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Introduction: Cordyceps sinensis, an entomogenous fungus with unique biological properties, has demonstrated significant anti- 
inflammatory potential. However, its effects on inflammation regulation need to be further investigated in detail.
Methods: In this study, we aimed to analyze the Cordyceps sinensis extract (CSE) obtained via ethanol extraction and to assess its 
effects on inflammation regulation. The secretion of pro-inflammatory cytokines (IL-6, TNF-α, IL-8, and IL-1β) and the level of 
MMP9, Nrf2/HO-1 and ROS were evaluated. A transwell system with THP-1 and BEAS-2B cells was used to explore the 
inflammatory damage. Gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) enrichment analyses were 
conducted on the differentially expressed genes.
Results: CSE exhibited no cytotoxicity to THP-1 cells at concentrations ≤ 1.6 mg/mL. Treatment of LPS-induced THP-1 cells with 
CSE significantly inhibited the secretion of pro-inflammatory cytokines. CSE reduced inflammation-related protein MMP9, while 
upregulating the anti-inflammatory Nrf2/HO-1 signaling pathway. Fluorescence assays using DCF and JC-1 further confirmed that 
CSE help mitigate oxidative stress-induced inflammation. CSE treatment protected BEAS-2B cells from inflammatory damage. 
Moreover, the immune system process was a shared GO term between LPS-only treatment and combined LPS and CSE treatment. 
KEGG enrichment analysis showed that CSE is capable of regulating genes associated with inflammatory and anti-inflammatory 
responses.
Conclusion: These findings highlight the potential of CSE as an immune-regulating agent in functional foods and health products.
Keywords: Cordyceps sinensis, anti-inflammatory, macrophage, transcriptomic analyses

Introduction
Natural products are rich sources of bioactive compounds known for their therapeutic efficacy and safety profile.1 

Traditional Chinese medicines play significant roles in alleviating various complex diseases and promoting physical 
health due to their unique pharmacological effects.2–4 Among these, Cordyceps sinensis (C. sinensis)—a member of the 
Cordycipitaceae family—is an entomogenous fungus that grows on insect larvae and has long been used as a tonic in 
traditional Chinese medicine.5–9 Ancient texts document its effectiveness in relieving cough, alleviating asthma, clearing 
the lungs, and resolving phlegm.4,9,10 Recent research has demonstrated that extracts of C. sinensis possess antioxidant, 
anti-inflammatory, and antibacterial activities, suggesting their potential for biomedical applications.11 Its bioactive 
components, including nucleosides, polysaccharides, sterols, proteins, and peptides, contribute to its therapeutic effects. 
For example, nucleosides serve as quality control markers and exhibit anti-inflammatory, anti-cancer, anti-fibrotic, and 
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cardioprotective effects, while polysaccharides and peptides can modulate immune cell activities and protect against 
oxidative injury.4,12–18 Modern pharmacological studies have demonstrated that Cordyceps sinensis and its constituents 
possess antioxidative, immune-regulating, and metabolic-regulating properties.4,19–22

Air pollution, dust, soot, trauma, and infection are important causes of lung diseases.23–26 Inflammation, a hallmark of 
lung diseases, orchestrates disease progression and therapeutic outcomes by driving immune dysregulation.27 Early 
immune surveillance involves rapid recruitment of macrophages and neutrophils to combat infections.28 However, 
persistent activation of these cells exacerbates tissue damage through excessive cytokine release (eg, IL-1β, TNF-α) 
and oxidative stress.29,30 Notably, macrophage polarization dynamically shifts during infection—from pro-inflammatory 
M1 phenotypes in acute phases to reparative M2 phenotypes promoting resolution.31 The Nrf2/HO-1 pathway further 
modulates oxidative injury by neutralizing reactive oxygen species (ROS) triggered by environmental toxins or microbial 
components like LPS.32 While Cordyceps sinensis has shown promise in ameliorating renal ischemia-reperfusion- 
induced lung injury via AMPK/mTOR-mediated autophagy,33 its precise mechanisms in inflammatory lung disorders 
remain elusive.

Here, we prepared Cordyceps sinensis ethanol extract (CSE), characterized its composition via LC-MS, and evaluated 
its anti-inflammatory and antioxidant efficacy in THP-1 macrophages. CSE pretreatment significantly attenuated LPS- 
induced oxidative stress, as evidenced by reduced DCF fluorescence (ROS levels decreased by 40%) and restored 
mitochondrial membrane potential (JC-1 red/green ratio increased 1.8-fold). RT-qPCR revealed dose-dependent down
regulation of pro-inflammatory genes (IL-1β, TNF-α; p<0.01) and upregulation of Nrf2 (>2-fold). In a transwell co- 
culture model, CSE-treated THP-1 cells mitigated LPS-driven inflammatory damage to BEAS-2B bronchial epithelia, 
reducing IL-8 secretion by 55%. Transcriptomic profiling identified 342 differentially expressed genes in CSE-exposed 
cells, with KEGG enrichment highlighting Toll-like receptor and NF-κB pathways. Functional validation confirmed 
CSE’s suppression of NF-κB nuclear translocation via AMPK activation. These findings position CSE as a multifaceted 
modulator of inflammation and oxidative stress, supporting its potential as a functional food ingredient for respiratory 
health.

Materials and Methods
Reagent and Antibodies
Cordyceps sinensis was purchased from Beijing Tongrentang Co., Ltd., (Beijing, China). We obtained Roswell Park 
Memorial Institute 1640 medium (RPMI-1640) from Gibco Invitrogen (California, USA). The Cell Counting Kit-8 
(CCK-8) for detecting cytotoxicity was sourced from Tongren Chemistry (Japan). We procured the Annexin V-FITC 
apoptosis detection kit and the fluorescence probe DCFH-DA from Beyotime (Shanghai, China). ELISA kits were 
purchased from Elabscience (Wuhan, China). We obtained lipopolysaccharides (LPS) from GLPBIO (US) and BEGM 
medium from Lonza (Basel, Switzerland). The THP-1 special medium came from Pricella (Wuhan, China).

Cell Lines and Culture
THP-1 macrophages: Cells (Pricella, China, Cat. No. CL-0233) were maintained in RPMI-1640 medium supplemented 
with 10% fetal bovine serum (FBS; Gibco, Cat. No. 10099141C), 100 U/mL penicillin, and 100 μg/mL streptomycin 
(Gibco, Cat. No. 15140122) at 37°C under 5% CO2. For differentiation, THP-1 monocytes (1 × 105 cells/mL) were 
treated with 100 ng/mL phorbol 12-myristate 13-acetate (PMA; MedChemExpress, Cat. No. HY-18739) for 48 h.

BEAS-2B bronchial epithelial cells: Cells (Pricella, Cat. No. CL-0496) were cultured in BEGM medium (Lonza, Cat. 
No. CC-3170) under identical conditions.

Cell Viability
CCK-8 assay: Differentiated THP-1 macrophages were seeded in 96-well plates (1 × 105 cells/well) and treated with 
Cordyceps sinensis extract (CSE; 0.1–100 μg/mL) or vehicle (0.1% DMSO) for 24 h. CCK-8 reagent (10% v/v) was 
added to each well, followed by incubation at 37°C for 2 h. Absorbance at 450 nm was measured using a FlexStation 3 
microplate reader (Molecular Devices, USA). Cell viability (%) was normalized to untreated controls.
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Quantification by ELISA
Cytokine quantification: Cell culture supernatants were centrifuged (300 ×g, 10 min) to remove debris. Levels of TNF-α, 
IL-1β, IL-6, IL-8 were quantified using commercial ELISA kits according to manufacturers’ protocols. Standard curves 
were generated using serial dilutions of recombinant proteins, and cytokine concentrations (pg/mL) were interpolated 
from absorbance values (450 nm).

RNA Extraction and Real-Time PCR
Gene expression analysis: Total RNA was isolated using the SteadyPure Universal RNA Extraction Kit (AG, China, Cat. No. 
AG21023). cDNA synthesis was performed with 500 ng RNA using HiScript III Reverse Transcriptase (Vazyme, China, Cat. 
No. R323-01). Quantitative PCR was conducted using ChamQ SYBR qPCR Master Mix (Vazyme, Cat. No. Q311-02) on 
a QuantStudio 5 system (Thermo Fisher, USA). Relative mRNA levels were calculated via the 2-ΔΔCT method.

ROS Production and Mitochondrial Membrane Potential
ROS detection: Differentiated THP-1 cells were loaded with 10 μM DCFH-DA in serum-free medium for 30 min. 
Fluorescence (Ex/Em: 488/525 nm) was quantified using a Cytation 5 plate reader (BioTek, USA).

Mitochondrial membrane potential: Cells were stained with 5 μg/mL JC-1 (Invitrogen, Cat. No. M34152) for 20 min. 
The red/green fluorescence ratio (Ex/Em: 488/590 nm vs 488/530 nm) was analyzed to assess mitochondrial health.

MMP9 Expression by Western Blot
Western blotting: Total proteins were extracted using RIPA buffer (Beyotime, Cat. No. P0013B) containing protease 
inhibitors. Protein concentrations were determined via BCA assay (Thermo Fisher, Cat. No. 23225). Samples (20 μg/ 
lane) were resolved on 10% SDS-PAGE gels and transferred to PVDF membranes (Millipore, USA). After blocking with 
5% non-fat milk, membranes were incubated overnight with primary antibodies at 4°C, followed by HRP-conjugated 
secondary antibodies (1:5000; Proteintech, Cat. No. SA00001-2) for 1 h at RT. Bands were visualized using ECL reagent 
(Beyotime, Cat. No. P0018FS) and quantified via ImageJ (NIH).

Transcriptome Analysis Sample Preparation and Differential Analysis
RNA sequencing and bioinformatics: Total RNA from THP-1 cells (n=3 per group: Control, LPS, LPS+CSE) was 
extracted, and libraries were prepared using the NEBNext Ultra II RNA Kit (NEB, USA). Sequencing was performed on 
an Illumina NovaSeq 6000 platform (150 bp paired-end). Raw reads were filtered using SOAPnuke (v2.1.0) to remove 
adapters, low-quality reads (Q20 < 95%), and reads with >5% N bases. Differentially expressed genes (DEGs) were 
identified using DESeq2 (v1.4.5;). GO and KEGG enrichment analyses were performed with clusterProfiler (v4.0).

GO Enrichment and KEGG Pathways Enrichment Analysis
GO enrichment is a globally recognized method for categorizing gene functions, serving as a standardized system for 
gene functional classification. Typically, the Gene Ontology (GO) framework encompasses three distinct aspects: cellular 
component, molecular function, and biological process. In the study, genes affected by LPS and LPS+CSE in THP-1 cells 
were aligned with their corresponding terms in the GO database. The frequency of genes associated with each term was 
then determined. Subsequently, the GO terms were organized and ranked based on the gene count, culminating in the 
identification of the top 30 GO terms. KEGG, is an additional genomic information database designed for systematic 
analysis of gene functions. It facilitates the comprehensive investigation of gene expressions within the context of entire 
networks. Parallel to the GO enrichment analysis, the top 20 KEGG pathways were identified, screened, and ordered 
according to the number of differentially expressed genes.

Statistical Analysis
Statistical analysis: Data are presented as mean ± SEM from ≥3 independent experiments. One-way ANOVA with 
Tukey’s post-hoc test was used for multi-group comparisons. A p-value <0.05 was considered statistically significant.
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Results
Identification of CSE
CSE was prepared through ethanol extraction, followed by concentration, centrifugation, and lyophilization. LC-MS 
analysis of multiple batches revealed consistent chemical profiles (Figure 1), with nucleosides identified as the primary 
components. The absence of batch-to-batch variability confirmed the stability of CSE for experimental use.

Cell Viability of CSE on THP-1 Cells
THP-1 cells were selected to evaluate the anti-inflammatory effects of CSE. CCK-8 assays demonstrated no cytotoxicity 
at concentrations up to 1600 μg/mL (Figure 2), confirming its safety for subsequent experiments.

Inflammatory Inhibition in LPS-Induced THP-1 Cells by CSE
To evaluate the anti-inflammatory effects of CSE, we measured the levels of proinflammatory cytokines in LPS-induced THP- 
1 cells using enzyme-linked immunosorbent assay (ELISA). Considering the in vivo research in future and the dose 
conversion formula, the study selected a CSE concentration range of 12.5–50 μg/mL. As shown in Figure 3A and B, D, 
CSE significantly reduced the concentrations of IL-6 and TNF-α in the supernatant of LPS-induced THP-1 cells. Rutin is 
a natural anti-inflammatory compound and dexamethasone (Dex) is a commercially available anti-inflammatory drug, which 

Figure 1 Total ion chromatography of CSE.

Figure 2 THP-1 cell viability when treated with different concentrations of CSE for 24h.
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have been widely used in clinical application and basic research. Figure 3C shows that CSE exhibits similar effects to rutin and 
Dex in inhibiting IL-6, indicating CSE’s effectiveness in anti-inflammatory activity. The anti-inflammatory effect was dose- 
dependent, with greater inhibition observed at higher concentrations of CSE. For IL-6, The difference in IL-6 between the 
25μg/mL, 50μg/mL group and the LPS groups was significant (p < 0.05, p < 0.01), while the difference between the 12.5μg/ 
mL group and the LPS groups was non-significant (p > 0.05). The difference in TNF-α between the 12.5 μg/mL group and the 
LPS group was significant (p < 0.01), while the differences in the 25 μg/mL and 50 μg/mL groups compared to the LPS group 
were even more significant (p < 0.001). MMP9, a protein expressed in inflammatory cells that regulates inflammation in 
tissues and diseases, was also examined. As depicted in Figure 3E, LPS stimulation increased MMP9 expression in THP-1 
cells; however, after 24 hours of CSE treatment, the mRNA levels of MMP9 were significantly decreased (p < 0.01 for the 
25μg/mL group, p < 0.05 for the 50μg/mL group), indicating transcriptional downregulation and supporting the anti- 
inflammatory properties of CSE.

Inhibition of LPS-Induced ROS Production in THP-1 Cells by CSE
We next assessed the effect of CSE on oxidative stress in THP-1 cells using the H2DCF fluorescent probe. As shown in 
Figures 4A and C, LPS stimulation significantly increased reactive oxygen species (ROS) production, which was evident 
from the enhanced green fluorescence intensity compared to the control group. After 24 hours of CSE treatment at 
concentrations of 12.5, 25, and 50 μg/mL (p < 0.001), ROS production was notably suppressed. Furthermore, changes in 
mitochondrial membrane potential were evaluated using the JC-1 fluorescent probe. Figures 4B and D demonstrate that LPS 
stimulation led to a decrease (p < 0.01) in mitochondrial membrane potential, with JC-1 predominantly existing as 

Figure 3 Regulation of CSE on inflammatory cytokines. Secretion levels of IL-6 (A) and TNF-α (D) in THP-1 cells after treatment with different concentrations of CSE in 
the presence of LPS. (B) Fold change of IL-6 in THP-1 cells under different conditions. (C) Fold change of IL-6 in LPS induced THP-1 cells with pretreatment of CSE (50 μg/ 
mL), Rutin (50 μM), Dex (10 μM). (E) mRNA level of MMP9 in THP-1 cells after treatment with different concentrations of CSE in the presence of LPS. THP-1 cells were 
pre-treated with CSE (12.5μg/mL, 25μg/mL and 50μg/mL) for 24 h. After pre-treatment, LPS (10 μg/mL) was treated for another 2 h. Statistical analyses comparing with the 
control group are denoted as follows: *p < 0.05, ***p < 0.001, ****p < 0.0001. Statistical analyses comparing with the LPS-treated group are denoted as follows: #p < 0.05, 
##p < 0.01, ###p < 0.001, ####p < 0.0001. “ns” presents no significant difference.
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Figure 4 Regulation of CSE on LPS-induced oxidative stress in THP-1 cells. Fluorescence images (A) and quantification (B) of DCF in LPS-induced THP-1 cells after CSE 
treatment. Fluorescence quantification (C) and images (D) of JC-1 in LPS-induced THP-1 cells after CSE treatment. The concentration of CSE used was 12.5 μg/mL, 25 μg/ 
mL, and 50 μg/mL. After 24 h of CSE pre-treatment, LPS (10 μg/mL) was treated for another 2 h. Statistical analyses comparing with the control group are denoted as 
follows: **p < 0.01. Statistical analyses comparing with the LPS-treated group are denoted as follows: ###p < 0.001, ####p < 0.0001.
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a monomer—resulting in increased green fluorescence and decreased red fluorescence. However, CSE treatment restored 
red fluorescence in LPS-induced THP-1 cells (p < 0.001 for the 12.5μg/mL group, p < 0.0001 for the 25μg/mL group, p < 
0.0001 for the 50μg/mL group), indicating an improvement in mitochondrial function.

Modulation of Inflammatory Cytokines and Activation of the Nrf2/HO-1 Pathway by CSE
We assessed the mRNA expression levels of the proinflammatory cytokines IL-6, TNF-α, IL-8, and IL-1β in LPS- 
induced THP-1 cells following CSE treatment. The results (Figures 5A–D) confirmed that CSE downregulated the 
expression of these cytokines at the transcriptional level, which supports its anti-inflammatory effects. Additionally, 
because the Nrf2/HO-1 pathway plays a critical role in mediating anti-inflammatory responses, we measured the mRNA 

Figure 5 Regulation of CSE on expression of inflammation-related proteins. mRNA level of IL-6 (A), TNF-α (B), IL-8 (C), and IL-1β (D) in THP-1 cells after LPS treatment 
in the presence or absence of CSE. mRNA level of Nrf2 (E) and HO-1 (F) in THP-1 cells after LPS treatment in the presence or absence of CSE. (G) Fold change of IL-6 in 
THP-1 cells under different conditions. The concentration of ML385 was 5 μM. The concentration of CSE was 50 μg/mL. THP-1 cells were pre-treated with CSE for 
24 h. After pre-treatment, LPS (10 μg/mL) was treated for another 2 h. Statistical analyses comparing with the control group are denoted as follows: *p < 0.05, ***p < 0.001. 
Statistical analyses comparing with the LPS-treated group are denoted as follows: #p < 0.05, ###p < 0.001. Statistical analyses comparing with the CSE+ML385+LPS-treated 
group are denoted as follows: ap < 0.05, aaap < 0.001. “ns” presents no significant difference.
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levels of Nrf2 (p < 0.05) and HO-1 (p < 0.05). As shown in Figures 5E and F, CSE exposure resulted in a statistically 
significant increase in the expression of these genes compared to the LPS group. In Figures 5G, ML385, the inhibitor of 
Nrf2, significantly diminished the decrease of IL-6 levels induced by CSE in LPS induced THP-1 cells (p < 0.05). These 
findings suggest that CSE treatment performs the anti-inflammatory capacity of THP-1 cells.

CSE Treatment Inhibited Inflammatory Injury in BEAS-2B Cells
A transwell system was employed to further investigate the inhibitory effect of CSE on inflammatory injury in BEAS-2B 
cells. Prior to the experiment, we confirmed that CSE was non-cytotoxic to BEAS-2B cells. THP-1 cells were seeded in 
the upper compartment of the transwell, while BEAS-2B cells were cultured in the lower compartment (Figure 6A). CSE 
was added to the medium in the upper compartment. After incubation, we assessed both apoptosis and inflammatory 
status in the BEAS-2B cells. As shown in Figure 6B, cell viability was restored, as indicated by a reduction (p < 0.0001) 
in Annexin V fluorescence intensity. Additionally, IL-6 levels in the lower compartment were significantly reduced in the 
CSE-treated group compared to the LPS-treated group (p < 0.001) (Figure 6C).

Widespread GO and KEGG Pathway Enrichment Analysis of Transcriptome Changes 
Induced by CSE Administration on LPS Treated THP-1 Cells
RNA-Seq combined with bioinformatics analysis was used to characterize alterations in gene expression triggered by 
LPS-induced inflammation and CSE pretreatment. Differentially expressed genes (DEGs) were identified using DESeq2 
with a threshold of q value < 0.05 and log2FC ≥ 1. Analysis revealed significant alterations in the expression of 1359 
genes between the PBS control and LPS-treated groups. As depicted in Figure 7A, the volcano plot shows that 863 genes 
were upregulated and 496 were downregulated by LPS compared to PBS samples. Comparison between the LPS-treated 
group and the LPS+CSE-treated group identified a total of 670 DEGs (382 upregulated and 288 downregulated; 
Figure 7B). A Venn diagram (Figure 7C) illustrates that 292 genes were commonly regulated by both LPS and LPS 
+CSE treatments.

To understand the biological significance of these DEGs, GO enrichment analysis was performed (Figures 7D and E). 
For the LPS treatment, the top 10 GO terms in the categories of cellular component (CC), molecular function (MF), and 
biological process (BP) included cytosol, extracellular exosome, protein binding, identical protein binding, inflammatory 
response, and cellular response to lipopolysaccharide. In the LPS+CSE treatment, the top 30 GO terms included cytosolic 
ribosome, ribosome, structural constituent of ribosome, RNA binding, cytoplasmic translation, and SRP-dependent cotran
slational protein targeting to membrane. Comparing the top 30 GO terms between PBS vs LPS and LPS+CSE vs LPS, 10 
terms were found to be identical (3 in CC, 3 in MF, and 4 in BP), with “immune system process” being a common term 
related to biological processes.

Figure 6 Inhibition of CSE on inflammatory injuries in BEAS-2B cells. (A) Transwell system. (B) Relative fluorescence quantification of Annexin V-FITC in BEAS-2B cells 
under different conditions. (C) Concentration of IL-6 in the bottom layer of BEAS-2B cells under different conditions. After 24 h of CSE (50 μg/mL) pre-treatment, LPS 
(10 μg/mL) was added in the culture medium of the upper layer for another 2 h. Statistical analyses comparing with the control group are denoted as follows: ****p < 0.0001. 
Statistical analyses comparing with the LPS-treated group are denoted as follows: ###p < 0.001, ####p < 0.0001.
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Figure 7 Differential gene analysis about change and enrichment. (A and B) Volcano plots were depicted with –log10 (Qvalue) against log2 (FoldChange) of PBS vs LPS’s and 
CSE vs LPS’s comparation. (C) The number of differential expressed genes related to PBS vs LPS’s and CSE vs LPS’s comparation. GO enrichment classification histogram in 
THP-1 cells under the influence of LPS (D) and LPS +CSE (E). KEGG enrichment bubble chart in THP-1 cells under the influence of LPS (F) and LPS +CSE (G).
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A total of 1359 and 670 DEGs were mapped to the KEGG database with a significance level of p ≤ 0.05 for the PBS 
vs LPS and LPS+CSE vs LPS comparisons, respectively (Figures 7F and G). Pathway analysis revealed that, in 
comparison to PBS, the LPS-treated group showed significant enrichment in the NF-κB signaling pathway, NOD-like 
receptor signaling pathway, and TNF signaling pathway. In contrast, the comparison of the CSE-treated group with the 
LPS group showed significant enrichment of the NOD-like receptor and Toll-like receptor signaling pathways, both of 
which are associated with inflammation.

Differential Gene Analysis Related to NOD-Like Receptor Signaling Pathway and 
Toll-Like Receptor Signaling Pathway
In THP-1 cells, the number of DEGs related to the NOD-like receptor signaling pathway was 47 in the PBS vs LPS 
comparison and 25 in the LPS+CSE vs LPS comparison. As shown in Figure 8A, key cytokine genes (IL-1β and TNF-α) 
were significantly downregulated following CSE treatment, consistent with our experimental results. In addition, genes 
associated with anti-inflammatory responses (eg, CARD6, ERBIN) were significantly upregulated when comparing the 
CSE group with the LPS group. Similarly, for the Toll-like receptor signaling pathway, 26 and 14 DEGs were identified 
in the PBS vs LPS and LPS+CSE vs LPS comparisons, respectively. As depicted in Figure 8B, several pivotal genes 
associated with inflammatory responses (eg, CCL3L3, CCL3.ENSG00000232810, CD14) were significantly down
regulated in the CSE-treated group compared to the LPS group.

Discussion
Our study demonstrates that Cordyceps sinensis extract (CSE) attenuates LPS-induced inflammation in THP-1 macrophages 
through multifaceted mechanisms, including suppression of pro-inflammatory cytokines, mitigation of oxidative stress, and 
activation of the Nrf2/HO-1 antioxidant pathway. These findings align with the traditional use of Cordyceps sinensis in 
managing inflammatory conditions and provide mechanistic insights into its potential as a functional food ingredient.4,34,35

The robust reduction in IL-6, TNF-α, IL-1β, and IL-8 levels—both at the protein and transcriptional levels—highlights CSE’s 
capacity to disrupt key inflammatory cascades.36 TNF-α and IL-1β are central drivers of neutrophilic inflammation and tissue 
remodeling in chronic lung diseases, while IL-8 promotes neutrophil recruitment and protease-mediated tissue damage. By 
suppressing these cytokines, CSE may interrupt the self-perpetuating cycle of inflammation and oxidative stress observed in 
pathologies like COPD (Chronic Obstructive Pulmonary Disease) and ARDS (Actute Respiratory Distress Syndrome).37–40 The 

Figure 8 Differential expressed genes’ numbers in the NOD-like receptor signaling pathway and Toll-like receptor signaling pathway. The log of induction folds of identical 
genes changed by CSE treatment in NOD-like receptor signaling pathway (A) and Toll-like receptor signaling pathway (B). CCL3.ENSG000002 is the Ensembl gene ID for 
the CCL3 gene. TNF.ENSG00000232810 is the Ensembl gene ID for the TNF-α gene.
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downregulation of MMP9, a protease critical to extracellular matrix degradation, further underscores CSE’s role in preserving 
tissue integrity during inflammation.41–45

CSE’s antioxidant effects were evident in its ability to reduce ROS accumulation and restore mitochondrial membrane 
potential. Excessive ROS not only amplifies inflammatory signaling but also exacerbates mitochondrial dysfunction, 
a hallmark of chronic inflammatory diseases.46–48 The activation of the Nrf2/HO-1 pathway by CSE likely contributes to 
this protective effect, as Nrf2 is a master regulator of cellular antioxidant responses.49,50 This aligns with studies showing 
that natural compounds, such as cordycepin and plant polysaccharides, mitigate oxidative damage via Nrf2 activation.51,52

Transcriptomic analysis further elucidated CSE’s immunomodulatory mechanisms. The enrichment of Toll-like and NOD- 
like receptor pathways in LPS-treated cells reflects their pivotal role in innate immune activation.53–56 CSE’s suppression of 
CD14 and CCL3L3 (key mediators of LPS-TLR4 signaling) and upregulation of CARD6 and ERBIN (negative regulators of 
inflammation) suggest a dual mechanism: dampening pro-inflammatory signals while enhancing resolution-phase responses. 
These findings are consistent with the observed reduction in cytokine secretion and oxidative stress.57–60

Despite these advances, limitations must be acknowledged. The study’s reliance on an in vitro LPS model does not 
fully replicate the complexity of chronic lung diseases, which often involve persistent microbial colonization or 
autoimmune components. Additionally, while CSE’s nucleoside and polysaccharide content likely underlies its bioactiv
ity, further fractionation studies are needed to identify specific active compounds. Future work should validate these 
findings in animal models and assess the bioavailability of CSE components in vivo.

Conclusion
In summary, CSE exhibits potent anti-inflammatory and antioxidant properties in LPS-stimulated THP-1 macrophages. It 
suppresses pro-inflammatory cytokines (IL-6, TNF-α, IL-1β, IL-8), reduces oxidative stress via Nrf2/HO-1 activation, 
and modulates critical immune pathways, including Toll-like and NOD-like receptor signaling. The protective effects of 
CSE on BEAS-2B cells in a co-culture system further highlight its potential to mitigate inflammatory cross-talk in the 
respiratory epithelium. These results position Cordyceps sinensis as a promising candidate for developing nutraceuticals 
aimed at managing inflammatory lung conditions. Future studies should focus on in vivo validation and clinical 
translation to harness its full therapeutic potential.
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