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Kawasaki disease (KD) is a severe pediatric vasculitis leading to coronary artery complications. 
Hydrogen sulfide (H2S), a recognized endogenous gasotransmitter with anti-inflammatory properties, 
offers potential as a novel treatment for KD through its cardiovascular benefits. However, the specific 
effects and underlying mechanisms remain unclear. The objective of present study is to investigate the 
anti-inflammatory and therapeutic effects of exogenous H2S in KD using network pharmacology and 
experimental validation. By online database searches, a total of 405 pharmacological targets for H2S, 
826 KD-related targets, and 107 potential therapeutic targets of H2S for KD were identified. Through 
PPI analysis and Cytoscape screening, 9 hub genes were filtered, namely TNF, IL6, JUN, AKT1, IL1B, 
TP53, NFKB1, MAPK1, and RELA. KEGG pathway enrichment indicated that the TLR4/MyD88/NF-κB 
signaling pathway may play a crucial role in the therapeutic effects of H2S on KD. Additionally, in vivo 
experiments confirmed that the treatment of sodium hydrosulfide (NaHS), an H2S donor, markedly 
improved body weight, reduced inflammatory pathology in the coronary arteries, and downregulated 
levels of inflammatory cytokines TNF-α, IL-1β, and IL-6. Furthermore, WB analysis confirmed that 
NaHS inhibited the expression of TLR4, MyD88, NF-κB, and p-NF-κB. In brief, it is the first to reveal 
that exogenous H2S attenuates the inflammatory response in KD via the TLR4/MyD88/NF-κB pathway, 
highlighting its potential as a novel therapeutic approach for KD. These findings lay a foundation for 
further development of H2S-based therapies for KD management.
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Kawasaki disease (KD), also referred to mucocutaneous lymph node syndrome, is an acute, self-limited vasculitis 
predominantly affecting children under five years of age1,2. First identified by Dr. Tomisaku Kawasaki in 1967, KD 
has emerged as the leading cause of acquired heart disease among children in developed countries3. The disease 
is characterized by prolonged fever, mucocutaneous inflammation, lymphadenopathy, and, most critically, 
coronary artery abnormalities, which can lead to aneurysms and long-term cardiovascular complications4. 
Despite significant research efforts, the precise etiology of KD remains unclear, presenting challenges for 
the development of targeted therapies. The standard treatment for KD involves high-dose intravenous 
immunoglobulin (IVIG) combined with aspirin, which has been shown to reduce the incidence of coronary 
artery aneurysms5,6. However, approximately 10–20% of patients are resistant to IVIG therapy, increasing their 
risk of developing cardiac complications7. Additionally, prolonged use of high-dose aspirin is associated with 
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adverse effects such as gastrointestinal bleeding and Reye’s syndrome8,9. These limitations underscore the need 
for alternative therapeutic strategies that are both effective and have fewer side effects.

Hydrogen sulfide (H2S) is a colorless, acidic gas known for its characteristic rotten egg odor. Due to its 
toxicity at concentrations above physiological levels, H2S has long been regarded as a hazardous compound 
capable of causing damage to multiple organs10. In recent years, H2S is recognized as the third major endogenous 
gasotransmitter in biological systems, following carbon monoxide and nitric oxide, which plays a vital role in 
numerous physiological processes, including vasodilation, anti-inflammation, and cytoprotection11. In the 
cardiovascular system, H2S modulates vascular tone, inhibits smooth muscle cell proliferation, and reduces 
oxidative stress12. Sodium hydrosulfide (NaHS) is a commonly used H2S donor that rapidly releases H2S in 
biological systems, making it a valuable tool for investigating the therapeutic potential of H2S13. Emerging 
evidence suggests that H2S donors like NaHS may offer protective effects in cardiovascular diseases by mitigating 
inflammation and endothelial dysfunction, processes that are central to the pathogenesis of KD14–16.

Network pharmacology offers a holistic approach to drug discovery by considering the complex interactions 
between drugs, targets, and disease networks17. This methodology is particularly useful in multifactorial diseases 
like KD, where multiple signaling pathways are implicated. By integrating systems biology with computational 
analysis, network pharmacology can identify potential therapeutic targets and elucidate the mechanisms of 
action of bioactive compounds18. Furthermore, it facilitates the understanding of polypharmacology—the 
ability of drugs to affect multiple targets simultaneously—thereby enabling the identification of synergistic 
drug combinations that may enhance therapeutic efficacy and reduce adverse effects. Advanced bioinformatics 
tools and large-scale biological databases are employed to construct and analyze intricate molecular interaction 
networks, allowing researchers to pinpoint key nodes and pathways that are critical for disease progression 
and therapeutic intervention18. Together, these methodologies enable a comprehensive exploration of drug 
mechanisms, promoting the discovery of novel therapeutics with enhanced precision and reduced likelihood of 
resistance. This integrative framework not only advances our understanding of complex disease biology but also 
streamlines the drug development process, making it more efficient and targeted.

In the present study, we aimed to investigate the pharmacological mechanisms of exogenous H2S in the context 
of KD through an integrated approach combining network pharmacology and experimental validation. We 
constructed a comprehensive network of H2S-associated targets and KD-related genes to identify key signaling 
pathways and molecular interactions. Experimental validation was conducted to confirm the computational 
predictions and assess the therapeutic potential of exogenous H2S in a KD mouse model. The findings of this 
study provide a solid foundation for the potential application of exogenous H2S as a novel therapeutic agent for 
KD, and offer valuable insights for the development of other safe and effective anti-KD therapies. The detailed 
workflow of this study is shown in Fig. 1. 

Materials and methods
Target prediction and screening of H2S
First, the 2D.sdf file of H2S was retrieved from the PubChem database (http://pubchem.ncbi.nlm.nih.gov/) by 
searching for “CAS 7783-06-4” and then uploaded to the ChEMBL database (https://www.ebi.ac.uk/chembl/)19 
to obtain the canonical SMILES number20. The SMILES or H2S was subsequently utilized in the TargetNet 
(http://targetnet.scbdd.com/)21 and STITCH (http://stitch.embl.de/)22 databases to predict pharmacological 
targets, specifying “Homo sapiens” as the organism of interest and selecting targets with a probability of ≥ 0.7 
and medium confidence scores > 0.4. Furthermore, by querying “CAS 7783-06-4” in the PubChem database23, 
the targets validated through experimental studies involving H2S were obtained from the following entries: 
“Chemical-Gene Co-Occurrences in Literature”, “BioAssay Results”, “Chemical-Target Interactions”, and “Protein 
Bound 3D Structures”. Utilizing the UniProt database (https://www.uniprot.org/), the identified targets were 
standardized with “Homo sapiens” as the organism constraint. The targets obtained from the three databases 
were merged and duplicates were removed to gather the H2S-related targets.

Identification of KD-related targets
Using the keywords “Kawasaki disease” and “kucocutaneous lymph node syndrome”, the KD-related targets was 
sought across multiple public disease databases, including GeneCards (version 5.18, ​h​t​t​p​s​:​/​/​w​w​w​.​g​e​n​e​c​a​r​d​s​.​o​r​g​/​​​​​)​​​2​4​​​, 
DisGeNET (version 7.0, https://www.disgenet.org/)25, OMIM (https://omim.org/)26, and DrugBank (version 5.1.10, 
https://go.drugbank.com/)27. We calibrated the collected disease targets by the UniProt database, with the species 
parameter restricted to “Homo sapiens”. Then, we integrated the results and eliminated redundant values to obtain 
the final targets associated with KD. Specific criteria for target selection were as follows: targets from GeneCards with 
a Relevance score greater ≥ the average, targets from DisGeNET with a Score_gda ≥ 0.1, and targets from DrugBank 
categorized as “target” in the TYPE field. Additionally, we uploaded the H2S-related targets and disease targets to the 
online tool jVenn (http://bioinfo.genotoul.fr/jvenn/)28 to identify overlapping targets and generate a Venny diagram. 
The intersecting targets were recognized as therapeutic targets for NaHS against KD.

Construction of protein-protein interaction (PPI) network and core target screening
To construct PPI network for analyzing interactions between proteins, the shared targets from NaHS-treated KD 
were uploaded to the STRING database (Version 12.0, https://cn.string-db.org)29, with the species set as “Homo 
sapiens” and the minimum interaction score set to “highest confidence (> 0.9)”. Subsequently, the PPI network 
image and the TSV file were downloaded. The latter was then imported into Cytoscape software (Version 3.10.1), 
where the CytoHubba plugin was employed to perform core target identification using 12 different topological 
analysis methods. The top 10 ranked targets from each of the 12 algorithms were compiled to identify the key 
targets30. The total number of times each target appeared across the algorithms was calculated and ranked, and 
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the top 10 targets were selected as the core targets of H2S. Finally, a bioinformatics tool ​(​​​h​t​t​p​:​/​/​w​w​w​.​b​i​o​i​n​f​o​r​m​a​
t​i​c​s​.​c​o​m​.​c​n​/​​​​​) was used for visualizing the results.

GO and KEGG enrichment analysis
To predict the relationship between diseases and drug targets, the targets in PPI network underwent gene 
ontology (GO) and kyoto encyclopedia of genes and genomes (KEGG) enrichment analyses by the DAVID 
database (Version 2023q3, http://david.ncifcrf.gov)31. The identifier was set to “OFFICIAL_GENE_SYMBOL”, 
the species limited to “Homo sapiens”, and a threshold of FDR < 0.05 was applied. The results were exported and 
ranked in ascending order based on FDR values. The top 10 terms from GO analysis in biological process (BP), 
molecular function (MF), and cellular component (CC), as well as the top 10 pathways from the KEGG analysis, 
were visualized as histogram and bubble chart using the bioinformatics platform.

Mapping of core targets in critical signaling pathways
A comprehensive analysis was conducted based on previous documents and KEGG pathways enriched with 
core targets to identify the pivotal signaling pathway. Subsequently, the core targets were mapped onto the key 
pathway utilizing the PATHVIEW platform (https://pathview.uncc.edu/)32. This method provided a clear and 
intuitive visualization of the relationships between the essential target genes and the critical signaling pathways 
involved in the treatment of KD with H2S.

Drugs and reagents
NaHS was procured from TargetMol Chemicals Inc. (Cat#T36503, Boston, MA, USA). Bovine serum albumin 
(BSA, purity > 98%) was obtained from Aladdin (Cat#B265993, Shanghai, China). TNFα enzyme-linked 
immunosorbent assay (ELISA) kit (Cat#SEA133Mu), IL-1β ELISA kit (Cat#SEA563Mu), and IL-6 ELISA kit 
(Cat#SEA079Mu) were purchased from Cloud-Clone Corp. (Wuhan, China). Primary antibodies for TLR4 
(Cat#66350-1-Ig), NF-κB p65 (Cat#10745-1-AP), and MYD88 (Cat#67969-1-Ig) were supplied by Proteintech 
Group, Inc. (Wuhan, China). The p-NF-κB p65 (Thr254) antibody (Cat#GTX50097) was brought from GeneTex, 
Inc. (Irvine, CA, USA). Primary antibody against β-actin (Cat#52901-2) and the secondary antibodies HRP-
conjugated goat anti-rabbit IgG (Cat#L3012) and goat anti-mouse IgG (Cat#L3032) were acquired by Signalway 
(Greenbelt, MD, USA).

Fig. 1.  Flowchart of the present study.
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Animal, KD model and treatment
A total of 32 male BALB/c mice (16–22 g) aged 4–6 weeks were obtained from Chengdu GemPharmatech Co., 
Ltd. (Chengdu, China). All animals were fed in an animal facility under controlled environmental conditions 
with humidity of 60–70% and a 12-h day/night cycle at 22 ± 2 °C. Throughout the study, the mice had free access 
to food and water. After one week of adaptive feeding, the mice were randomly assigned to four experimental 
groups (8 mice/group): control (Con), KD model (Model), low-dose NaHS (NaHS-L), and high-dose NaHS 
(NaHS-H). The KD model was established based on the protocol described by Qi et al.33, where the mice in the 
Model, NaHS-L, and NaHS-H groups received intraperitoneal (i.p.) injections of a 10% BSA solution (once a 
day) on days 0, 2, 4, 8, and 10, while the Con group received normal saline (NS). Following the final injection 
for model induction, treatments were initiated. The Con and Model groups received NS, whereas the NaHS-L 
and NaHS-H groups were treated with NaHS at doses of 50 µmol/kg and 100 µmol/kg, respectively. Treatments 
were delivered via i.p. injection once daily for 20 consecutive days. The body weight of mice was measured 
on days 0, 4, 10, 17, 24, and 30 following the initiation of the model. At the end of the treatment period, mice 
were anesthetized via i.p. injection of pentobarbital sodium at a dose of 40  mg/kg, and heart tissues were 
harvested. Half of the heart samples was fixed in 4% paraformaldehyde (Cat# BL539A, Biosharp, Hefei, China) 
for histological analysis, while the other half was snap-frozen at −80 °C for subsequent western blot (WB) assays. 
Additionally, serum was collected and stored at −80 °C for the assessment of inflammatory cytokines. All animal 
procedures complied with the guidelines of the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals (NIH publication No. 85 − 23, revised 1996), aiming to minimize animal pain, distress, and 
suffering caused by experiment. This project was approved by the Ethics Committee for Medical Research of 
Sichuan Provincial Women’s and Children’s Hospital. Furthermore, the study is reported in accordance with the 
ARRIVE guidelines (https://arriveguidelines.org).

Hematoxylin and Eosin (HE) staining
The heart tissue underwent HE staining to evaluate histopathological damage. Initially, the heart tissue fixed 
with 4% paraformaldehyde was rinsed and dehydrated, followed by paraffin embedding. The embedded tissue 
blocks were then sectioned transversely into 4 μm slices using a microtome (Leica, Shanghai, China) and dried 
at 60  °C overnight to ensure complete dehydration. After deparaffinization, the tissue sections were stained 
using a commercial HE constant dye kit (CAT#G1076; Servicebio, Shanghai, China) according to the supplier’s 
instructions. Subsequently, the sections were cleared, mounted with neutral resin, and observed under an upright 
fluorescence microscope (Nikon, Tokyo, Japan) at magnifications of 10x and 40x to capture detailed images of the 
stained tissues. The histopathological assessment of coronary artery inflammation and the evaluation of lesion 
severity were conducted by an experienced coronary pathologist, who was blinded to the experimental group. 
A scoring system was employed to assess the acute inflammation, chronic inflammation, and fibroproliferation 
in the coronary arteries of KD. The scoring criteria for inflammation were as follows: 0 = no inflammation, 
1 = sparse infiltration of inflammatory cells, 2 = scattered inflammatory cell presence, 3 = diffuse infiltration of 
inflammatory cells, and 4 = dense aggregation of inflammatory cells. To evaluate the degree of medial fibrosis 
in KD coronary arteries, the following scale was used: 0 = no medial fibrosis, 1 = fibrosis affecting less than 10% 
of the coronary artery intima, 2 = fibrosis involving 11–50% of the intima, 3 = fibrosis affecting 51–75% of the 
intima, and 4 = fibrosis involving more than 75% of the coronary artery intima. The four individual scores were 
combined to generate an overall severity score, referred to as the “vascular inflammation score”34.

Measurement of inflammatory cytokines by ELISA
Levels of inflammatory cytokines, including interleukin (IL)−1β, IL-6, and tumor necrosis factor-α (TNF-α) in 
the serum of mice from each group were determined using ELISA kits. All assays were performed according to 
the manufacturer’s protocols.

Western blot analysis
Total protein from fresh heart tissue was extracted by RIPA lysis buffer (CAT#P0013B; Beyotime, Shanghai, 
China) containing 1% PMSF (CAT#ST507-10 ml; Beyotime), 1% protease inhibitor (CAT# BR006; Signalway 
antibody), and 1% phosphatase inhibitor (CAT# K1007; APExBIO). Protein concentration of each sample 
was determined using an enhanced BCA protein assay kit (Beyotime). 20  µg protein per sample were then 
electrophoretically separated by 10% SDS-PAGE gels prepared with the PAGE gel preparation kit (CAT# 
PG112; chengdu baihe technology Co., Ltd., Chengdu, China) and transferred onto polyvinylidene fluoride 
(PVDF) membranes (CAT#1620177; Bio-Rad, CA, USA). The membranes were then blocked in 5% non-fat 
milk powder (CAT#1172GR100; BioFroxx, Guangdong, China) for 1 h. After blocking, the PVDF membranes 
underwent incubation with anti-TLR4 (1:2000), anti-MyD88 (1:5000), anti-NF-κB p65 (1:2000), anti-p-NF-κB 
p65 (Thr254) (1:500), and anti-β-actin (1:5000) primary antibodies overnight at 4 °C. Next day, the membranes 
were incubated with the HRP-conjugated goat anti-rabbit IgG (1:5000) or HRP-conjugated goat anti-mouse 
IgG (1:10000) secondary antibodies for 1 h at RT. The immunoblotted protein was imaged using an enhanced 
chemiluminescence (ECL) reagents kit (Bio-Rad) according to the manufacturer’s instructions. The intensity of 
bands was analyzed via Evolution-Capt Edge software (Vilber, Collegien, France).

Statistical analysis
All statistical analyses were performed using SPSS 27.0 software, and the results are presented as mean ± standard 
deviation (SD). One-way analysis of variance (ANOVA) with the least-significant difference (LSD) or Games-
Howell post-hoc test was applied to compare differences among three or more groups. A P-value lower than 0.05 
was regarded as indicative of statistical significance.
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Results
Identification of therapeutic targets for H2S against KD
To systematically identify potential therapeutic targets for H2S in KD, we utilized TargetNet, STITCH, and 
PubChem databases, identifying 114, 305, and 5 targets, respectively. After rigorous filtering, and removing 
duplicates, a total of 405 unique targets were obtained, representing the potential therapeutic scope of H2S 
(Fig. 2A). To collect target genes for KD, we then queried the GeneCards, DisGeNET, OMIM, and DrugBank 
databases. This search returned 664 targets from GeneCards, 33 from DisGeNET, 166 from OMIM, and 28 from 
DrugBank. Following the removal of redundant entries, a total of 826 KD-related targets were retained (Fig. 2B). 
Finally, a Venn diagram analysis of these two target sets using the jVenn platform revealed an intersection of 107 
overlapping targets. This subset of common targets was identified as potential therapeutic targets for H2S in the 
treatment of KD and were selected for further analysis (Fig. 2C).

PPI network drawing
To elucidate the mechanisms underlying the therapeutic effects of H2S on KD, we utilized the STRING database 
to perform a PPI topological network analysis for the 107 shared targets (Fig. 3A). This network comprises 107 
nodes and 312 edges, with an average node degree of 5.83, an average local clustering coefficient of 0.448, and 

Fig. 2.  Predicted targets of H2S in KD. (A) Venn diagram depicting H2S-related targets identified from three 
distinct databases. (B) Venn diagram illustrating KD-associated targets collected from four databases. (C) 
Overlapping targets potentially mediating H2S anti-KD effects represented in a Venn diagram.
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a PPI enrichment p-value of < 1.0 × 10−16. Subsequently, a refined PPI network consisting of 86 nodes and 311 
edges, and featuring an increased average node degree of 7.23, was generated using Cytoscape 3.10.1 (Fig. 3B).

Identification of core therapeutic targets
To pinpoint hub genes for H2S against KD, we employed 12 different CytoHubba algorithms (Degree, 
MCC, DMNC, MNC, EPC, Closeness, Betweenness, Clustering Coefficient, EcCentricity, Radiality, Stress, 
and BottleNeck) to extract the top 10 targets from the PPI network, culminating in a consolidated list of 40 
unique genes. Figure 4A,B depict the relationships between these targets and the corresponding algorithms. 
Subsequently, the targets were prioritized based on the number of algorithms, and the top 10 genes were selected. 
They were then intersected with the leading 10 targets ranked by Degree in the PPI network (Fig. 4C), resulting 
in the identification of 9 key targets: TNF, IL6, JUN, AKT1, IL1B, TP53, NFKB1, MAPK1, and RELA (Fig. 4D).

The results of GO and KEGG enrichment analysis
To further investigate the molecular mechanisms of H2S in treating KD, GO enrichment analysis was conducted 
on 86 targets identified from the PPI network constructed using Cytoscape 3.10.1, employing the DAVID 
database. A total of 306 significantly enriched GO terms (FDR < 0.05) were identified, including 246 BP, 26 
CC, and 34 MF. The top 20 enrichment terms of BP, CC, and MF terms based on the lowest FDR values are 
visualized as bubble plots. The BP analysis results reveal that H2S-targeted genes in KD are primarily associated 
with processes such as inflammatory response, positive regulation of IL-6 production, cellular response to 
TNF, cellular response to lipopolysaccharide, positive regulation of IL-1β production, and positive regulation 
of chemokine production (Fig. 5A). These targets are also notably enriched in CC, including cytosol, nucleus, 
extracellular region, and mitochondria (Fig.  5B). Moreover, H2S targets are mainly involved in MF such as 
protein binding, enzyme binding, and cytokine activity (Fig. 5C).

To provide a comprehensive illustration of the potential mechanisms by which H2S treats KD, KEGG 
pathway analysis was employed to predict the signaling pathways associated with the targets identified in 
the PPI network. A total of 162 pathways were identified through KEGG enrichment analysis (FDR < 0.05). 
Among these, the top 20 most significantly enriched pathways were selected based on the FDR value (Fig. 5D). 
Subsequently, a secondary classification of these 20 pathways revealed that the majority are involved in immune 
system regulation and the pathophysiology of human diseases such as infections and cardiovascular disorders 
(Fig. 5E). Further analysis, focusing on pathways associated with immune regulation, identified the IL-17, NOD-
like receptor, Toll-like receptor, and C-type lectin receptor signaling pathways as key mechanisms through which 
H2S may modulate immune responses relevant to KD pathogenesis (Fig. 5F). These pathways are known to play 
pivotal roles in inflammatory and immune processes implicated in KD. A Sankey diagram was constructed 
using a bioinformatics platform to visually display the data from these four critical pathways, providing a 
clear depiction of the interrelations between targets and pathways (Fig. 5G). Based on the findings from core 
target enrichment analysis and supporting literature, we speculate that H2S may alleviate KD symptoms by 
modulating inflammatory responses through the Toll-like receptor signaling pathways. The distribution of key 
genes regulated by H2S within the Toll-like receptor signaling pathway is presented in Fig. 5H. The above results 
imply that H2S may exert its anti-KD effects through multiple mechanisms, with the Toll-like receptor signaling 

Fig. 3.  PPI network analysis of shared targets in H2S anti-KD action. (A) PPI network constructed by the 
STRING database. (B) PPI network visualized and analyzed in Cytoscape software. In the two networks, each 
“node” represents an interacting target protein, while each “edge” signifies the interactions between target 
proteins.
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pathway potentially playing a pivotal role. For in vivo experimental verification, we chose the TLR4/MyD88/NF-
κB signaling pathway, which is closely related to the regulation of inflammatory pathogenesis.

H2S attenuates coronary artery injury and inflammation in KD mice
To evaluate the effects of H2S in the treatment of KD, we employed an exogenous H2S donor, NaHS, in a KD 
mouse model induced by BSA. The experimental design is outlined in Fig.  6A. During the initial phase of 
the study, all groups exhibited a gradual increase in body weight, with no statistically significant differences 
compared to the control group (P > 0.05). However, significant changes in body weight were noted among the 
groups following the administration commenced at day 11. By the end of the 20-day treatment period, mice 
in all treated groups displayed significantly lower body weights compared to the control group, with statistical 
significance (P < 0.001). Notably, the NaHS-L and NaHS-H treatment groups demonstrated significantly higher 
body weights than the model group (P < 0.05 and P < 0.01) (Fig.  6B). Additionally, the percentage change in 
body weight post-treatment showed an increasing trend in all treated groups. The change in body weight of the 

Fig. 4.  Identification of core targets in H2S anti-KD mechanism. (A) Heatmap showing associations between 
12 CytoHubba algorithms and corresponding targets. (B) Chord diagram illustrating correlations between 
the top 10 targets and 12 CytoHubba algorithms. (C) Top 10 targets ranked by degree in the PPI network. (D) 
Venn diagram of intersected core targets derived from CytoHubba and PPI analyses.
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NaHS-H group, in particular, showing a statistically significant higher over the model group by the conclusion 
of the treatment period (Fig.  6C). HE staining was performed on the coronary arteries of mice from each 
group to assess pathological changes. The histopathological analysis (Fig. 6E) revealed that the coronary artery 
intima of mice in the control group was characterized by a smooth and intact structure, with endothelial cells 
aligned uniformly and an absence of inflammatory cell infiltration in the surrounding regions. In contrast, the 
intima of the coronary artery in the model group displayed a roughened and disrupted morphology, marked by 
disorganized endothelial cell arrangement and significant structural disarray. Furthermore, the elastic membrane 
showed notable attenuation, accompanied by pronounced intimal thickening and considerable infiltration of 
inflammatory cells in the adjacent tissues. Encouragingly, exogenous supplementation of NaHS ameliorated 
these pathological alterations in the coronary arteries to different extents, with the high dose showing the most 
substantial improvements. Compared with the control group, the model mice exhibited significant coronary 
artery damage, as evidenced by a notably higher coronary inflammation score. Notably, both the NaHS-L and 
NaHS-H treatment groups demonstrated a statistically significant reduction in coronary inflammation scores 
compared to the model mice (P < 0.001), with the NaHS-H group exhibiting the most pronounced attenuation. 
Moreover, the levels of inflammatory cytokines in mouse serum were measured using ELISA kits. The results 
indicated that a significant increase in TNF-α (P < 0.001), IL-6 (P < 0.001), and IL-1β (P < 0.01) levels after 
BSA administration. Of note, NaHS treatment, especially at high dose, successfully reduced the levels of 
these inflammatory markers (Fig. 6D). Collectively, these data indicates that H2S effectively mitigates growth 
retardation, promotes weight gain, alleviates the inflammatory response and attenuates coronary artery injury in 
BSA-induced KD mice, underscoring its potential as a candidate for therapeutic interventions in KD.

Fig. 5.  GO and KEGG enrichment analysis of targets in the PPI network. (A) Bubble plot of enrichment in 
BP. (B) Bubble plot of enrichment in CC. (C) Bubble plot of enrichment in MF. (D) Bubble plot representing 
the top 20 pathways. (E) Bar chart showing secondary classification for the top 20 pathways. (F) Detailed bar 
chart of the primary classification of the top 20 pathways. (G) Sankey diagram linking the top 20 pathways to 
associated targets. (H) Distribution of core targets in the Toll-like receptor signaling pathway in KD35–37.
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H2S impedes TLR4/MyD88/NF-κB-mediated inflammatory signaling
We further validated the involvement of the TLR4/MyD88/NF-κB signaling pathway, as suggested by network 
pharmacology, in the anti-KD effects of H2S by examining the expression of important proteins through 
WB analysis. The results demonstrated that the levels of TLR4, MyD88, NF-κB, and p-NF-κB were evidently 
upregulated in the heart tissue of mice in the model group (P < 0.001). Conversely, this augment was markedly 
inhibited by administration of NaHS in a dose-dependent manner (Fig. 7A–E). In brief, our findings confirm 
that one of the mechanisms by which exogenous H2S attenuates KD is the suppression of inflammatory responses 
driven by TLR4/MyD88/NF-κB signaling.

Discussion
KD is a febrile vasculitis predominantly affecting small- to medium-sized arteries, especially the coronary 
arteries, which can lead to severe complications such as coronary artery aneurysms, thrombosis, and stenosis. In 
critical cases, KD may result in sudden death, representing the leading cause of acquired heart disease in children 
under five years of age38. However, the main treatment strategies, including IVIG and aspirin, are associated 
with limitations such as treatment resistance and bleeding risks39,40. Thus, the search for new therapeutic 
options is essential for improving the management of KD. H2S, a third endogenous gaseous signaling molecule, 
plays a regulatory role in various physiological and pathological processes across multiple systems, including 
the cardiovascular system41. NaHS, a commonly used H2S donor, has demonstrated protective effects against 
cardiovascular diseases such as atherosclerosis, heart failure, and myocardial ischemia-reperfusion injury 
through mechanisms involving anti-inflammatory, antioxidant, anti-apoptotic, and vascular protective actions12. 
Nonetheless, the potential role and underlying mechanisms of exogenous H2S in KD-associated inflammation 
remain unexplored. This study aimed to investigate, for the first time, the anti-inflammatory effects of exogenous 
H2S and the underlying mechanisms involved, using a combination of network pharmacology and experimental 
validation.

Fig. 6.  Effects of exogenous H2S on body weight, coronary artery damage and inflammatory cytokines in KD 
model mice. (A) Timeline of experimental design (created with BioRender.com). (B) Weight variation in mice 
over the experimental period. (C) Percentage of body weight gain across groups post-treatment. (D) Serum 
levels of TNF-α, IL-6, and IL-1β at the experiment’s end. (E) HE staining results and inflammation score for 
coronary arteries at the experiment’s end (n = 3). Data are expressed as mean ± SD. **P < 0.01, ***P < 0.001 
compared to the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to the model group. Data are 
presented as mean ± SD.

 

Scientific Reports |         (2025) 15:7410 9| https://doi.org/10.1038/s41598-025-91998-7

www.nature.com/scientificreports/

https://www.biorender.com/
http://www.nature.com/scientificreports


Network pharmacology is a systems biology-based approach that integrates methods from pharmacology, 
molecular biology, medicine, bioinformatics, computer science, and statistics. By constructing and analyzing 
drug-disease-target interaction networks, this approach predicts potential drug targets and mechanisms of 
action, providing insights into rational drug use and new drug discovery42,43. Based on it, we identified key targets 
such as TNF, IL6, JUN, AKT1, IL1B, TP53, NFKB1, MAPK1, and RELA, which are pivotal in the therapeutic 
effects of H2S on KD. Notably, these targets are known to regulate inflammation, further underscoring their 
relevance to KD pathophysiology. To further elucidate the anti-inflammatory mechanisms of H2S in KD, we 
conducted GO and KEGG enrichment analyses. Our findings suggest that H2S may exert anti-KD effects by 
modulating key biological processes, including inflammatory response regulation and the production of pro-
inflammatory mediators such as IL-6, TNF, IL-1β, and chemokines. Additionally, H2S also influences several 
inflammation and immune-related pathways, including the Toll-like receptor (TLR), NOD-like receptor, and 
IL-17 signaling pathways. These results suggest that exogenous H2S exerts its therapeutic effects through a multi-
target, multi-pathway mechanism. The involvement of pathways associated with inflammation, immunity, and 
infection aligns with the established pathogenesis of KD8.

Given the inherent limitations of network pharmacology, we further validated our findings through in 
vivo experiments. Based on previous reports by Qi et al.33, who induced KD in BALB/c mice via intermittent 
i.p. injections of 10% BSA, we employed the same model for our study. Treatment with NaHS significantly 

Fig. 7.  Influence of exogenous H2S on the TLR4/MyD88/NF-κB signaling pathway in KD model mice. (A) 
Representative western blot images of TLR4, MyD88, NF-κB, and p-NF-κB. (B–E) Quantitative analysis of 
expression levels for TLR4, MyD88, NF-κB, and p-NF-κB. Data are shown as mean ± SD (n = 3). **P < 0.01, 
***P < 0.001 compared to the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to the model group.
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accelerated weight gain in KD mice, likely by alleviating inflammation and ameliorating symptoms, which in turn 
improved appetite and general physical condition. As KD primarily affects the coronary arteries, we evaluated 
coronary artery pathology using HE staining. The results indicated that exogenous H2S supplementation 
reduced coronary intimal hyperplasia, structural disruption, and inflammatory cell infiltration. Furthermore, 
serum levels of IL-1β, TNF-α, and IL-6 were measured, and the data revealed a dose-dependent reduction in 
the contents of them following NaHS intervention. These pro-inflammatory cytokines, which play critical roles 
in inflammation, apoptosis, and cell survival, are implicated in autoimmune diseases and bacterial infections44. 
Research has shown that TNF-α45, IL-646,47, and IL-1β48 are elevated in the acute phase of KD, and blocking their 
release can significantly improve KD symptoms. Our findings suggest that exogenous H2S effectively mitigates 
inflammatory responses and protects against vascular damage in KD. These observations are consistent with the 
anti-inflammatory effects reported for other therapeutic agents, such as liraglutide49, Losartan50, ginsenoside 
Rb133 and Xijiao Dihuang Tang51, suggesting that H2S may offer comparable benefits in KD management.

Given that TLR4, MyD88, NF-κB, and downstream factors, including TNF-α, IL-6, and IL-1β, serve as 
key targets within the KEGG-enriched Toll-like receptor pathway, which is known to mediate inflammatory 
responses and oxidative stress52,53. Therefore, H2S is hypothesized to play a role in controlling KD by modulating 
inflammation through the TLR4/MyD88/NF-κB axis. TLRs are type I transmembrane pattern recognition 

Fig. 8.  Proposed molecular mechanism by which H2S Inhibits inflammation in KD. In KD pathogenesis, 
multiple factors activate the TLR4/MyD88/NF-κB pathway, leading to systemic vascular inflammation and 
exacerbating coronary damage. H2S suppresses the activation of the TLR4/MyD88/NF-κB pathway, reducing 
pro-inflammatory cytokine release, thereby mitigating inflammation and attenuating coronary lesions (created 
with BioRender.com).
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receptors responsible for pathogen recognition and the initiation of innate immune responses by activating 
antigen-presenting cells and key cytokines, thus participating in both systemic inflammation and immunity. 
Among these, TLR4 is the most extensively studied receptor, while MyD88 is a key downstream adapter 
protein that plays a pivotal role in MyD88-dependent TLR signaling pathways. Upon activation, TLR4 induces 
MyD88-dependent NF-κB activation, leading to the expression of pro-inflammatory genes and promoting 
the release of IL-1β, TNF-α, etc., which contribute to the pathogenesis of various diseases54. Elevated levels of 
TLR4, MyD88, NF-κB, TNF-α, IL-6, and IL-1β has been observed in peripheral blood monocytes/macrophages 
from acute KD patients, suggesting that the hyperactivation of the TLR4/MyD88/NF-κB pathway contributes 
to immune dysfunction in KD55–58. Thus, targeting this pathway may restore immune homeostasis, reduce 
systemic inflammation, and improve KD outcomes. Furthermore, low doses of H2S have been shown to inhibit 
inflammation by regulating the TLR4 pathway in various diseases14,59–61. Consequently, we examined the 
expression of important proteins in the TLR4/MyD88/NF-κB pathway in the heart tissue of KD mice using 
WB. The results revealed that the expression of TLR4, MyD88, NF-κB, and p-NF-κB were significantly elevated 
in the model group, while NaHS treatment markedly reduced their expression. These findings indicate that the 
protective effects of H2S against KD-induced vasculitis are associated with inhibition of the TLR4/MyD88/NF-
κB signaling.

Despite the promising results, this study has several limitations. First, the in vivo experiments were conducted 
primarily in a mouse model, and further studies, including in vitro experiments and clinical trials, are needed to 
confirm the findings. Second, although the importance of the TLR4/MyD88/NF-κB pathway was demonstrated, 
it remains unclear whether the anti-inflammatory effects of exogenous H2S are exclusively dependent on this 
pathway. Future studies employing molecular biology techniques, such as overexpression or gene knockout 
models, are warranted to address this question. Additionally, we did not evaluate the efficacy of exogenous 
H2S in comparison to or in combination with existing KD therapies, such as IVIG and aspirin. Investigating 
these aspects could help optimize treatment strategies. Future research will focus on these areas, facilitating a 
more comprehensive understanding for the therapeutic mechanisms of H2S in KD and accelerating its potential 
clinical application.

Conclusions
In conclusion, this study introduced network pharmacology to preliminarily predict the core molecular targets 
and pathways through which H2S might exert therapeutic effects in KD. Subsequently, the research demonstrated 
in a KD mouse model that exogenous H2S remarkably alleviated coronary artery lesions, promoted weight 
recovery, and reduced the expression of key inflammatory cytokines. Of note, this is the first report to uncover 
that H2S mitigates KD-related inflammation possibly by modulating the TLR4/MyD88/NF-κB signaling pathway 
(Fig. 8). These findings provide novel insights into H2S-based therapeutic strategies and establish a promising 
new direction for the treatment of KD.

Data availability
Data will be made available from the corresponding author upon reasonable request.
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