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Abstract
network pharmacology, bioinformatics analysis, and molecular docking. [ Methods] Active compounds of C. pilosula were retrieved from the
TCMSP database using oral bioavailability (OB) =30% and drug-likeness (DL) =0. 18 as screening criteria, followed by further optimization
using SwissADME. Potential targets of the active compounds were predicted using the Prediction. charite and GeneCards databases. A protein-

[ Objectives | To investigate the potential molecular mechanisms of Codonopsis pilosula in the treatment of immune deficiency using

protein interaction ( PPI) network was constructed using the STRING database and visualized with Cytoscape to identify core targets. Gene On-
tology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed using the DAVID database. Molec-
ular docking between key active compounds and core target proteins was carried out using SwissDock, and the docking results were visualized
with PyMOL. [Results] A total of 21 active compounds were initially identified from the TCMSP database. After pharmacokinetic evaluation,
four potential bioactive compounds were screened, namely Perlolyrine (MOL002140) , 7-methoxy-2-methyl isoflavone (MOL003896) , Fruti-
none A (MOIL005321), and Glycitein ( MOLO08400). Due to database availability and target prediction feasibility, only two compounds
(7-methoxy-2-methyl isoflavone and Glycitein) were included in subsequent analyses. Therefore, the results of this study primarily reflect the
potential mechanisms of these two isoflavone components. Venn analysis identified 63 overlapping targets. PPI network analysis revealed 14 core
targets. GO and KEGG enrichment analyses indicated that these targets were mainly involved in inflammation-related processes, amino acid
metabolism, and immune defense. Molecular docking showed that except for the Glycitein-HSP9OAAI pair ( —2.253 kcal/mol) , which exhib-
ited no significant binding activity, most ligand-target pairs had binding energies lower than —5 kcal/mol. [ Conclusions] This study compu-
tationally predicts that 7-methoxy-2-methyl isoflavone and Glycitein from C. pilosula may exert therapeutic effects on immune deficiency through
a multi-target and multi-pathway mode of action. These findings provide a theoretical basis for further experimental validation and clinical ap-
plication of C. pilosula in the prevention and treatment of immune deficiency.
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1 Introduction
Immune deficiency is a pathological condition characterized by im-
paired immune function, leading to increased susceptibility to in-
fections, tumors, and other diseases'’. It may arise from congeni-
tal defects, chronic diseases, aging, or external factors such as
stress and malnutrition. With population aging and the increasing
prevalence of chronic diseases, the incidence of immune dysfunc-
tion continues to rise, posing a significant burden on public
health. Current therapeutic strategies for immune deficiency main-
ly include immunomodulatory drugs, nutritional support, and
symptomatic treatment. However, these approaches often show
limited efficacy and may be associated with adverse effects. There-
fore, it is of great significance to explore novel therapeutic strate-
gies with multi-target and multi-pathway characteristics.
Codonopsis pilosula is a traditional Chinese medicinal herb
with a sweet taste and neutral nature, entering the spleen and lung
meridians. According to Compendium of Materia Medica, it has

the functions of tonifying the middle energizer, replenishing qi,
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nourishing blood, and promoting fluid production. It is widely
used in classical prescriptions, such as Shengmai decoction and
Shenmai injection, for conditions including qi-yin deficiency,
chest obstruction, and palpitations. As a medicinal and edible
plant, C. pilosula contains abundant bioactive components, inclu-
ding polysaccharides, saponins, alkaloids, flavonoids, and other
compounds'”™*'. Modern pharmacological studies have demonstra-
ted that its active constituents, such as polysaccharides, volatile
oils, and flavonoids, can inhibit the generation of reactive oxygen
species, attenuate inflammatory responses, stabilize mitochondrial
function, and optimize myocardial energy metabolism”’. In addi-
tion, it plays important roles in neuroprotection, anti-aging, an-
tioxidation, and antitumor activities'® . Previous studies have
shown that C. pilosula can upregulate Bel-2, downregulate Bax/
Caspase-3, and activate the AMPK-AKT signaling pathway to
maintain myocardial energy metabolism. It can also improve neu-
ronal function and reduce neurodegeneration, thereby slowing the
progression of Alzheimer’s disease (AD) ) Furthermore, it has
been reported to enhance cerebral blood circulation, reduce ische-
mic injury, and alleviate chronic cerebral ischemia™’'. Moreover,
C. pilosula can regulate immune function in sepsisig] , theumatoid
arthritis " allergic asthma'"? | and other immune-related disea-
ses'””! | thereby reducing inflammatory responses and controlling
disease progression.

However, due to its multi-component, multi-target, and
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multi-pathway characteristics, the pharmacological mechanisms of
C. pilosula are difficult to fully elucidate using traditional single-
factor experimental approaches. Network pharmacology, which
systematically analyzes the interactions among herbs, components,
targets, and signaling pathways, has emerged as a novel paradigm
for modern TCM research ™. This approach integrates databases
and tools such as TCMSP, SwissTargetPrediction, STRING, and
Cytoscape to screen active compounds, predict potential targets,
construct protein-protein interaction ( PPT) networks, and perform
GO and KEGG enrichment analyses, thereby enabling efficient
identification of core pathways prior to experimental validation.
Bioinformatics, an interdisciplinary field combining biology,
mathematics, and computer science, focuses on the acquisition,
organization, and analysis of large-scale biological data, particu-
larly the structural and functional characteristics of biomolecules

[14-15]

and genomic and proteomic information . Molecular docking
is a computational simulation method used to evaluate the binding
interactions between active compounds and target proteins. By ex-
ploring the spatial complementarity between ligands and receptors,
it predicts binding modes and affinities. This technique enables
high-throughput screening of candidate compounds and identifica-
tion of key amino acid residues, and is widely applied in drug dis-
covery and protein function annotation'"® .

In this study, a systematic network of active components, po-
tential target genes, and signaling pathways of C. pilosula was
constructed based on network pharmacology. Molecular docking
was further employed to validate the interactions between active
compounds and core target proteins. By integrating network phar-
macology predictions with molecular docking verification, this
study aims to elucidate the molecular mechanisms of C. pilosula in

the treatment of immune deficiency.

2 Materials and methods

2.1 Screening of active components The active components
and corresponding targets of C. pilosula were retrieved from the
Traditional Chinese Medicine Systems Pharmacology Database
(TCMSP) ") Screening criteria were set as oral bioavailability
(OB) =30% "*'and drug-likeness (DL) =0. 18",
2.2 Further screening of bioactive compounds The SMILES
structures of the selected compounds were obtained from the Pub-
Chem database ( https://pubchem. ncbi. nlm. nih. gov/) ™', If
unavailable in PubChem, the compound structures were download-
ed from the TCMSP database and converted into SMILES format
using NovoPro (https://www. novopro. cn/tools/mol2smiles. html ) .
Although preliminary screening had been performed based on OB
and DL values, further evaluation of pharmacokinetic properties
was conducted using SwissADME (http://www. swissadme. ch/).
Compounds with high gastrointestinal absorption ( GI absorption
="High") and at least two " Yes" parameters in drug-likeness
were retained as effective bioactive components™”.

2.3 Prediction of targets for active compounds The SMILES

of the screened active compounds were imported into the Predic-

tion. charite database (https://prediction. charite. de/) 221 with
the species limited to Homo sapiens. Potential targets of each
compound were obtained, and duplicate targets were removed to
generate a comprehensive target set. Of the four compounds iden-
tified after TCMSP and SwissADME screening, Perlolyrine and
Frutinone A did not yield valid target prediction results ( Probabil-
ity =0) in this database. Despite attempts with alternative data-
bases (e. g. , SwissTargetPrediction) , no reliable targets could be
obtained due to structural specificity or database coverage limita-
tions. Therefore, subsequent analyses were performed only on
7-methoxy-2-methyl isoflavone and Glycitein.

2.4 Identification of common targets between active com-
pounds and disease Disease-related targets were collected from
the GeneCards database using " immune deficiency" as the key-
word ™. The intersection between disease targets and compound-
related targets was identified using an online Venn analysis tool,
and a Venn diagram was generated to visualize the overlapping
teurgetS'24J .

To further in-

vestigate the biological functions and signaling pathways associated

2.5 Enrichment analysis of common targets

with the common targets, Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes ( KEGG) enrichment analyses
were performed using the DAVID database ( https://david. ncif-
crf. gov/) ', The screening criteria were set as P <0.05 and ¢ <
0.05"". The results were visualized using the Bioinformatics plat-
form (https://www. bioinformatics. com. ¢cn/) , and an integrated
network of drug-target-GO function-KEGG pathway-disease was
constructed.

2.6 Construction of PPI network and identification of core
targets The intersecting targets were imported into the STRING
database ( https://cn. string-db. org/) to obtain protein-protein
interaction (PPI) data™"

Cytoscape software™’ Network topology analysis was performed

. The PPI network was visualized using

using the CentiScaPe plugin in Cytoscape, and key targets were
screened based on the parameters of degree, betweenness centrali-
ty, and closeness centrality ™.

2.7 Molecular docking validation Molecular docking was
conducted using the SwissDock platform ( htips://www. swiss-
dock. ch/) to evaluate the binding affinity between active com-
pounds and core targets™ . The MOL2 format files of ligands were
obtained from the TCMSP database, while the three-dimensional
structures of target proteins were downloaded from the Protein Data

Bank (PDB) (https://www. resh. org/) ™",

water molecules and endogenous ligands were removed from pro-
[32]

Prior to docking,
tein structures using PyMOL software Docking results were
screened based on the lowest binding energy (< -5 kcal/mol) ,
and the optimal docking conformations were visualized using

PyMOL.

3 Results and analysis
3.1 Prediction of active components A total of 21 candidate

active components of C. pilosula were identified from the TCMSP
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database using the screening criteria of 0B=30% and DL=0. 18.
After further pharmacokinetic evaluation, four potential bioactive
compounds were ultimately selected ( Table 1), namely, MOL-
002140 ( Perlolyrine ), MOLO003896 ( 7-methoxy-2-methyl isofla-
vone) , MOL005321 (Frutinone A), and MOLO08400 ( Glycitein).

Table 1 Potential active components of Codonopsis pilosula

No. Compound ID  Compound Name MW OB // % DL
MOLO002140  Perlolyrine 264.30 65.95 0.27
2 MOL003896 7-Methoxy-2-methyl ~ 266. 31 42.56 0.20
isoflavone
3 MOL005321 Frutinone A 264.24 65.90 0.34
4 MOLO008400 glycitein 284.28 50.48 0.24

3.2 Identification of common targets To explore the mecha-
nism of C. pilosula in treating immune deficiency, target predic-
tion was performed for the screened bioactive compounds. Among
the four compounds identified after TCMSP and SwissADME
screening, Perlolyrine and Frutinone A could not be included in
subsequent analyses because no valid target prediction data were
available in the Prediction. charite database (all predictions had
Probability =0) , and reliable targets could not be retrieved from
alternative databases. As a result, only two compounds (7-me-
thoxy-2-methyl isoflavone and Glycitein) were retained for target
prediction. The targets of these two compounds were then predic-
ted, and after excluding targets with Probability =0, a total of 107
unique targets were obtained. Meanwhile, 10 560 disease-related
targets for immune deficiency were retrieved from the GeneCards
database, and the top 5 000 targets ranked by relevance score were
selected for subsequent analysis. By intersecting the disease tar-
gets with the compound-related targets, a total of 63 common tar-

gets were identified (Fig.1).

Disease

Component

44
(0. 9%

Fig.1 Common targets between disease and active components of
Codonopsis pilosula

3.3 Enrichment analysis of common targets To further in-
vestigate the biological functions and signaling pathways associated
with these targets, GO and KEGG enrichment analyses were per-
formed on the 63 intersecting targets. The GO enrichment results
indicated that, in the biological process ( BP) category, a total of
20 enriched terms were identified. The key targets were mainly in-
volved in processes such as response to xenobiotic stimulus, in-
flammatory response, positive regulation of cell population prolif-

eration, and response to amphetamine. In the cellular component

(CC) category, eight enriched terms were identified, with targets
mainly localized in the histone deacetylase complex, ficolin-1-rich
granule lumen, nuclear speck, and cytosol. In the molecular
function (MF) category, 22 enriched terms were obtained, prima-
rily involving histone deacetylase activity ( including H4KS,
H4K8, H4K16, H3K14, H4K12, and H3K9) , as well as protein
lysine deacetylase activity.

Based on the p-value ranking (P <0.05) , the top 10 BP and
MF terms, along with all CC terms (8 items), were selected to
construct the GO bubble plot (Fig.2).

KEGG pathway enrichment analysis identified 21 significantly
enriched pathways. The results indicated that C. pilosula may ex-
ert therapeutic effects on immune deficiency by regulating path-
ways such as Alcoholism, Phenylalanine metabolism, Tyrosine
metabolism, and Neutrophil extracellular trap formation (Fig.3).
In the bubble plots, the size of each circle represents the number
of genes involved in the corresponding pathway, while the color
intensity reflects the significance level ( p-value). A smaller
p-value corresponds to a deeper red color, indicating a higher de-
gree of enrichment. Overall, these findings suggest that C. pilosu-
la exerts therapeutic effects on immune deficiency through multiple
biological functions and signaling pathways, particularly by regula-
ting processes related to alcoholism, amino acid metabolism, and
immune defense.

It should be noted that the KEGG pathway " Alcoholism" ap-
peared as a significantly enriched term. This may be attributable
to the high proportion of metabolic enzymes (e. g., MAOA,
MAOB, CYP2D6) among the target set and does not necessarily
reflect core pathophysiological mechanisms of immune deficiency.
Immune-relevant pathways are prioritized in the discussion.

3.4 Construction of PPI network and identification of core
targets
deficiency were imported into the STRING database for further

A total of 63 common targets of C. pilosula and immune

analysis to identify key targets. After removing isolated nodes, a
PPI network was constructed (Fig. 4 ). Topological analysis of the
network was performed using the CentiScaPe plugin in Cytoscape.
Based on the threshold values of degree, betweenness centrality,
and closeness centrality, 14 key targets associated with immune
deficiency intervention were identified as core targets (highlighted
in red). These targets included HSP9OAA1, MCLI, ESRI,
CYP2D6, PGR, XDH, TYR, MAOA, MAOB, 112, PPARA,
CDK4, PIK3CA, and CYPI9AL.

3.5 Molecular docking analysis To further evaluate whether
the active compounds of C. pilosula could bind to the core target
proteins, molecular docking analysis was performed. The top five
core targets ranked by degree ( PGR, PIK3CA,
HSP90AA1, ESRI1, and MCLI) were selected for docking valida-
tion with two key active compounds, 7-methoxy-2-methyl isofla-

vone (MOI003896) and glycitein. The specific docking combina-

tions are presented in Table 2.

value
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GO: 0010629 ~ negative regulation of gene expression
G0: 0045471 ~ response to ethanol .
0: 0042420 ~ dopamine catabolic process { ®
G0: 0046209 ~ nitric oxide metabolic process
G0: 0009410 ~ response to xenobiotic stimulus . B
0: 0060065 ~ uterus development
G0: 2000811 ~ negative regulation of anoikis
G0: 1902894 ~ negative regulation of miRNA transcription
G0: 0010392 ~ positive regulation of lamellipodium assembly ~log,,
0: 0005741 ~mitochondrial outer membrane . (P value)
G0: 0005739 ~ mi tochondrion .
GO0: 0000785 ~ chromatin ° -0.4
G0z 0005829 ~ cytosol -0.5
G0: 0005377 ~ cytoplasm -0.6
G0: 0042470 ~ melanosome | ® =0.7
G0: 0048471 ~ perinuclear region of cytoplasm . -0.8
60: 0003654 ~ nucleoplasm o -0.9
0: 0003707 ~ nuclear steroid receptor activity . Count
G0: 0016491 ~ oxidoreductase activity . ©0.025
G0: 0001223 ~ transcription coactivator binding @ 0.050
0: 0004879 ~ nuclear receptor activity . @0.075
G0: 0050660 ~ flavin adenine dinucleotide binding .
G0: 0097621 ~monoamine oxidase activity | ® f
G0: 0052595 ~aliphatic amine oxidase activity
G0: 0030235 ~ nitric-oxide synthase regulator activity
G0 0005506 ~ iron ion binding .
G0: 0008131 ~ primary methylamine oxidase activity { ®

L X ]
foio}

20 30 40 50

Fig.2 GO enrichment bubble plot of intersecting targets

hsa01522: Endocrine resistance °
hsa04915: Estrogen signaling pathway L[]
hsa05224: Breast cancer °
hsa00350: Tyrosine metabolism .
hsa04151: PI3K-Akt signaling pathway L ]
hsa00982: Drug metabolism-cytochrome P450 L]

hsa00520: Pathways in cancer ° 10

~log,

(P value)
3.0
2.5

hsa04914: Progesterone-mediated oocyte maturation

hsa04726: Serotonergic synapse

hsa04660: T cell receptor signaling pathway

hsa(5162: Measles

hsa05160: Hepatitis C

hsa00360: Phenylalanine metabolism{ 0)

hsa04630: JAK-STAT signaling pathway L] &

hsa00340: Histidine metabolism{ ® ®;

hsa05166: Human T-cell leukemia virus 1 infection (] ([
hsa00260: Glycine, serine and threonine metabolism{ e

L )
=

hsa00380: Tryptophan metabolism{ e
hsa05030: Cocaine addiction { &
hsa01100: Metabolic pathways [ )
hsa00330: Arginine and proline metabolism{

20 30 40

Fig. 3 KEGG pathway enrichment bubble plot of intersecting

targets

The molecular docking results provided detailed binding
modes and interaction sites between ligands and target proteins.
The results showed that, except for the interaction between gly-
citein and HSPOOAA1 ( —2.253 kecal/mol) , all other ligand-tar-
get pairs exhibited strong binding affinity ( < -5 kcal/mol) , sug-
gesting generally stable interactions.

The docking conformations with the highest scores and bind-
ing energies below —5 kcal/mol were selected for visualization
using PyMOL ( Fig.5). As shown in Fig.5: In panel (a), the
protein PGR formed hydrogen bonds with 7-methoxy-2-methyl
isoflavone ( MOL003896) at GLY-186 and ALA-184, with bond
lengths of 2.3 A and 3.5 A, respectively, suggesting a stable hy-

drogen bond network at the active site that may enhance binding

Table 2 Molecular docking results of key targets

ESR2
csip o o cy@@os
HSPEBAA1 Cyiat
HSABbB1 BAGE1 HEX1
@ CH.Ag* A.}‘L.A‘:.B‘
s WEE1 c@
® ot TREV1 AURKA
MADA 2 .
3 AR
SLOZFA4
uo: oo g OB
IGI
MER1 tz PTEES AdBE
IG
e IGRBP3 P::.RZ Agp2
PER 1Tk Pillh ABEB1
PIKEEA g "N‘4 MK.BF;'.:‘) @
PiKies TYR
PRERA TexBs1
PT.‘RP'M s

Fig.4 PPI network of intersecting targets

c: Glycitein-ESR1

Fig.5 Molecular docking results of ligand-receptor interactions

d: GlyciteinMCL1

specificity. In panel (b), PIK3CA formed a hydrogen bond with
the ligand at the TYR-26 residue (2.7 A) , indicating a close in-
teraction and highlighting the anchoring role of aromatic amino
acids in ligand binding. In panel (c¢), ESRI formed multiple hy-
drogen bonds with the ligand at HIS-377, SER-381, and HIS-
547, with bond lengths ranging from 2.1 to 2.7 A, suggesting
strong affinity within the catalytic core region and potential regula-
tory effects on protein function. In panel (d), MCL1 formed a hy-
drogen bond with the ligand at ARG-215 (2.5 A) , indicating that
positively charged amino acid residues may enhance ligand binding

stability through electrostatic interactions.

No. Compound Target Protein 1D Binding affinity //kcal/mol Binding Activity

1 7-methoxy-2-methyl isoflavone PGR 70VY -7.077 Strong

2 7-methoxy-2-methyl isoflavone PIK3CA 9ASF -7.194 Strong

3 Glycitein HSP90AA1 5J80 -2.253 No significant binding
4 Glycitein ESR1 7NFB -6.927 Moderate

5 Glycitein MCLI 6UDV -5.521 Moderate
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Besides, stable hydrogen bonds and hydrophobic interactions
were observed between ligands and multiple amino acid residues.
The binding conformations were structurally reasonable with stable
energy distributions, suggesting that the selected ligands possess
high binding affinity and favorable target specificity. These find-
ings provide a solid theoretical basis for subsequent molecular dy-

namics simulations and pharmacodynamic validation.

4 Conclusions

In this study, an integrated strategy combining network pharmacol-
ogy, bioinformatics analysis, and molecular docking was employed
to systematically explore the potential mechanisms of C. pilosula
in the treatment of immune deficiency. Four potential bioactive
compounds ( Perlolyrine, 7-methoxy-2-methyl isoflavone, Fruti-
none A, and glycitein) were identified by compound screening.
Among them, 7-methoxy-2-methyl isoflavone and glycitein were
further subjected to target prediction, enrichment analysis, PPI
network construction, and molecular docking based on database
availability. The downstream analysis identified 14 core targets,
including HSP9OAA1, MCLI, ESR1, CYP2D6, PGR, XDH,
TYR, MAOA, MAOB, 112, PPARA, CDK4, PIK3CA, and
CYPI9A1, suggesting that C. pilosula may exert therapeutic
effects against immune deficiency through multiple targets and
pathways. However, because the downstream network analysis and
docking validation were performed on only two representative com-
pounds, and all findings were based on in silico prediction, fur-
ther in vitro and in vivo experiments are still required to validate

these results.
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