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Background: Current ulcerative colitis (UC) therapies often cause adverse effects, and novel treatments are urgently needed.
Cordycepin (COR), a bioactive compound from Cordyceps militaris, shows anti-inflammatory and intestinal protective potential, its
precise role and mechanisms in UC remain unclear.

Purpose: This study aimed to elucidate the effects and underlying mechanisms of COR on UC.

Methods: Using dextran sulfate sodium (DSS)-induced acute colitis mice and DSS-damaged human colonic epithelial cells as
models, we evaluated and analyzed the effects and mechanisms of COR on UC by combining molecular docking, molecular dynamics
simulations, in vivo/in vitro interventions with selective pharmacological antagonists, transcriptome sequencing and Western blotting
verification.

Results: In vitro experiments confirmed that COR exhibits protective effects on DSS-damaged colonic epithelial cells. Mechanistic
studies revealed that COR elevates intracellular cAMP levels, and the selective adenosine A, receptor (A;aAR) antagonist
SCHS58261 can block the protective effect of COR. Molecular docking and dynamics simulation analyses also demonstrated an
interaction between COR and A;,AR at the molecular level. In vivo experiments further verified that oral administration of COR
(5 mg/kg, 10 mg/kg) significantly ameliorated DSS-induced colitis in mice, manifested by reduced disease activity index, attenuated
weight loss, improved colon shortening, decreased serum pro-inflammatory cytokines, alleviated colonic inflammation, and restored
intestinal barrier function. Moreover, the therapeutic effect of COR on colitis could be blocked by SCH58261. Further investigations
indicated that COR inhibits IL-6/IL-6R signaling in colonic tissues and suppresses phosphorylation-mediated activation of p38 MAPK
and NF-kB p65 through A;,AR activation.

Conclusion: COR ameliorates DSS-induced colitis by activating A,oAR to upregulate cAMP levels, inhibiting IL-6/IL-6R-mediated
p38 MAPK and NF-«B activation. This study confirms A,sAR as a key therapeutic target, providing data support for the potential
application of COR in UC treatment.
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Introduction

Ulcerative colitis (UC) is a chronic relapsing inflammatory bowel disease characterized by inflammation that spreads
continuously from the rectum in a proximal direction.! Currently, the health burden imposed by UC is escalating, with
increasing trends observed in both its incidence and prevalence.” Current therapeutic agents include aminosalicylates,
corticosteroids, immunosuppressants, and biologics. While these medications can alleviate symptoms, their long-term use
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carries significant risks of serious adverse effects, such as immunosuppression and heightened susceptibility to infections.
Although emerging therapeutic targets—including sphingosine 1-phosphate receptor modulators, janus kinase inhibitors,
anti-leukocyte integrins—and fecal microbiota transplantation show considerable promise, many remain in stages of
clinical development.” Consequently, the development of novel, effective, and well-tolerated UC therapeutics is an urgent
priority.

Cordyceps militaris is a medicinal and edible fungus containing numerous bioactive compounds. Cordycepin (COR),
as one of its main components, possesses significant pharmacological value and has been reported to exhibit anti-tumor,
anti-inflammatory, antioxidant, anti-apoptotic, metabolic regulatory, and neuroprotective activities.* © In recent years, one
study reported that COR may modulate the intestinal Th1/Th2 and Th17/Treg cell balance and alter gut microbiota
composition, thereby ameliorating colitis in mice.” Additionally, our previous research found that COR alleviates high-fat
and high-sugar diet-induced intestinal inflammation and oxidative stress damage, reduces intestinal epithelial cell
apoptosis and pyroptosis, and improves intestinal barrier dysfunction in mice.® This suggests COR may have potential
therapeutic effects on colitis, but its precise role and mechanism remain to be elucidated.

Structurally, as an adenosine analogue, COR likely shares potential cellular targets with adenosine. Studies have
reported that COR interacts with specific adenosine receptor (AR) subtypes (A;AR, A>AAR, A3AR) in various contexts,
exerting neuroprotective, metabolic regulatory, and anti-tumor effects.” '? Critically, compelling evidence indicates
a significant role for AR in the regulation of colitis.'® For instance, activation of the Ay»AR modulates inflammatory
responses and stimulates epithelial repair in experimental colitis. Gut microbiota-derived purine metabolites like inosine
exert protective effects against colitis by enhancing intestinal mucosal barrier function through activating the A;4AR/
peroxisome proliferators-activated receptor y pathway.'* These findings suggest the critical regulatory role of AR activity
in the pathogenesis of colitis. However, whether COR can ameliorate intestinal injury by modulating AR has not yet been
reported in studies.

Additionally, targeting the IL-6 signaling pathway has emerged as a clinically relevant strategy in UC, given its
central role in promoting chronic inflammation. Clinical trials of IL-6 pathway inhibitors have demonstrated efficacy in
ulcerative colitis patients, highlighting the translational potential of modulating this axis.'

Therefore, this study employed dextran sulfate sodium (DSS)-damaged colonic epithelial cells to demonstrate the
protective effect of COR, and preliminarily discovered that COR’s protection of colonic epithelial cells is based on its
activation of A,oAR through cyclic adenosine monophosphate (cAMP) level detection, AR subtype antagonist inter-
ference, molecular docking, and dynamics simulation (MD). Subsequently, in vivo experiments involving monitoring
body weight, diarrhea, and rectal hemorrhage, histopathological staining of colon tissues, and detection of serum and
colonic inflammatory factors, intestinal permeability markers, and cAMP levels further confirmed that COR ameliorates
DSS-induced colitis in mice. Moreover, the therapeutic effect of COR on colitis could be blocked by SCH. Finally,
transcriptome sequencing and pathway expression validation revealed that the ameliorative effect of COR on colitis was
based on its activation of A;4AR, thereby inhibiting IL-6/IL-6R-mediated phosphorylation activation of p38 MAPK and
NF-kB. This will provide data support for the application of COR in UC.

Materials and Methods

Materials and Reagents

Cordycepin (COR, CAS No. 73-03-0, Cat. No. C805132, 98% purity) was purchased from Shanghai Macklin
Biochemical Technology Co., Ltd. (China); Dextran Sodium Sulfate (DSS, 60316ES60) was provided by Yeasen
Biotechnology Co., Ltd. (Shanghai, China); Sulfasalazine (SASP, S129986) was obtained from Shanghai Aladdin
Biochemical Technology Co., Ltd. (China); SCH58261 (HY-19533) and DPCPX (HY-100937) were supplied by
MedChemExpress (MCE, Monmouth Junction, NJ, USA); BisBenzimide H 33342 (Hoechst 33342, C0030), and
Propidium lodide (PI, C0080) were purchased from Beijing Solarbio Science & Technology Co., Ltd. Proteintech Co.,
Ltd. (Wuhan, China), supplied the antibody against Zonula Occludens-1 (ZO-1, 21,773-1-AP), Occludin Polyclonal
antibody (27260-1-AP), Adenosine A receptor Polyclonal antibody (A;AR, 20332-1-AP), the antibody against B-actin
(20536-1-AP), CD126/IL-6R alpha Polyclonal antibody (23457-1-AP), Horseradish peroxidase (HRP)-conjugated goat
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anti-rabbit secondary antibody (SA00001-2), and HRP-conjugated goat anti-mouse secondary antibody (SA00001-1).
Adenosine A, receptor Antibody (A;4AR, sc-32261) was purchased from Santa Cruz Biotechnology (USA). Antibodies
against NF-xB p65 (8242T) and Phospho-NF-kB p65 (3033T) were obtained from Cell Signaling Technology (CST,
USA). Antibodies against Phospho-p38 (R014105), Anti-p38 Rabbit mAb (R013794), Anti-STAT3 Rabbit pAb
(P012881) and Anti-Phospho-STAT3 Rabbit mAb (R015031) were purchased from Epizyme (Shanghai, China). TNF-
o (E-EL-HO0109), IL-1p (E-EL-HO0109,), and IL-6 (E-EL-H6156) ELISA kits were purchased from Elabscience (Wuhan,
China). The ECL detecting reagent (SQ201) was purchased from Shanghai Epizyme Biomedical Technology Co., Ltd.
(China).

Cell Culture

The human intestinal epithelial cell line NCM460 (BNCC339288, China) was cultured in RPMI 1640 medium
(C11875500BT, Gibco, US) supplemented with 10% fetal bovine serum (FBS, SR-01021, Oricell, Guangzhou, China),
50 U/mL penicillin, and 50 U/mL streptomycin. Cells were maintained at 37 °C in a humidified atmosphere containing
5% CO,. The effects of different concentrations of COR and DSS on NCM460 cell viability were assayed using the
CCK-8 kit (C6005M, UElandy, Suzhou, China).

Lactate Dehydrogenase (LDH) Activity Assay

After serum starvation with 2% FBS for 6 h, NCM460 cells were treated with 2% DSS, and / or 1 umol/L COR, 10 umol/
L COR, 5 umol/L SCH, or 5 umol/L DPCPX for 24 h. The cell culture supernatant was collected, and the LDH activity
in the supernatant was measured according to the instructions of the LDH assay kit (E-BC-K766-M, Elabscience, Wuhan,
China).

Inflammatory Cytokine Assay
Following the aforementioned intervention, cell culture supernatants were collected. Levels of the pro-inflammatory
cytokines TNF-a, IL-1B, and IL-6 were quantified according to the instructions of ELISA kits.

cAMP Quantification

cAMP levels in serum and cell lysates were measured using a competitive ELISA kit (E-EL-0056, Elabscience). The
serum was pretreated by centrifugation at 1000xg. After treated according to the aforementioned method, 10"® NCM460
cells were collected from each group, and cell lysis was performed through freeze-thaw cycles. Detection was carried out
according to the protocol instructions. The concentration was calculated based on OD450 readings against the standard
curve.

Cell Death Quantification

Following the aforementioned intervention, NCM460 cells without fixation were sequentially stained with Hoechst
33342 (10 pg/mL) and PI (15 pg/mL). Nuclear morphology was analyzed using laser confocal microscopy (Olympus,
Wetzlar, Germany). Cells exhibiting PI" staining with condensed/fragmented nuclei were defined as dead cells. Death
rates were calculated from five random fields/sample across triplicates.

Molecular Docking

Download the 2D structural formula of COR from the PubChem database, import it into Chem3D software for energy
minimization, and export it in mol2 format. Import the mol2-formatted COR structure into AutoDock software and
export it as pdbqt format. Search for the ADORA2A protein in the Uniprot database, with the species set as human, and
select the X-ray or EM structure with the highest resolution to download as a PDB structure. Retain the protein while
removing water molecules to serve as the protein structure. Import the optimized protein structure into AutoDockTools-
1.5.7 software, neutralize charges, add hydrogen atoms, remove non-standard amino acids, and export it as pdbqt format.
Select the ligand structure within the protein as the docking pocket, and perform molecular docking between the protein
and small molecule using AutoDock Vina.
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Molecular Dynamics (MD) Simulation

The complex was subjected to 100 ns MD simulation using Gromacs 2022. The protein was modeled with CHARMM
36'° force field parameters, while the ligand topology was constructed using GAFF2 force field parameters. Periodic
boundary conditions were applied, and the protein-ligand complex was placed in a cubic box. The TIP3P water model
was used to solvate the system, filling the box with water molecules to form a periodic boundary of 1.2 nm.'”
Electrostatic interactions were treated using the Particle Mesh Ewald (PME) method and the Verlet algorithm,
respectively. Subsequently, equilibration was performed under isothermal-isochoric (NVT) and isothermal-isobaric
(NPT) ensembles for 50,000 steps each, with a coupling constant of 0.1 ps and a duration of 100 ps simulation. Both
van der Waals and Coulomb interactions were calculated using a cutoff of 1.0 nm. Finally, the system underwent MD
simulation under constant temperature (310 K) and pressure (1 bar) using Gromacs 2022 for a total duration of
100 ns.

Animal Experiments

Male C57BL/6J mice (8 weeks old; body weight: 2022 g) were purchased from SPF (Beijing) Biotechnology Co., Ltd.
(License No.: SYXK (Jing) 2024—0001). All experimental procedures strictly adhered to the National Research Council
Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care and Ethics Committee of
Guangxi Medical University (Approval No.: 2025-D0342).

Mice were housed in a specific pathogen-free barrier facility (temperature: 22 £ 1°C; relative humidity: 50 + 5%;
12-h light/dark cycle) with ad libitum access to standard rodent chow and drinking water. After a one-week
acclimatization period, the mice were randomly divided into six groups (n=8 per group): (1) the Control group, (2)
the DSS group, (3) the DSS + SASP group, (4) the DSS + COR-L group, (5) the DSS + COR-H group and (6) the DSS
+ SCH +COR-H group. Except for the control group, which consumed distilled water throughout the study, mice in all
other groups were given a 5% (w/v) dextran sulfate sodium (DSS) solution dissolved in distilled water for 7
consecutive days (days 1-7) to induce acute colitis, followed by switching to normal distilled water alone on days
8-10. PStarting from the induction of DSS, the control and DSS groups received daily oral gavage of saline, while the
DSS + COR-L and DSS + COR-H groups received daily oral gavage of 5 mg/kg or 10 mg/kg COR (dissolved in
distilled water), respectively. Mice in the DSS + SCH + COR-H group were intraperitoneally injected with 2 mg/kg
SCH58261 (SCH, dissolved in sterile corn oil) and administered 10 mg/kg COR by gavage daily. Mice in the DSS +
SASP group were gavaged with 250 mg/kg sulfasalazine (SASP, dissolved in a 0.5% sodium carboxymethylcellulose
solution) daily.

Body weight, food intake, stool consistency, and fecal blood were monitored and recorded daily. Disease activity
index (DAI) was calculated according to established criteria and the DAI scores criteria were shown in Table S1.'®
On day 10, mice were fasted for 12 h and then anesthetized using isoflurane. Whole blood was collected via retro-orbital
venous plexus puncture and was centrifuged at 4 °C, 2000 x g for 10 min after standing at room temperature to obtain
serum. Serum samples were aliquoted and stored in a —80 °C freezer for subsequent analysis. Following anesthesia, mice
were euthanized, and the entire colon was immediately harvested and photographed for macroscopic assessment. The
colon was then divided into two segments: one segment was fixed in 4% paraformaldehyde for histological analysis, and
the other segment was rapidly frozen in liquid nitrogen.

Serum Cytokine Measurements

Serum cytokines were detected using BioLegend’s LEGENDplex™ Mouse Inflammation Panel (740446, BioLegend)
according the manufacturer’s protocol. Samples were analyzed on a Beckman CytoFlex flow cytometer. Standard curves
were generated using kit-provided lyophilized standards, and raw data (.fcs files) were processed through BioLegend’s
cloud-based LEGENDplex™ Data Analysis Suite for automated analyte quantification.

Serum C-Reactive Protein (CRP) Quantification
Serum CRP levels were measured using a mouse-specific sandwich ELISA kit (E-EL-M0053, Elabscience). Serum
samples were diluted, incubated, and analyzed according to the manufacturer’s protocol. Absorbance was measured at
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450 nm using an Epoch microplate reader (BioTek Instruments, Inc). Concentrations values were calculated based on the
standard curve.

Assessment of Intestinal Permeability Biomarkers

Serum diamine oxidase (DAO) levels were quantitatively measured using an ELISA kit (E-EL-M0412, Elabscience,
Wuhan, China), while serum D-lactate concentrations were determined using a colorimetric assay kit (S0204S, Beyotime,
Shanghai, China). Both assays were performed according to the manufacturer’s protocols, with concentration values
calculated based on standard curves.

Hematoxylin and Eosin (H&E) Staining

The colon tissue fragments were fixed with 4% paraformaldehyde, then embedded in paraffin and sectioned. (4 pm). The
sections were processed according to standard protocols using H&E staining reagents (G1076, Servicebio). Whole-slide
digital images were acquired using an AMX CSS V1 scanner, with five randomly selected high-power fields analyzed
per section. The histopathological scoring criteria were detailed in Table S2.'

Alcian Blue / Periodic Acid-Schiff (AB/PAS) Staining

The colonic paraffin sections were stained with AB/PAS kit (G1049, Servicebio) for mucin / goblet cell assessment. Five
non-consecutive fields per section were analyzed to evaluate goblet cell numbers. Goblet cell density was quantitated
using Imagel software (NIH, Bethesda, MD, USA).

TUNEL Apoptosis Assay

The colonic paraffin sections underwent standard dewaxing and rehydration procedures. After completing the standard
pretreatment process, the sections were co-incubated with terminal deoxynucleotidyl transferase-mediated dUTP Nick-
end labeling (TUNEL) reaction mixture (G1502, Servicebio). Nuclei were counterstained with DAPI (G1012,
Servicebio) and observed under a fluorescence microscopy (Nikon Eclipse C1). Five random fields of view were selected
for each section, and apoptotic cells were quantitatively analyzed using ImagelJ software.

Quantitative Transcriptomics Analysis

Total RNA was extracted from colon tissues using the MJZol Total RNA Extraction Kit (Majorbio, Shanghai, China). RNA
purity and integrity were assessed using NanoDrop 2000 (Thermo Fisher Scientific) and Agilent 5300 Bioanalyzer, respectively.
High-quality RNA (0D260/280 = 1.8-2.2, RQN > 6.5) was used for library preparation. Poly(A)+ mRNA was enriched using
Oligo(dT) magnetic beads, fragmented chemically, and used to construct strand-specific cDNA libraries following the Illumina®
Stranded mRNA Prep protocol. Libraries were sequenced on the DNBSEQ-T7 platform (BGI, China) using PE150 chemistry.
Raw sequencing reads were quality-controlled and filtered using fastp. Processed reads were aligned to the mouse reference
genome using HISAT2. Transcript abundance was quantified as transcripts per million (TPM) using RSEM. Differential
expression analysis between experimental groups was performed using DESeq2 with significance thresholds of [log, FC| > 1
and false discovery rate (FDR) < 0.05. The protein-protein interaction (PPI) network was extracted from the STRING database
(https:/string-db.org/cgi/input.pl/) with a minimum interaction score set at the highest confidence level of 0.4. Parameters such

as degree, betweenness, and closeness were acquired using the Centiscape2.2 plug-in. The resultant PPI network was then
visualized through Cytoscape 3.8.2 software. Reactome enrichment analysis was conducted using Goatool and SciPy.

Western Blot Analysis

Tissue and cell protein samples were separated by SDS-PAGE and transferred to PVDF membranes. After blocking in
5% non-fat milk/TBST, membranes were probed overnight at 4°C with primary antibodies: anti-ZO-1 (1:5000), anti-
Occludin (1:5000), anti-A;AR (1:1000), anti- A,oAR (1:1000), anti-p65 (1:1000), anti-P-p65 (1:1000), anti-p38
(1:1000), anti-P-p38 (1:1000), anti-IL-6R (1:1000), anti-STAT3 (1:500), anti-P-STAT3 (1:1000) and anti-B-actin
(1:10,000). Following secondary HRP-antibody incubation (1:5000, species-matched), protein bands were detected by

Drug Design, Development and Therapy 2026:20 https: 5


https://www.dovepress.com/article/supplementary_file/575035/575035%20Supplementary%20Material.docx
https://string-db.org/cgi/input.pl/

Liao et al

ECL chemiluminescence (Tanon 4600). Target protein expression was quantified via ImageJ densitometry normalized to
B-actin.

Statistical Analysis

All quantitative data are presented as mean + standard error of mean (SEM) and were statistically analyzed using
GraphPad Prism software (Version 9.5.0, San Diego, CA, USA). Inter-group comparisons between two independent
samples were performed using two-tailed unpaired Student’s #-test, while multi-group comparisons were assessed by one-
way ANOVA. For non-normally distributed variables, inter-group statistical significance was evaluated via Kruskal—
Wallis test. A value of P < 0.05 was considered statistically significant.

Results
Cordycepin Alleviates DSS-Induced Damage to Intestinal Epithelial Cells

Intestinal epithelial cells, serving as the body’s first line of defense against pathogenic microorganisms, constitute
a crucial component of the intestinal barrier. Therefore, we employed DSS to treat NCM460 cells in vitro to simulate
colitis for preliminary evaluation of the protective effects of COR. CCK8 assays indicated NCM460 cell viability
declined with increased DSS exposure, with higher concentrations causing more significant decreases (Figure 1A). Thus,
2% DSS was chosen for further experiments. COR did not significantly affect cell viability at concentrations up to
10 pmol/L (Figure 1B), leading to the selection of 1 pmol/L and 10 pmol/L as treatment concentrations.

Experimental results demonstrated that 2% DSS treatment for 24 h induced marked damage to NCM460 cells,
evidenced by increased release of the cell damage marker LDH and elevated levels of inflammatory cytokines IL-1f, IL-
6, and TNF-a in the supernatant (Figure 1C—F). PI staining further confirmed a significant rise in NCM460 cell death
(Figure 1G). Additionally, 2% DSS notably downregulated ZO-1 protein expression (Figure 1H). In contrast, both
1 umol/L and 10 umol/L COR significantly reduced the 2% DSS-induced release of LDH, IL-1p, IL-6, and TNF-a, while
markedly suppressing NCM460 cell death (Figure 1C-G). Furthermore, 10 umol/L COR distinctly upregulated ZO-1
protein expression (Figure 1H). These findings collectively indicated that COR possesses a protective effect on intestinal
epithelial cells.

Cordycepin Inhibits DSS-Induced Damage to Intestinal Epithelial Cells by Activating

Adenosine Receptor Aja

COR shares a highly similar chemical structure with adenosine, suggesting it may exert adenosine-like effects by
activating AR. There are four known subtypes of AR: A;AR, A;4AR, A,gAR, and A3;AR. To determine whether
COR improves colitis by activating AR and which subtype is involved, we measured cAMP levels in NCM460 cells. The
results showed that 2% DSS significantly downregulated intracellular cAMP levels in NCM460 cells, while 1 umol/L
and 10 pmol/L COR significantly upregulated cAMP levels (Figure 2A). These findings suggest that COR likely
activates A,poAR or A,gAR. Existing literature predominantly indicates that activating the A5 AR ameliorates

1420-22 whereas some studies report that A,z AR activation may exacerbate colitis.>> > Therefore, we hypothe-

colitis,
sized that COR protects intestinal epithelial cells primarily by activating the Ao AR.

To test this, we used the selective competitive A;4AR antagonist SCH to interfere with NCM460 cells for preliminary
validation. The results revealed that SCH further reduced the DSS-induced decline in cAMP levels and blocked the
cAMP-elevating effect of 10 umol/L COR (Figure 2B). Correspondingly, SCH abolished COR’s inhibitory effects on
DSS-induced LDH, IL-1B, IL-6, and TNF-a release in NCM460 cells (Figure 2C—F). Moreover, SCH also blocked
COR’s ability to reduce DSS-induced cell death and upregulate ZO-1 protein levels (Figure 2G and H). However, the
adenosine A, receptor antagonist DPCPX did not inhibit COR’s cAMP-enhancing effect (Figure 2B). Accordingly, under
DPCPX interference, COR still significantly reduced DSS-induced LDH, IL-1p, and IL-6 release, mitigated cell death,
and upregulated ZO-1 protein levels (Figure 2C—H). Additionally, neither DSS nor COR (1 pmol/L and 10 pmol/L)

altered the protein expression of A;oAR or A;AR (Figure 21 and J). These results demonstrated that COR may alleviate
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Abbreviations: COR, cordycepin; SCH, SCH58261; DPCPX, 1,3-Dipropyl-8-cyclopentylxanthine; A;aAR, adenosine receptor A,a; A|AR, adenosine receptor A.
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DSS-induced damage to intestinal epithelial cells by activating the A,,AR rather than upregulation expression of
AsaAR.

Molecular Docking and Molecular Dynamics Simulation of Adenosine Receptor Aja
-Cordycepin

To elucidate whether COR interacts with the A;4AR, we performed molecular docking and dynamics simulations
between COR and the A,4,AR. As shown in Figure 3A, the docking score of COR with the A,4AR protein (PDB ID:
5nm4) was —7.0 kcal/mol. COR formed a hydrogen bond with ALA68 of the A,,AR protein at a distance of 2.82 A,
while also establishing hydrophobic interactions with PHE-71, ALA-72, ILE-89, ALA-90, VAL-93, PHE-177, MET-186,
LEU-354, ASN-358, and ILE-379.

During the 100 ns MD simulation, the A,4AR-COR complex system reached equilibrium after 50 ns, ultimately
fluctuating around 3.8 A, indicating structural stability (Figure 3B). The number of hydrogen bonds formed by the
complex during the MD simulation fluctuated continuously between 0 and 5 (Figure 3C). Furthermore, the root mean
square fluctuation (RMSF) values of the A;yAR-COR complex were remaining below 8 A (Figure 3D). Solvent-
accessible surface area (SASA) analysis revealed slight fluctuations during the motion of the complex, which gradually
stabilized (Figure 3E), suggesting that the binding of the small molecule affects the binding microenvironment and leads
to certain changes in SASA. The radius of gyration (Rg) of the A;AR-COR complex exhibited stable fluctuations
during motion (Figure 3F), demonstrating that the complex possesses a stable and compact structure. These results

indicate that A;oAR-COR can form stable interactions at the molecular level.

Pharmacological Inhibition of Adenosine Receptor A, Blocks Cordycepin’s
Ameliorative Effects on DSS-Induced Acute Colitis Symptoms in Mice

On this basis, we employed DSS to induce acute colitis in mice to verify the ameliorative effect of cordycepin on
colitis and investigate the role of A;AAR in this process. DSS-induced colitis is a model that replicates human UC
symptoms, such as weight loss, diarrhea, and rectal bleeding. Mice were exposed to DSS for 7 days and then given
normal water for 3 days. COR, SCH and SASP were administered daily for 10 days. The detailed experimental
protocol is illustrated in Figure 4A. The results showed that DSS mice had significant weight loss, elevated DAI
scores, shorter colon lengths compared to controls (Figure 4B—D). Serum levels of pro-inflammatory cytokines like
TNF-a, IL-1pB, IL-6, IFN-y, and CRP were also elevated (Figure 4E-I). Histological analysis revealed colitis-related
changes in the DSS group, including muscle fiber separation, submucosal edema, inflammatory cell infiltration, and
crypt structure loss (Figure 4J and K). These findings collectively indicate the successful establishment of an acute
colitis model in mice induced by DSS.

Compared with the DSS model group, both COR (COR-L and COR-H) and the SASP administration groups
significantly reduced body weight loss, decreased DAI scores, and mitigated colon length shortening in colitis mice
(Figure 4B-D). Additionally, COR (COR-L and COR-H) and SASP administration also lowered the serum levels of
TNF-0, IL-1B, IL-6, IFN-y, and CRP, and mitigated colonic tissue damage, reducing histopathological scores
(Figure 4E-K). These results demonstrated that COR (5 mg/kg and 10 mg/kg) exhibits comparable efficacy to
250 mg/kg SASP in alleviating DSS-induced colitis.

Moreover, as expected, the results showed that under SCH intervention, nor could COR inhibit weight loss, increased
DAI scores, or colon shortening in colitis mice (Figure 4B-D). Additionally, SCH also blocked COR’s effects of
reducing serum levels of TNF-q, IL-1B, IL-6, IFN-y, and CRP, as well as mitigating muscularis propria separation,
submucosal edema, inflammatory cell infiltration, and villous damage in colon tissues, thereby lowering histopatholo-
gical scores (Figure 4E—K). These findings indicate that COR’s effects were inhibited by SCH, demonstrating that COR
improves colitis symptoms by activating the A,5AR.
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Figure 3 The results of molecular docking and molecular dynamics simulation of adenosine receptor Aja-cordycepin. (A) 2D (left) and 3D (right) molecular docking
diagrams of AJpAR-COR. The PDB ID of the AysAR protein is 5nm4. The yellow stick represents the structure of COR, and the cartoon depicts the protein structure. The
green sticks indicate amino acid residues within 4 A that form hydrogen bonds with COR. Yellow dashed lines represent hydrogen bonds, with adjacent numbers denoting
the distance between COR and the hydrogen-bonded amino acids. White sticks represent amino acids involved in hydrophobic interactions with COR. (B) The Root Mean
Square Deviation (RMSD). (C) The number of hydrogen bonds of the complex. (D) The Root Mean Square Fluctuation (RMSF) values for the complex. (E) The Radius of
Gyration (Rg) values of the complex. (F) Solvent Accessible Surface Area (SASA) of the complex.

Abbreviations: COR, cordycepin; A,oAR, adenosine receptor Aja.

Pharmacological Inhibition of Adenosine Receptor A, Blocks Cordycepin’s

Amelioration of Intestinal Inflammation and Gut Barrier Function in Colitis Mice

To assess COR’s protective impact on colitis, cytokine levels in colon tissues were measured. COR at effective doses (5 mg/
kg and 10 mg/kg) significantly lowered the levels of colonic IL-1f, IL-6, and TNF-a in colitis mice (Figure SA—C),
indicating COR mitigates DSS-induced colonic inflammation. AB-PAS staining results revealed that DSS reduced mucin
content and goblet cell numbers in colons, whereas COR administration (COR-L and COR-H) increased both mucin
content and goblet cell numbers in mice (Figure 5D and E). Additionally, TUNEL staining results showed a significant
increase in TUNEL-positive cells in the DSS model group, which was markedly reduced in the COR-treated groups
(Figure S5F and G), demonstrating that COR significantly decreases DSS-induced apoptosis. Furthermore, COR treatment
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Figure 4 SCH58261 blocks cordycepin’s ameliorative effects on DSS-induced acute colitis symptoms in mice. (A) Animal experimental flowchart. (B) The body weight
change. (C) The disease activity index (DAI). (D) The colon length. (E-I) Serum level of TNF-a, IL-Ip, IL-6, IFN-y and CRP. (J) The histopathological damage of colons was
detected by using H&E staining. (K) Histological score. Data were presented as the means * SEM of six-eight mice in each group and were compared using two-tailed
Student’s t tests. "'P < 0.01, P < 0,001 and P < 00001 vs. control group; *P < 0.05, **P < 0.01, **P < 0.001 and ****P < 0.0001 vs. the DSS model (DSS) group.
Abbreviations: COR, cordycepin; SASP, sulfasalazine.

also reversed the DSS-induced reduction in the expression of critical intestinal tight junction proteins ZO-1 and Occludin
(Figure 5H). In the DSS model group, serum D-lactate (a marker of intestinal permeability) and DAO (a marker of intestinal
injury) levels were significantly elevated, whereas these levels were notably reduced in the COR-treated groups
(Figure 51 and J). Importantly, SCH intervention inhibited COR’s effect on reducing the levels of inflammatory cytokines
TNF-a, IL-1p, and IL-6 (Figure SA—C). AB-PAS staining results showed that blocking the A;5AR also suppressed COR’s
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ability to increase colonic mucin content and goblet cell numbers (Figure 5D and E). Additionally, SCH blocked COR’s
effects on reducing apoptosis in colonic tissues (Figure 5F and G) and upregulating protein expression of ZO-1 and
Occludin (Figure 5H). Furthermore, SCH also inhibited COR’s downregulation of serum D-lactate and DAO levels
(Figure 51 and J). Additionally, serum cAMP levels were significantly increased by 10 mg/kg COR administration in
colitis mice. In contrast, cAMP levels could not be upregulated by COR under SCH intervention (Figure 5K). These results
collectively indicated that COR markedly ameliorates DSS-induced intestinal inflammation and impairment of intestinal
barrier function by activating the A;oAR.

Transcriptome Data Suggests That Cordycepin Activates Adenosine Receptor Aja to
Exert Colitis-Alleviating Effects by Regulating the IL-6 Signaling Pathway

To further elucidate the downstream protective mechanisms of COR upon A,,AR activation, we conducted transcrip-
tome sequencing analysis of colon tissues. First, principal component analysis revealed distinct clustering patterns among
groups, with the DSS+COR-H group showing closer proximity to the control group, while the DSS+SCH+COR-H group
aligned more closely with the DSS group (Figure 6A). Differentially expressed genes were screened using the criteria of
Padjust < 0.05 and fold change (FC) > 2 or FC < 0.5. The results identified 2544 differentially expressed genes in DSS
vs. Control, comprising 1887 upregulated and 657 downregulated genes (Figure 6B). DSS+COR-H vs. DSS exhibited
172 differentially expressed genes, including 60 upregulated and 112 downregulated genes (Figure 6B). Notably, DSS
+SCH+COR-H vs. DSS showed only one differentially expressed gene, even without setting an FC threshold
(Figure 6B). These findings demonstrated at the transcriptional level that COR alters the colon transcriptome profile in
DSS-induced colitis mice, shifting it toward the control group, whereas SCH abolishes COR’s effect on the transcrip-
tional profile.

The Venn diagram in Figure 6C illustrates the intersection of differentially expressed genes among the four groups.
There are 130 overlapping genes between the DSS vs Control and DSS+COR-H vs DSS comparisons. Unsupervised
hierarchical clustering analysis using these overlapping genes also revealed that the DSS+COR-H group samples
clustered with the control group samples, whereas the DSS group and DSS+SCH+COR-H group samples clustered
together (Figure 6D). Protein-protein interaction network analysis of these overlapping differentially expressed genes
identified IL-6 as the central hub node (Figure 6E). IL-6 is known to play a critical role in the pathogenesis, progression,
and treatment of ulcerative colitis. Therefore, we speculate that IL-6 may be a key gene involved in COR-mediated
amelioration of colitis.

Subsequently, to elucidate the potential regulatory pathways underlying the protective effects of COR, we performed
Reactome enrichment analysis. As shown in Figure 6F, the differentially expressed genes between the DSS vs Control
groups were significantly enriched in pathways such as extracellular matrix organization, collagen formation, integrin cell
surface interactions, Interleukin-6 family signaling, O-linked glycosylation, IL-6-type cytokine receptor ligand interac-
tions, and interleukin-6 signaling. In contrast, the differentially expressed genes between the DSS+COR-H vs DSS
groups were primarily enriched in pathways including synthesis of substrates in N-glycan biosynthesis, TRP channels,
GABA receptor activation, ion channel transport, glycosphingolipid biosynthesis, O-linked glycosylation, and interleu-
kin-6 signaling (Figure 6G). Notably, the IL-6 signaling pathway was significantly enriched in both DSS vs Control and
DSS+COR-H vs DSS comparisons, suggesting that the IL-6 signaling pathway may be a key effector pathway regulated
by COR.

Cordycepin Activation of Adenosine Receptor A, Inhibits IL-6/IL-6R-Mediated p38
MAPK and NF-kB Phosphorylation Activation

To clarify whether COR regulates the IL-6 signaling pathway, we analyzed the expression of key proteins in the IL-6
signaling pathway in colon tissues, including IL-6R, STAT3, NF-kB p65, and p38 MAPK. The results showed that
compared with the control group, the DSS group exhibited significantly increased expression of IL-6R and ratios of NF-
kB P-p65/p65, and P-p38/p38 MAPK in mouse colon tissues, while the P-STAT3/STAT3 ratio also showed an upward
trend (Figure 7A-M). Compared with DSS, the COR-H group demonstrated significantly reduced expression of IL-6R
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Figure 7 Cordycepin inhibits IL-6/IL-6R-mediated p38 MAPK and NF-kB phosphorylation activation relying on activation of adenosine receptor Aa. (A—E) Representative
blot bands and relative expression levels for IL-6R, NF-kB P-p65, NF-kB p65, NF-«kB P-p65/p65, detected by Western blotting. (F-I) Representative blot bands and relative
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were presented as the means + SEM of three mice in each group and were compared using two-tailed Student’s t tests. P < 0.05, *P < 0.01 vs. control group; *P < 0.05, **P

< 0.01 vs. the DSS model (DSS) group.

and ratios of NF-kB P-p65/p65, and P-p38 /p38 MAPK, but no significant change in P-STAT3/STAT3 (Figure 7A-M).
These results indicated that COR-H administration inhibited DSS-induced IL-6/IL-6R signaling and the phosphorylation
activation of NF-kB p65 and p38 MAPK in colon tissues. Additionally, it is noteworthy that co-administration of the
AsAAR antagonist SCH completely abolished the therapeutic effects of COR-H (Figure 7A—M). It is known that the
phosphorylation activation of p38 MAPK and NF-kB p65 are core mechanisms driving intestinal inflammatory
responses. CAMP can also inhibit their activation, exerting beneficial effects such as anti-inflammatory and antioxidant
stress.”® These results suggested that the ameliorative effect of COR on DSS-induced colitis is attributed to its activation
of A;AAR, which inhibits IL-6/IL-6R-mediated phosphorylation activation of p38 MAPK and NF-kB.

Discussion
In recent years, the incidence of UC has been continuously rising, making it particularly urgent to explore its prevention

and treatment targets and develop novel therapeutic or adjuvant drugs with fewer toxic side effects. This study employed
DSS-induced in vitro and in vivo colitis models to confirm the role of COR in protecting colonic epithelial cells,
suppressing intestinal inflammation, and improving intestinal barrier function, thereby exerting a positive impact on
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colitis amelioration. Mechanistic investigations revealed for the first time that COR, as an adenosine analog, activates
AAAR to upregulate intracellular cAMP levels, thereby achieving protective effects against DSS-induced damage in
colonic epithelial cells. Molecular-level interaction analysis demonstrated that COR and A,oAR may form a stable
binding through hydrogen bonds and hydrophobic interactions. In vivo experimental results also confirmed that the
ameliorative effect of COR on DSS-induced murine colitis is dependent on A,, AR activation. Further studies found that
COR-mediated A,AAR activation downregulates the expression of IL-6 and IL-6R in colonic tissues while suppressing
the phosphorylation activation of critical pro-inflammatory regulators p38 MAPK and NF-kB p65 (Figure 8). These
findings suggested that as an A;4AR agonist, COR can block L-6/IL-6R signaling transduction, inhibit the activation of
p38 MAPK and NF-kB p65, and thus holds potential therapeutic value for ulcerative colitis.

COR has been reported to possess various pharmacological activities, including anti-obesity, anti-metabolic fatty
liver, anti-tumor, anti-inflammatory, and antioxidant effects.®®°?7-*® Although one study reported that COR can regulate
the balance of intestinal Th1/Th2 and Th17/Treg cells and the gut microbiota, thereby alleviating intestinal
inflammation,” our previous research also found that COR can mitigate intestinal damage in mice caused by a high-fat
and high-sugar diet.® However, the ameliorative effects and mechanisms of COR on UC remain incompletely understood.
In this study, COR was shown to inhibit DSS-induced intestinal epithelial cell damage, reduce cell death, and upregulate
Z0-1 protein expression, indicating a direct protective effect on intestinal epithelial cells. Furthermore, by using a DSS-
induced acute UC mouse model, we demonstrated that COR alleviates colitis symptoms, reduces colonic inflammation
levels, increases the number of goblet cells, inhibits apoptosis, upregulates ZO-1 protein expression, and decreases
intestinal permeability markers such as serum D-lactate and intestinal damage markers like serum diamine oxidase levels,
thereby improving colitis.

The chemical structure of COR is highly similar to adenosine, suggesting that it may exert biological effects primarily
through AR via mechanisms analogous to those of adenosine. The AR family comprises four subtypes: AjAR, A;AAR,
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Figure 8 The ameliorative effect of cordycepin on DSS-induced colitis is attributed to its activation of A;AAR, which inhibits IL-6/IL-6R-mediated phosphorylation activation
of p38 MAPK and NF-kB.
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A>pAR, and A3AR, all of which belong to the G protein-coupled receptor superfamily.?’® These receptors are widely
distributed across various organs and tissues in the body and can be activated by the endogenous ligand adenosine,
thereby regulating a range of critical physiological and pathological processes, including immune modulation, energy
metabolism balance, cardiac function, and neuroprotection.”’*® The amino acid sequences of AR subtypes exhibit high
homology, with considerable conservation in the ligand-binding pocket residues. Although adenosine is the endogenous
ligand for AR, there are differences among receptor subtypes in terms of tissue distribution, expression levels, ligand
binding affinity, and the downstream signaling pathways, which leading to distinct physiological effects.

During the process of cellular signal transduction, A;AR and A3AR preferentially couple with inhibitory G proteins
(Gi), leading to suppressed adenylate cyclase (AC) activity and decreased intracellular cAMP levels.”’® In contrast,
A,AAR couples with stimulatory Gs and, upon adenosine activation, can enhance AC activity, thereby increasing cAMP
production and activating protein kinase A (PKA). Additionally, A;oAR also exhibits coupling with Golf proteins, and
its stimulatory effect on Golf proteins is similar to its activation effect on Gs proteins, both of which can amplify AC
activity and cAMP generation. cAMP has long been recognized as an inducer of anti-inflammatory responses, and the
cAMP-dependent pathway has been extensively utilized in pharmacological research for the treatment of inflammatory
diseases.”® A,gAR, on the other hand, is capable of coupling with both Gs and Gq proteins, activating the PKA and
phospholipase Cy signaling pathways respectively.?”*® By measuring cAMP levels in colonic epithelial cells, we
observed that COR significantly upregulated cAMP levels. These results suggest that COR may activate A;4AR and/or
AspAR.

Based on the literature reports, we found that the role of A;4AR in colitis is relatively consistent, and the activation of
A5 AAR has the potential to improve colitis.'**** For example, Pallio et al demonstrated that activating A,,AR with the
agonist polydeoxyribonucleotide significantly alleviated typical colitis symptoms in rats, such as weight loss, tissue
damage, inflammatory cytokine levels, and myeloperoxidase activity, while A,oAR antagonists could block this effect.?'
Additionally, in mouse colitis model, inhibiting A;5AR abolished the protective effect of the potent immunomodulator
inosine on colonic injury.zl’22 However, current research conclusions on A,gAR in colitis are inconsistent, and its role in
colitis remains unclear. Some studies suggest that the loss of A,gAR function exacerbates the severity of colitis in
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while others report the opposite conclusion: knockout or inhibition of A,gAR reduces the severity and
symptoms of DSS-induced colitis in mice.>*** Thus, A,oAR appears to be a more promising therapeutic target for
UC. Furthermore, there are studies indicate that COR may exert neuroprotective effects, reduce body weight in obese
mice, and promote tumor cell apoptosis by regulating different adenosine receptor subtypes (particularly A;4AR and A,
AR).>!'? However, these studies have not yet fully elucidated the specific mechanisms underlying COR’s regulation of
adenosine receptors (whether it upregulates expression levels or activates the receptors). Additionally, no studies have
reported whether activating AR in colonic epithelial cells has a protective effect or whether COR can regulate colonic
epithelial cells and colitis by activating AR.

Based on existing literature reports and cAMP detection results, we preliminarily speculate that COR may exert its
therapeutic effects by activating A,4,AR. We conducted preliminary verification using an A;,AR inhibitor. The results
showed that the A;AAR inhibitor significantly suppressed the COR-induced elevation of cAMP levels and blocked
COR’s protective effect on DSS-damaged colonic epithelial cells. Furthermore, the A;AR antagonist DPCPX neither
inhibited the COR-induced increase in cAMP levels nor blocked COR’s protection of DSS-damaged colonic epithelial
cells, indirectly indicating that COR does not elevate cAMP levels by regulating A;AR. Additionally, COR had no
significant effect on the protein expression levels of A,4AR and A;AR. It is evident that the protective effect of A,oAR
activation on colonic epithelial cells aligns with the literature-reported outcomes of its ability to ameliorate colitis.'*%2'
These results preliminarily confirmed that COR protects colonic epithelial cells by activating A;5AR rather than
upregulating A;4AR expression, and demonstrate the role of A;oAR in colonic epithelial cells. However, we also
observed that administering SCH alone to inhibit A;oAR did not exacerbate DSS-induced colonic epithelial injury,
suggesting that the degree of A;4AR inhibition may not have a positive correlation with the extent of injury. The
underlying reasons for this phenomenon warrant further investigation.

To verify whether COR directly interacts with A;4AR, we conducted molecular docking and MD simulations
between COR and A;5AR. The results indicated that COR may form a stable binding with A;4AR at the molecular
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level through hydrogen bonds and hydrophobic interactions. Further in vivo validation experiments also confirmed that
the effect of COR in the upregulation of serum cAMP levels in colitis mice was inhibited by SCH, thereby blocking its
effects on alleviating colitis symptoms, reducing colonic inflammation, and improving intestinal barrier function. These
demonstrated that COR is an A,,AR agonist, which ameliorates DSS-induced colitis by activating A,oAR.

To further elucidate the downstream protective mechanisms following COR-induced activation of A;5AR, we
conducted transcriptome sequencing analysis. The results revealed that the therapeutic effect of COR on colitis is closely
associated with modulation of the IL-6 signaling pathway. Studies have demonstrated that the pleiotropic cytokine I1L-6
drives intestinal inflammation and tissue remodeling in UC by regulating multiple pro-inflammatory signaling pathways,
including JAK/STAT3, p38 MAPK, and NF-kB.**>° Both basic research and clinical trials have shown that antibody
therapies targeting IL-6R or IL-6 exhibit significant efficacy in treating colitis.”*>*"** Our further investigations demon-
strated that COR-mediated activation of A;oAR downregulates the expression of IL-6 and IL-6R in colonic tissues while
suppressing the activation of key pro-inflammatory regulators NF-kB p65 and p38 MAPK.

Phosphorylation-induced activation of NF-kB p65 serves as a core mechanism driving intestinal inflammatory
responses.’”** P-p65 translocates into the nucleus and binds to the promoters of pro-inflammatory genes, directly
upregulating the transcription of inflammatory mediators such as IL-6, TNF-a, and IL-1B. This process promotes
neutrophil infiltration and M1 polarization of macrophages, leading to disruption of the intestinal mucosal barrier and
tissue damage. Conversely, inhibition of p65 phosphorylation alleviates colitis symptoms. As a primary regulator of
inflammatory responses within the MAPK family, phosphorylated activation of p38 MAPK drives inflammatory
responses in colitis through multiple mechanisms, including phosphorylation of NF-kB p65 to facilitate its nuclear
translocation.*! In addition, the anti-inflammatory substance cAMP can also inhibit the phosphorylation activation of p38
MAPK and NF-xB p65.26 Thus, COR ameliorates DSS-induced colitis by activating A;4AR to elevate cAMP levels,
thereby blocking IL-6 / IL-6R to suppress p38 MAPK and NF-kB p65 activation.

In this study, we primarily focused on the protective effects of COR-activated A;4oAR on colonic epithelial cells,
while not excluding its potential regulation of other cell types, such as T cells and macrophages.?” This is because COR
has long been reported to possess immunomodulatory properties, and A, AR is also expressed in immune cells. Future
research could employ single-cell technologies to identify all cell types regulated by COR and potentially evaluate their
cellular contributions.

This study demonstrates the potential of cordycepin in alleviating colitis by activating the A, AR/CAMP axis and
inhibiting the IL-6/p38 MAPK/NF-kB pathway, providing a theoretical basis for its clinical application in ulcerative
colitis. However, future clinical translation still faces certain challenges, particularly concerning the pharmacokinetic
properties of cordycepin. As reported in the literature, cordycepin is rapidly metabolized in vivo by adenosine deaminase,
resulting in a short half-life and low bioavailability.** Notably, co-administration with the adenosine deaminase inhibitor
EHNA significantly prolongs the half-life of cordycepin and increases its plasma concentration (half-life extended to
23.3min, AUC increased by approximately 92%). This suggests that improving its pharmacokinetic profile through
formulation strategies (eg, sustained-release dosage forms, nano-encapsulation) or combination therapies may represent
a feasible direction for promoting its clinical application. Future studies should focus on optimizing the dosing regimen
to enhance in vivo stability and target-tissue distribution while ensuring safety.

Conclusion

This study confirms that COR can effectively protect colonic epithelial cells, inhibit intestinal inflammation, and improve
intestinal barrier function, thereby significantly alleviating colitis induced by DSS. Mechanistic investigations revealed
for the first time that the protective effect of COR against colitis primarily depends on the activation of A;4AR to
upregulate of cAMP levels. Further investigations demonstrated that COR activation of A;4AR downregulated the
expression of IL-6 and IL-6R in colon tissues, while inhibiting the phosphorylation activation of p38 MAPK and NF-kB
p635, thereby exerting its protective effect against colitis. Together, these data suggest that COR acts as a potential A,oAR
agonist, providing data support for its potential application in the prevention and treatment of UC. Moreover, these
results highlight the therapeutic potential of COR as a novel A, AR-targeted agent, which may represent a promising
drug candidate for developing targeted therapies against ulcerative colitis.
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