.  7B). Although β-sitosterol does not 
form hydrogen bonds with TNF-α, the binding energy between them remains remarkably low (− 11 kcal/mol), 
suggesting a strong binding potential.

Experimental verification
QJZG viability assay on HSG cells
HSG cells were treated with QJZG alone or in combination with 10 ng/ml IFN-γ for 24–48 h. CCK-8 assays 
demonstrated that, compared to the control group, the proliferative capacity of HSG cells showed a positive 
correlation with the QJZG concentration, ranging from 0 to 4 mg/ml (Fig. 8). The most pronounced proliferative 
effect was observed at 4  mg/ml, while concentrations of 8  mg/ml resulted in drug-induced toxicity, which 
inhibited cell growth. Additionally, regardless of whether QJZG was administered alone or in combination with 
IFN-γ, a significant reduction in HSG cell viability was observed after 48 h of treatment. Based on these findings, 
a treatment condition of 4 mg/ml QJZG for 24 h was selected for subsequent experiments.

Transcriptome validation
As shown in Fig. 9A-B, the transcriptome analysis revealed that, compared to the control group, 464 genes were 
upregulated and 140 genes were downregulated in the model group. Additionally, compared to the QJZG group, 
128 genes were upregulated and 54 genes were downregulated in the model group. The intersection of these two 
datasets identified 131 DEGs, which were considered potential therapeutic targets of QJZG for SS. Consistent 
with the network pharmacology analysis, enrichment analysis was performed on these 131 DEGs, as shown in 
Fig. 9C-E. Compared to the network pharmacology findings, two biological processes (BP) terms—“response 
to lipopolysaccharide” and “response to molecules of bacterial origin”, two molecular functions (MF) terms—
“cytokine receptor binding” and “cytokine activity”, and three KEGG pathways—“TNF signaling pathway,” 
“Influenza A”, and “Hepatitis C”, were validated through our transcriptome analysis, further supporting the 
network pharmacology results.

Fig. 4.  Screening process for hub targets in the PPI network.
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QJZG reduces the apoptosis induced by IFN-γ in HSG cells
Network pharmacology analysis suggested that apoptosis is one of the key pathways through which QJZG exerts 
its effects in SS. The expression levels of the apoptotic genes Bcl-2 and Bax were measured using RT-qPCR, with 
the experimental groups defined as described in the “Cell culture” Section. The results indicated that, compared 
to the control group, the IFN-γ treatment led to a significant downregulation of Bcl-2 (p-value < 0.001) and 
upregulation of Bax (p-value < 0.001). This effect was reversed by treatment with either QJZG or TGP (p-value 

Fig. 5.  Results of GO and KEGG enrichment analyses. (A) The top 10 terms from GO functional enrichment 
analysis. (B) The top 20 pathways from KEGG pathway enrichment analysis.

 

Scientific Reports |        (2025) 15:21176 10| https://doi.org/10.1038/s41598-025-03653-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


< 0.001) and no significant difference was observed between the QJZG and TGP groups (Fig. 10A-B). Annexin 
V/PI apoptosis staining further revealed that all four experimental groups exhibited varying levels of early 
apoptosis, with the IFN-γ group showing a significantly higher proportion of late-stage apoptosis compared 
to the other groups (Fig. 10C). These findings suggest that QJZG may mitigate SS through modulation of the 
apoptotic pathway.

QJZG reduces the protein expression of inflammatory factors induced by IFN-γ in HSG cells
Inflammation plays a critical role in the pathogenesis of SS. Western blot analysis demonstrated that stimulation 
of HSG cells with IFN-γ led to significantly upregulated the expression of TNF-α (p-value < 0.001), IL-6 (p-value 
< 0.005), and IL-1β (p-value < 0.001). Treatment with QJZG and TGP effectively alleviated these increases, 
reducing the upregulated levels of these inflammatory markers. Compared to the model group, the QJZG-
treated group showed a significant reduction in the expression levels of TNF-α, IL-6, and IL-1β (p-value < 0.05). 
However, no significant difference in the expression levels of these inflammatory factors was observed between 
the QJZG and TGP groups (Fig. 11A-D).

Effect of QJZG on mRNA expression of inflammatory factors in HSG cells
The mRNA expression levels of TNF-α, IL-6, and IL-1β in HSG cells were assessed by RT-qPCR. Compared to 
the control group, the model group exhibited a significant upregulation in the expression of TNF-α, IL-6, and 
IL-1β (p-value < 0.05). However, in the QJZG and TGP groups, the expression levels of these inflammatory 
markers were significantly reduced compared to the model group (p-value < 0.05). No significant differences 
were observed between the QJZG and TGP groups. (Fig. 11E-G).

Fig. 6.  Correlation between immune cells and inflammatory biomarkers in SS. (A) Comparison of 
immune cell infiltration levels between SS and control samples. (B-D) Correlation histograms depicting the 
relationships between hub targets (IL-1β, TNF, and IL-6) and various immune cell types.
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Discussion
The pathogenesis of SS is not fully understood, but it is characterized by chronic inflammation, a hallmark of 
autoimmune diseases. This inflammation is perpetuated by prolonged lymphocyte infiltration, which triggers 
the production of a variety of inflammatory mediators. Upon antigen stimulation, salivary gland epithelial 
cells secrete pro-inflammatory factors that further promote immune cell infiltration. These epithelial cells 
also serve as antigen-presenting cells, which initiate T lymphocyte proliferation and activation. This cascade 

Fig. 7.  Molecular Docking Results. (A) Quercetin-IL-1β. (B) Quercetin-IL-6. (C)β-Sitosterol-TNF-α. The 
golden dashed lines indicate hydrogen bonds.
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Fig. 9.  Transcriptome Validation Results. (A) Volcano plot showing DEGs between the model and control 
groups. (B) Volcano plot showing DEGs between the model and QJZG groups. (C) Venn diagram illustrating 
the intersection analysis for potential therapeutic targets of QJZG for SS. (D) GO enrichment analysis of 131 
DEGs identified in the transcriptome analysis. (E) KEGG enrichment analysis of 131 DEGs identified in the 
transcriptome analysis.

 

Fig. 8.  Cell viability of HSG cells. (A, C) HSG cells were treated with QJZG for 24 h and 48 h. (B, D) IFN-
γ-stimulated HSG cells were treated to QJZG for durations of 24 h and 48 h. Statistical significance between 
groups is indicated by the following p-values: ***P < 0.001, **P < 0.01, *P < 0.05, nsP > 0.05.
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of events ultimately leads to glandular injury and disrupts the glandular microenvironment, contributing to 
the disease’s progression36,37. Currently, there is no specific treatment for SS in clinical practice. For patients 
with severe SS or those with coexisting conditions, treatment often includes a combination of glucocorticoids, 
hydroxychloroquine, disease-modifying antirheumatic drugs, immunosuppressants, and biologic agents. These 
treatments aim to alleviate disease progression and manage the associated symptoms38.

QJZG is composed of eight Chinese herbs, each contributing to the formula based on TCM theory17. 
Network pharmacology results further support this formulation. In the ‘Herb-Ingredients-Targets’ network, the 
total degree values of the nodes corresponding to the active ingredients of each herb indicate that Astragalus 
mongholicus and Cuscuta chinensis occupy the top two positions (Supplementary Table S6), underscoring 
their pivotal roles in the formulation. Modern pharmacological studies have also revealed that Astragalus 
polysaccharide, an active ingredient derived from Astragalus mongholicus, can enhance cardiac function in 
rat models of SS39. Additionally, Cuscuta chinensis has shown notable anti-inflammatory properties and the 
potential to alleviate oxidative stress40. QJZG has demonstrated promising efficacy in treating rheumatological 
and immunological diseases. Clinical studies have shown that QJZG is effective in managing SS, but its precise 
role and underlying mechanisms in SS remain unclear16,17. Our findings suggest that QJZG inhibits the 
production of inflammatory cytokines in IFN-γ-induced SS-HSG cells and may help alleviate the inflammatory 
environment in salivary gland cells.

TGP is a compound extracted from the dried root of Paeonia lactiflora. Modern pharmacological 
studies have shown that TGP can relieve SS by reducing inflammatory cytokines, inhibiting the activation 
of the NLRP3 inflammasome in the submandibular gland, regulating the Th1/Th2 immune balance, and 
improving the structure of intestinal microecology. TGP also has anti-inflammatory, analgesic, anti-stress, 
and immunomodulatory effects, which can alleviate musculoskeletal involvement and dryness symptoms in 

Fig. 10.  QJZG reduces IFN-γ-induced apoptosis in HSG cells. (A-B) mRNA expression levels of Bcl-2 and Bax 
in IFN-γ-induced HSG cells, measured by RT-qPCR (n = 3). (C) Fluorescence of HSG cell apoptosis detected 
by Annexin V/PI assay following treatment with IFN-γ alone or in combination with QJZG/TGP, where green 
fluorescence marks early apoptotic cells and red fluorescence marks late apoptotic cells. Statistical significance 
between groups is indicated by the following p-values: ***P < 0.001, **P < 0.01, *P < 0.05, nsP > 0.05.
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patients24,25,41. Our experiments showed that the efficacy of QJZG in relieving inflammation was comparable to 
that of TGP, suggesting that QJZG has potential for clinical application in the treatment of SS.

Based on the “Herb-Ingredients-Targets” network, the core ingredients of QJZG were selected using three 
centrality parameters: BC, CC, and DC. BC reflects the bridging role of a node in the network, identifying key 
nodes that control the flow of information. CC indicates the efficiency of a node’s propagation, with a higher 
closeness centrality typically signifying that the node can more effectively influence other nodes. DC represents 
the number of connections a node has, serving as a measure of the node’s direct influence. The higher the 
values of these three parameters, the more important the corresponding ingredients are within the network26. 
Through analysis, the core ingredients were identified as quercetin, β-sitosterol, 7-O-methylisomucronulatol, 
formononetin, and kaempferol.

Quercetin and kaempferol are bioactive compounds that can be extracted from the traditional Chinese medicinal 
plants Rubus chingii, Astragalus mongholicus, Rosa laevigata, and Cuscuta chinensis42. β-Sitosterol is a sterol 
compound that is present in Rubus chingii, Rosa laevigata, and Cuscuta chinensis. 7-O-methylisomucronulatol is 
a specific compound isolated from Astragalus mongholicus. Formononetin is an isoflavonoid that is also derived 
from Astragalus mongholicus43. Quercetin may protect against salivary gland damage induced by SS by reducing 
cell apoptosis and inflammation. β-Sitosterol has been shown to enhance the expression of CHRM3, stimulate 
salivary secretion, and potentially improve the prognosis of SS. Although 7-O-methylisomucronulatol, a unique 
active compound in Astragalus mongholicus, has been less explored in current research, it is involved in the 
“Herb-Ingredients-Targets” network, interacting with targets like CHRM3, a key factor in the pathogenesis of 
SS44. Formononetin exhibits anti-inflammatory effects in autoimmune diseases by inhibiting the IFN signaling 
pathway and modulating IL-6, IL-3, and other inflammatory factors45,46, suggesting its potential to modulate 
inflammatory responses in such conditions. In rheumatic diseases, kaempferol may reduce inflammation by 
inhibiting pyroptosis and suppressing excessive immune responses, potentially through the regulation of T-cell 
proliferation47. Collectively, these findings underscore the therapeutic potential of QJZG’s core ingredients in 
treating SS.

The results of the PPI network analysis highlight several hub targets of QJZG in the treatment of SS, including 
JUN, TP53, IL-1β, AKT1, TNF, IL-6, and BCL2. Previous research has established that TNF-α, IL-6, IL-1β, 
and Bcl-2 are closely linked to the onset and progression of SS48,49. Among these, TNF-α plays a pivotal role 
in the pathogenesis of SS by promoting the production of inflammatory cytokines and inducing apoptosis 
in salivary gland cells50. IL-6, primarily involved in inflammation and the regulation of mature B cells may 
mitigate SS by inhibiting abnormal B cell activation, thus reducing the synthesis and secretion of IgG51. The 
apoptotic regulators Bcl-2 and Bax modulate epithelial cell apoptosis in SS and are associated with the severity 

Fig. 11.  QJZG reduces IFN-γ-induced inflammation in HSG cells. (A) Western blot analysis of TNF-α, IL-6, 
and IL-1β expression in SS-HSG cells treated with IFN-γ alone or in combination with QJZG/TGP. (B-D) 
Quantification of TNF-α, IL-6, and IL-1β protein expression (n = 3). (E-G) mRNA expression levels of TNF-α, 
IL-6, and IL-1β in IFN-γ-induced SS-HSG cells, measured by RT-qPCR. Statistical significance between groups 
is indicated by the following p-values: ***P < 0.001, **P < 0.01, *P < 0.05, nsP > 0.05.
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of inflammation49,52. Additionally, IL-17 expression is markedly elevated in SS patients, and the Akt/mTOR 
signaling pathway is implicated in the regulation of IL-17 activity53. TP53, which plays a central role in DNA 
repair, cell cycle regulation, and the pathogenesis of systemic autoimmune diseases, is expressed in various 
human and murine tissues54.

KEGG pathway enrichment analysis revealed several signaling pathways, including the TNF and apoptosis 
pathways, that are integral to the pathophysiology of SS. These pathways play pivotal roles in the disease’s 
development. The TNF signaling pathway, a well-characterized inflammation-related cascade, regulates 
numerous biological processes such as cell apoptosis, differentiation, proliferation, inflammation, and immune 
system modulation55. The downstream cytokines TNF, IL-6, and IL-1β not only function synergistically but 
also influence one another’s secretion35,56–58. This cytokine cascade initiates a strong inflammatory response, 
recruiting additional inflammatory cells to the site of injury and further amplifying immune activation59. In the 
present study, we concentrated on the inflammatory response involving TNF-α, IL-6, and IL-1β for preliminary 
validation. The results from immune cell infiltration analysis and molecular docking corroborate the reliability 
of the predictions derived from network pharmacology. Future research will build upon this foundation to 
conduct more comprehensive and detailed validation of QJZG’s predicted targets and signaling pathways in the 
treatment of SS.

The CCK-8 and apoptosis assays provided evidence that QJZG significantly increased the survival rate of 
HSG cells subjected to IFN-γ-induced stress, while simultaneously reducing cellular apoptosis. Transcriptome 
analysis further confirmed that QJZG exerts its therapeutic effects on SS by modulating the TNF signaling 
pathway. Western blotting and qRT-PCR analyses revealed that QJZG effectively suppressed the overexpression 
of pro-inflammatory cytokines, including TNF-α, IL-6, and IL-1β, in IFN-γ-stimulated HSG cells. These findings 
suggest that QJZG may serve as a promising therapeutic strategy for SS, potentially through the modulation 
of key factors within the TNF signaling pathway. This mechanism aligns with predictions made by network 
pharmacology analysis, further supporting the potential of QJZG as a treatment for SS.

Conclusions
In summary, we investigated the mechanism through which QJZG alleviates inflammation in SS using network 
pharmacology and validated these findings through preliminary cell experiments. The results suggest that the 
therapeutic effects of QJZG may be mediated via the TNF signaling pathway, potentially by downregulating pro-
inflammatory factors such as TNF-α, IL-6, and IL-1β, thereby reducing inflammation-induced damage to the 
salivary glands. This study provides evidence supporting the use of Chinese medicine in treating SS. However, 
further research is required to fully elucidate the underlying mechanisms of QJZG in SS. Future studies will 
focus on identifying upstream targets and using bioinformatics to explore how QJZG modulates SS through the 
TNF pathway or other related pathways.

Data availability
The dataset used in this study is available in an online repository. The repository name and accession number 
can be found in the article or supplementary materials. For further inquiries, please contact the corresponding 
authors.
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