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Network Pharmacology Suggests Mechanisms for Therapeutic Effects of
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Avian gout (AG) is detrimental to the survival and production performance of poultry and effective drugs are lacking.
Caulis sinomenii has shown clinical efficacy against arthritis and may have potential value in AG prevention and treatment. In
the present study, the components and targets of C. sinomenii and AG-related targets were identified using relevant databases.
The common targets, target interactions, and signaling pathways involved in the prevention and treatment of AG by C. sino-
menii were determined using software to explore the potential mechanisms of action. Sixteen components of C. sinomenii,
eight of which were active ingredients with 351 targets and 2993 AG-related targets, were identified using several databases.
A total of 156 common targets were associated with 202 biological processes and 34 pathways. Toll-like receptor 4 (TLR4)
and prostaglandin endoperoxide synthase 2 were core targets. These targets may exert therapeutic effects on AG through four
pathways: the nucleotide-binding oligomerization domain (NOD)-like receptor, mammalian target of rapamycin, TLR, and
mitogen-activated protein kinase signaling pathways. In summary, C. sinomenii has potential therapeutic efficacy against AG
through multicomponent, multi-target, and multi-pathway mechanisms.
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Introduction

With the development of modern animal husbandry, most
breeders use intensive breeding methods and high-calcium and
high-protein feed to increase egg production and growth rate of
poultry, further exacerbating the incidence of avian gout (AG).
According to statistics, chickens between 20 and 50 days of age
and those over 80 days of age are more susceptible to AG, which
is a common disease in the poultry industry[1,2]. AG pathogenic
factors include genetics, nutrition, infectious diseases, feeding
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management, and poisoning, which lead to high uric acid content
in the blood, eventually leading to the accumulation of urate crys-
tals in the joints and internal organs[3]. Recently, astrovirus has
been identified as the main pathogen that causes AG. Astroviral
infection, associated with visceral gout and kidney disease, has a
morbidity rate of up to 80% and a mortality rate of up to 50% in
poultry with AG[1,2,4-6], causing severe economic losses.

Clinically, AG is divided into visceral and joint gout. Vis-
ceral gout is a common metabolic disease characterized by high
uric acid levels in the blood, which lead to urate deposition on
the surfaces of internal organs[7]. Joint gout has typical clinical
symptoms of limited movement, obvious swelling of the legs and
wings, loss of appetite, listlessness, and white watery stools. Ad-
ditionally, its pathological changes in sick chickens mainly mani-
fest as white urate crystal deposition in swollen joints, viscera,
renal tubules, and ureters[8]. These symptoms severely affect
the health and survival of poultry, reducing their quality of life.
Moreover, AG strongly affects egg production, growth velocity,
and the reproductive ability of poultry, causing great harm to the
poultry industry and the birds themselves.
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Currently, colchicine, nonsteroidal medicines, and glucocor-
ticoid drugs are used to effectively treat AG by eliminating joint
inflammation[9]. Moreover, bupivacaine, polyparabanic acid
uricase, and methionine hydroxy analogs are effective in treat-
ing AG because these drugs acidify and remove excess uric acid
from urine and promote the excretion of excess calcium from the
body[10,11]. Additionally, allopurinol effectively treats AG by
inhibiting uric acid synthesis[12,13]. However, the side effects
of these drugs severely hinder the practical application, which
in turn reduces the effect on production performance. Thus, new
anti-AG drugs are urgently required.

C. sinomenii, also known as Fenglong, is a traditional Chinese
herbal medicine that contains alkaloids, volatile oils, lipids, ste-
rols, triterpenes, and other chemical components[14]. It has anal-
gesic, anti-inflammatory, immunosuppressive, and anti-arthritic
properties[15], and its roots and stems have long been used to
treat rheumatoid arthritis in southern China[16]. However, the
specific mechanism of action remains unclear. In the present
study, network pharmacology and molecular docking analyses
were used to explore the therapeutic effects of C. sinomenii in
the treatment of AG. Using a literature search and network phar-
macology analysis, the active components of C. sinomenii and
the potential disease-related targets and pathways involved in
the treatment of AG by C. sinomenii were predicted. Molecular
docking simulation validation was performed for the main active
components and core proteins to explore the mechanism of ac-
tion of C. sinomenii during AG treatment.

Materials and Methods

Screening of drug- and disease-related targets and identifica-
tion of common targets

First, the Traditional Chinese Medicine Systems Pharmacol-
ogy Database and Analysis Platform (TCMSP) (https://old.tc-
mspe.com/tcmsp.php/) was used to search the chemical names
of the active ingredients to obtain the corresponding PubChem
CId numbers. The active ingredients with an oral bioavailability
(OB) > 30% and a drug likeness index (DL) > 0.18 were identi-
fied[17,18]. Active ingredients that did not meet the screening
criteria, but were still used to treat gout were also identified using
the literature[19-22]. Key targets of the active ingredients of C.
sinomenii were identified using PubChem (https://pubchem.ncbi.
nlm.nih.gov/) to obtain the corresponding canonical Simplified
Molecular Input Line Entry System (SMILES) data and targets
with probabilities greater than 0 were selected using the Swiss
Target Prediction database (http://www.swisstargetprediction.
ch/)[23]. Second, the keywords “gout,” “gout arthritis,” *
gout,” “hyperuricemia,” and “Mycoplasma synoviae infection”
were used to search the GeneCards (https://www.genecards.
org/), Online Mendelian Inheritance in Man (OMIM) (http://
www.omim.org/), and the Therapeutic Target Databases (TTD)
(https://db.idrblab.net/ttd/) to obtain AG-related targets[24,25].
Finally, the targets obtained in the aforementioned two steps
were imported into Venny 2.1.1 (https://bioinfogp.cnb.csic.es/
tools/venny/index.html) to identify the potential AG-related tar-

avian

gets of C. sinomenii[26].

The common targets were imported into Cytoscape 3.10.2
software to construct a “drug-ingredient-disease-target” network
diagram. This was followed by further analysis of the common
targets to determine the interactions between the active compo-
nents and disease-related targets.

Construction of the protein—protein interaction (PPI) network

Common targets were imported into the “multiple proteins”
module of the Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) database (http://string-db.org/)[27], with the
minimum value of interaction set to 0.4; the species was set to
Gallus gallus to obtain the tab-separated values file of the PPI
network. A protein interaction map was constructed using Cyto-
scape version 3.10.2.

To accurately analyze the biological processes and signaling
pathways associated with the prevention and treatment of AG
by C. sinomenii, Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analyses
of key targets were conducted. Common targets were imported
into the Database for Annotation, Visualization, and Integrated
Discovery (DAVID) web tool (http://david.ncifcrf.gov/) with
the species set as Gallus gallus. The top 10 enriched biologi-
cal process (BP), cellular component (CC), and molecular func-
tion (MF) terms in the GO analysis and the enriched pathways
in the KEGG pathway analysis were identified using P < 0.01 as
the screening criterion. Enriched terms were then visualized as
bubble plots and charts using the SRplot platform (https://www.
bioinformatics.com.cn/).

Molecular docking

Based on the literature, eight core targets were selected as
receptors, and eight active components identified in C. sinome-
nii were used as ligands for molecular docking validation. First,
the three dimensional (3D) structures of the eight active compo-
nents of C. sinomenii were downloaded from PubChem. The 3D
structure was hydrogenated and exported as a pdbqt file using the
AutoDock Tools software and the core target protein files were
downloaded from the UniProt database (https://www. uniprot.
org/). In the absence of 3D structural data for the targets, the
amino acid sequences were imported into Swiss-Model (https://
swissmodel.expasy.org/) for prediction purposes. The results
with the highest prediction scores were selected. Following the
removal of water molecules, solvent molecules, and ions from
the target protein structure using the Python molecule (PyMOL)
software, hydrogenated pdbqt files were obtained using the
AutoDock Tools software. Finally, the resulting small and large
receptor molecules were imported into AutoDock Tools to calcu-
late the corresponding binding energies.

PyMOL software was used to construct a schematic diagram
of the key active components and core target proteins of C. sino-
menii, and the molecular docking of the key active components
and core target proteins was visualized[28].

Molecular dynamics (MD) simulation

MD simulations were performed using the Gromacs 2022.1

program[29] with the Amber14sb force field under constant tem-
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perature, pressure, and periodic boundary conditions. Molecules
were placed in a cubic box of 8.0 nm x 8.0 nm x 8.0 nm, and
Amberl4sb was used in all simulations. For the all-atom force
field, the transferable intermolecular potential 3 points water
model[30] was used to solvate protein and small-molecule com-
plexes. The initial structure was subjected to energy minimiza-
tion for 50,000 steps using the steepest descent method. The
isothermal-isobaric ensemble was used in the simulations and the
operational equations were integrated using the Leap-Frog meth-
od. The properties-method-event method[31] was used for long-
range electrostatic interactions. The cut-off distance of the van
der Waals and Coulomb interactions was 12 A, and updates were
performed every 10 steps. The Lincs algorithm[32] was used to
constrain all bond lengths with the parameters lincs_iter = 1 and
lincs_order. = 4. The system temperature was increased from 0
K to 298.15 K via a V-rescale temperature coupler[33]. The Par-
rinello—Rahman method[34] was used to control the system at a
constant pressure of 1 bar and maintain pressure isotropy. Mesh
denoising via a neighborhood scheme was used to calculate non-
bonded interactions, with short and long cut-off distances of 9 A
and 14 A, respectively. The criteria for hydrogen bond formation
were that the donor—acceptor angle was less than 30° and that the
donor—acceptor interatomic distance was less than 0.35 nm. The
initial velocities were randomly assigned using the Maxwell—
Boltzmann distribution. A total of 50,000,000 simulation steps
were performed, the time step size was 2 fs, the total simulation
time was 100 ns, and 10,000 conformations were generated. The
simulation results were visualized using the Gromacs embedded
program and Visual Molecular Dynamics software.
Molecular toxicity prediction

Molecular toxicity was predicted according to previously
described methods[35]. Molecular structures of the active in-
gredients were obtained from PubChem (https://pubchem.ncbi.
nlm.nih.gov/). The SMILES numbers or molecular structures of
the active ingredients were imported into the ProTox database
(https://tox.charite.de/) to predict the molecular toxicity. Toxic
doses were expressed as lethal dose 50 (LD50) values (mg/kg
body weight). Toxicity classes were defined according to the
globally harmonized system of classification of chemical label-
ing (GHS). LD50 values are given in [mg/kg]: class I is fatal if
swallowed (LD50 < 5); class Il is fatal if swallowed (5 <LD50 <
50); class I1I is toxic if swallowed (50 < LD50 < 300); class IV is
harmful if swallowed (300 < LD50 < 2000); class V is possibly
harmful if swallowed (2000 < LD50 < 5000); and class VI was
nontoxic (LD50 > 5000).

Results

Eight active components and 351 targets may play a role in C.
sinomenii treatment of AG

In the TCMSP database, eight effective active ingredients,
including higenamine (MOL002419) (Figure 1A), B-sitosterol
(MOLO000358) (Figure 1B), michelenolide (MOL000623) (Fig-
ure 1C), sinomenine (MOL000625) (Figure 1D), magnogran-
diolide (MOL000622) (Figure 1E), stepholidine (MOLO000627)

(Figure 1F), 16-epi-isositsirikine (MOL000621) (Figure 1G),
and magnoflorine (MOL000764) (Figure 1H), were identified as
meeting the screening criteria or have been used in AG prevention
and treatment. Alkaloids present in C. sinomenii, such as sinome-
nine, have been demonstrated to exhibit favorable therapeutic ef-
fects for the treatment of rheumatic paralysis and joint swelling.
Terpene lactones have anti-inflammatory and analgesic effects
and are, therefore, typically employed in the treatment of inflam-
matory conditions, such as rheumatoid arthritis. Higenamine has
anti-inflammatory effects on lipopolysaccharide (LPS)-induced
mouse microglia (BV2 cells) through the regulation of the nu-
clear factor-kB (NF-kB) and nuclear factor erythroid 2-related
factor 2/heme oxygenase-1 (Nrf2/HO-1) signaling pathways,
where the regulation of the HO-1 and phosphoinositide 3-kinase/
Akt/Nrf-2 (PI3K/Akt/Nrf-2) signaling pathways alleviate colla-
gen-induced arthritis[19,22]. Moreover, magnoflorine inhibits
inflammation by regulating the NF-kB, mitogen-activated pro-
tein kinase (MAPK), and PI3K/Akt signaling pathways, delaying
cartilage degradation and preventing the exacerbation of osteo-
arthritis[21]. After prediction using the Swiss Target Prediction
database, and merger and deduplication, 351 component targets
of C. sinomenii were ultimately predicted (Figure 11).
C. sinomenii may treat AG through multiple targets

The relevant target genes of AG were identified using the
GeneCards, OMIM, and TTD databases, and literature; a total
of 2993 target genes were obtained. After comparing the 2993
AG-related targets and the 351 targets of the C. sinomenii active
components, a total of 156 key targets were identified (Figure
11). These common targets represent those through which C. si-
nomenii exerts its therapeutic effects on AG. To understand the
relationships between the active ingredients from C. sinomenii
and these targets, a network diagram of “C. sinomenii-active
ingredient-target-AG” was constructed (Figure 1J). The image
shows eight active ingredients that interact with potential targets.
There are 157 nodes and 389 edges. The dark green ellipses in the
figure represent common targets, the light green rectangles repre-
sent the effective active ingredients of the drug, the red hexagons
at the top represent drugs, and the red triangles below represent
diseases. Each edge represents the interaction between C. sino-
menii and the active ingredient, active ingredient and target, or
target and disease.
Signal transducer and activator of transcription 3 (STAT3),
nonreceptor tyrosine kinase (SRC), matrix metalloproteinase
9 (MMP9), hypoxia-inducible factor 14 (HIF1A), peroxisome
proliferator activated receptor G (PPARG), Toll-like recep-
tor 4 (TLR4), transcription factor AP-1 (JUN), prostaglandin
endoperoxide synthase 2 (PTGS2), and inducible nitric oxide
synthase 2 (NOS2) might be core targets of C. sinomenii in the
treatment of AG

The PPI network diagram further demonstrated the interac-
tions between common targets. Each node represents a protein
and each edge represents a different interaction. The PPI network
graph contained 130 nodes and 520 edges (Figure 2A). Samples
were imported into Cytoscape 3.10.2 software for PPI visualiza-
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(A) Two dimensional (2D) structure diagram of higenamine. (B) 2D structure diagram of B-sitosterol. (C) 2D
structure diagram of michelenolide. (D) 2D structure diagram of sinomenine. (E) 2D structure diagram of mag-
nograndiolide. (F) 2D structure diagram of stepholidine. (G) 2D structure diagram of 16-epi-Isositsirikine. (H)
2D structure diagram of magnoflorine. (I) Venn diagram of C. sinomenii and AG-related targets. (J) Network

diagram of “C. sinomenii--active ingredients-common targets—AG”.

tion. The larger the degree value, the darker the color and the
larger the circle. Moreover, software analysis revealed that the
average degree value was 8, and 42 target points were greater
than the average value. According to the literature and degree
ranking, STAT3 (AF_AFQ6DV79F1: https://www.uniprot.
org/structure/af afq6dv79f1), SRC (AF_AFP00523F1: https:/
www.uniprot.org/structure/AF_AFP00523F1), MMP9 (Swiss-
Model forecasting), HIFIA (AF_AFQOYIBOF1: https://www.
uniprot.org/structure/AF_ AFQ9YIB9F1), PPARG (AF_AF-
AO0A3Q2U209F1:  https://www.uniprot.org/structure/AF AF-
A0A3Q2U209F1), TLR4 (AF_AFC4PCF3F1: https:/www.uni-

prot.org/structure/AF_AFC4PCF3F1), JUN (AF_AFP18870F1:
https://www.uniprot.org/structure/AF_AFP18870F1), = PTGS2
(AF_AFP27607F1: https://www.uniprot.org/structure/AF _ AF-
P27607F1), and NOS2 (AF_AFQ90703F1: https://www.uniprot.
org/structure/AF_AFQ90703F1) might be key targets that play
important regulatory roles in the treatment of AG (Figure 2B).
C. sinomenii played important roles in AG by regulating the
NOD-like receptor pathway and the mammalian target of ra-
pamycin (mTOR), TLR, and MAPK signaling pathways

GO functional and KEGG pathway enrichment analyses were
performed on 156 common targets using the DAVID web tool (P
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Fig. 2. Network pharmacology prediction of the mechanism by which C. sinomenii treats avian gout
(AG). (A) Map of the potential targets in the protein-protein interaction (PPI) network that are involved in the
treatment of AG by C. sinomenii. (B) Map of the core targets in the PPI network that are involved in the treatment
of AG by C. sinomenii. (C) Graph of the gene ontology (GO) enrichment analysis results. (D) List of the enriched
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Signal transducer and activator of transcription
3 (STAT3); nonreceptor tyrosine kinase (SRC); matrix metalloproteinase 9 (MMP9); hypoxia-inducible factor
1A (HIF1A); peroxisome proliferator activated receptor G (PPARG); Toll-like receptor 4 (TLR4); transcription
factor AP-1 (JUN); prostaglandin endoperoxide synthase 2 (PTGS2); inducible nitric oxide synthase 2 (NOS2).

<0.01) (Figure 2C and D). GO analyses revealed 202 enriched
terms, including 119 BP terms that were involved in protein
phosphorylation, positive regulation of kinase activity, and the
cell surface receptor protein tyrosine kinase signaling pathway.
Additionally, 26 CC terms were enriched, including receptor
complex, plasma membrane, and phosphatidylinositol 3-kinase
complex, whereas 57 MF terms were enriched, including ATP

binding, nuclear receptor activity, and protein serine kinase ac-
tivity. The enriched terms were arranged in ascending order ac-
cording to the P value. The top 10 BP, CC, and MF terms are
displayed in the bubble chart, where the horizontal axis repre-
sents the value and the vertical axis represents the gene name.
The intensity of the colors indicates a high degree of confidence.
These results suggested that C. sinomenii might be used to treat
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AG through the regulation of various BPs. In the KEGG path-
way enrichment analysis, 156 common targets were enriched in
34 pathways, and the main pathways involved the NOD-like re-
ceptor, mTOR, TLR, and MAPK signaling pathways. In the bar
chart, the horizontal axis represents the value and the vertical
axis represents the corresponding pathway name. The intensity
of the color indicates a high degree of enrichment.

Interaction of nine core targets with active ingredients verified
by molecular docking

To further validate the network pharmacology results, mo-
lecular docking was used to evaluate the identified active drug
ingredients and targets. Nine core targets closely associated with
AG (STAT3, SRC, MMP9, HIF1 A, PPARG, TLR4, JUN, PTGS2
and NOS2) were selected as receptors; eight compounds, includ-
ing higenamine, B-sitosterol, michelenolide, sinomenine, magno-
grandiolide, stepholidine, 16-epi-Isositsirikine and magnoflorine,
were used as ligands for molecular docking; and the binding en-
ergies between the ligands and receptors were determined (Fig-
ure 3A). When the molecular docking binding energy is < 0, the
two molecules have the ability to spontaneously bind; when the
molecular docking binding energy is < -1.2 kcal/mol (-5.0 kJ/
mol), the two molecules stably bind to each other[28].

The active components of C. sinomenii obtained from
screening all bound to the selected targets. Inflammation plays
an important role in gout development. Sinomenine alleviates
inflammation by inhibiting the expression of the LPS receptor
(CD14)/TLR4 and then activating the downstream Janus tyro-
sine kinase (JAK2)/STAT3 signaling pathway[36]. Sinomenine
also treats rheumatoid arthritis by inhibiting the overexpression
of the MMP9 protein[37]; inhibits the release of inflammatory
factors by downregulating the expression of TLR4[38]; exerts
anti-inflammatory and analgesic effects by regulating the expres-
sion of cyclooxygenase-2 (COX-2) and inhibiting the secretion
of inflammatory factors[39]; and relieves pain and inflammation
by inhibiting the expression of NOS2 and the production of nitric
oxide (NO)[40]. B-sitosterol significantly inhibits the upregula-
tion of TLR4 expression and alleviates inflammation[41]. Ste-
pholidine alleviates gouty arthritis and inflammation by inhibit-
ing TLR4 and NOS2 expression[42]. Therefore, the above eight
compounds were selected for MD simulations (Figure 3B-I).

C. sinomenii exerted therapeutic effects by modulating TLR4
and PTGS?2

The binding mode, stability, and molecular interactions of si-
nomenine with TLR4 and PTGS2 were investigated using MD
simulations.

The root mean square deviation (RMSD) represents the sum
of the deviations of all the atoms between the conformation at
a certain time and the target conformation, and is an important
basis for measuring the stability of the system. Variation in the
RMSD of all atoms in the protein was demonstrated in the com-
posite system versus time. The RMSD value of the protein mol-
ecules in the entire system fluctuated greatly at the beginning of
the simulation, which might be due to the interaction between
the protein and the solvent molecules at the beginning of the

simulation. Subsequently, the overall RMSD stabilized. The av-
erage RMSD of the sinomenine-PTGS2 composite system was
7.082 + 0.879 nm after stabilization, and the average RMSD of
the sinomenine-TLR4 composite system was 2.974 + 0.488 nm
after stabilization. The small fluctuation amplitude indicated that
the entire system was stable and reliable during the simulation
(Figure 4A).

The radius of gyration (Rg) may be used to measure the com-
pactness of the overall protein structure. If the folding of a pro-
tein is stable, then its Rg value remains relatively stable. A greater
change in Rg indicates a greater change in the protein structure.
The Rg values of the sinomenine-PTGS2 and sinomenine-TLR4
systems fluctuated slightly throughout the simulation; however,
the fluctuations were relatively small. The average Rg values for
the sinomenine-PTGS2 and sinomenine-TLR4 systems during
the entire simulation process were 25.583 + 0.363 nm and 56.502
+ 0.161 nm, respectively, indicating that the entire structure of
the protein small-molecule complex was very stable during the
simulation (Figure 4B).

The root mean square fluctuation (RMSF) represents the flex-
ibility of protein amino acid residues. The RMSF values of all
amino acids in the sinomenine-PTGS2 and sinomenine-TLR4
systems are shown in Figure 4. The overall RMSF value of the
protein in the sinomenine-PTGS2 complex was small, and the
RMSF values of the protein near position 360 and the N-termi-
nal- and C-terminal domains significantly fluctuated. Solvent
molecules had a significant effect. In addition, the overall RMSF
value of the protein in the sinomenine-TLR4 complex fluctuated
somewhat, indicating that these amino acids had high flexibility
and might be located in the nonguided coil or turn region of the
protein, or might protrude from the protein surface and be ex-
posed to solvents. The RMSF results revealed that the protein
structure combined with small molecules was relatively stable
throughout the entire simulation process, which was conducive
to the stable binding of small-molecule compounds and the cor-
responding biological functions (Figure 4C and D).

The variation in the number of hydrogen bonds between
small molecules and proteins in a complex system as a func-
tion of simulation time was analyzed (Figure 4E and F). The
average number of hydrogen bonds of small protein molecules
in the sinomenine-PTGS2 composite system during the entire
simulation process was 1.348 whereas the number of hydrogen
bonds of small protein molecules in the sinomenine-TLR4 com-
posite system was 1.348 during the whole simulation process.
The mean value was 1.066. Stable hydrogen bonding between
small molecules and proteins indicated that stable interactions
occurred between these molecules and proteins during the entire
simulation process, and that they performed their corresponding
biological functions.

Next, the binding free energies were calculated between the
protein and small molecules in the range of 80-100 ns, where
the RMSD was more stable in the system, using the Molecular
Mechanics/Poisson-Boltzmann Surface Area method. For the
small molecules in the sinomenine-PTGS2 and sinomenine-
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(A) Molecular docking fraction heatmap analysis. (B) Docking poses and interactions of

sinomenine with matrix metalloproteinase 9 (MMP9). (C) Docking poses and interac-
tions of stepholidine with Toll-like receptor 4 (TLR4). (D) Docking poses and interac-

tions of stepholidine with prostaglandin endoperoxide synthase 2 (PTGS2). (E) Docking

poses and interactions of sinomenine with PTGS2. (F) Docking poses and interactions of

B-sitosterol with TLR4. (G) Docking poses and interactions of sinomenine with TLR4.

(H) Docking poses and interactions of sinomenine with inducible nitric oxide synthase 2

(NOS2). (I) Docking poses and interactions of sinomenine with signal transducer and ac-

tivator of transcription 3 (STAT3). Nonreceptor tyrosine kinase (SRC); hypoxia-inducible

factor 1A (HIF1A); peroxisome proliferator activated receptor G (PPARG); transcription

factor AP-1 (JUN).

TLR4 systems, the total binding free energies between the small
molecules and the protein were -76.493 kJ/mol and -56.998 kJ/
mol, respectively. The electrostatic interactions of the system,
including the electrostatic interactions under vacuum conditions
and the polar solvation energy (AG+AGpg), were 62.580 kJ/
mol and 65.368 kJ/mol, respectively. The nonpolar interaction
may be used as the hydrophobic interaction energy, including the
van der Waals force effect and the nonpolar solvation free energy

(AGyytAG,y). The nonpolar interactions were -139.074 kJ/mol
and -122.366 kJ/mol, respectively. These results indicated that
hydrophobic interactions between small molecules and proteins
were the main driving forces of binding (Table 1).
The active ingredients from C. sinomenii had low toxicity in the
treatment of AG

The predicted results are shown in Table 2, in which mag-
nograndiolide and 16-epi-Isositsirikine are class III compounds
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Fig. 4. Molecular dynamics of Toll-like receptor 4 (TLR4) and prostaglandin
endoperoxide synthase 2 (PTGS2) with residues in the active pocket of sinome-
nine.

(A) The variation in the root mean square deviation (RMSD) values of protein mol-
ecules in the sinomenine-PTGS2 and sinomenine-TLR4 systems with simulation time.
(B) The variation in the rotation radius of the sinomenine-PTGS2 and sinomenine-
TLR4 systems with simulation time. (C) Root mean square fluctuation (RMSF) values
of all amino acid residues in the sinomenine-TLR4 system. (D) RMSF values of all
amino acid residues in the sinomenine-PTGS2 system. (E) Changes in the number of
hydrogen bonds between proteins and small molecules in the sinomenine-TLR4 sys-
tem over the simulation time. (F) Changes in the number of hydrogen bonds between
proteins and small molecules in the sinomenine-PTGS2 system over the simulation

time.

with toxic effects, P-sitosterol sinomenine, stepholidine, and
magnoflorine are class IV compounds with harmful effects, and
michelenolide is a class V compound with possible harmful ef-
fects. According to records in the Compendium of Materia Med-
ica and the clinical trial protocol for human gout, the therapeutic
dose of C. sinomenii was approximately 0.6 mg/kg body weight,

which was significantly lower than the harmful dose.
Discussion

This study used network pharmacology to investigate the
mechanism by which C. sinomenii treats AG by identifying
the active components and targets of C. sinomenii and the re-
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Table 1.  Binding free energy between small molecules and proteins.
System sinomenine-PTGS2 sinomenine-TLR4
Item Energy (kJ/mol) Delta Energy (kJ/mol) Delta
AG 4 (kJ/mol) -124.411 9.662 98735 5.118
AG ¢ (kJ/mol) -18.384 0.672 -14.664 3.798
AG pg (kJ/mol) 80.964 3.518 80.032 6.476
AG ;, (kJ/mol) -14.663 0.924 -23.631 2.744
AG pina (KJ/mol) 76.493 4.641 -56.998 4.694

AG 4y van der Waals force effect; AG : electrostatic interactions; AG pg: polar solvation energy; AG ,,: nonpolar

solvation free energy; AG ;,q: binding free energy.

np*

Table 2.  Molecular toxicity prediction of eight active ingredients from C. sinomenii.

Predicted Toxicity  Predicted LD50

Active ingredient

Organ toxicity Toxicity end points

Class (mg/kg)
Higenamine A% 3350 Respiratory toxicity C1]i3 r}131]c3e;1b ti)r;;gty
Immunotoxicity
Beta-sitosterol v 890 Neurotoxicity BBB-barrier
Respiratory toxicity Ecotoxicity
Nutritional toxicity
Immunotoxicity
Michelenolide Vv 2550 Respiratory toxicity BBB-barrier
Nutritional toxicity
Immunotoxicity
Sinomenine v 580 Respiratory toxicity BBB-barrier
Clinical toxicity
Immunotoxicity
Magnograndiolide 111 150 Respiratory toxicity Cl}i3 r}131]c32;1b taor;;z;ty
Nutritional toxicity
Neurotoxicit Immunotoxicity
Stepholidine v 928 . . BBB-barrier
Respiratory toxicity Clinical toxicity
Neurotoxicity .
16-epi-Isositsirikine 111 300 Nephrotoxicity CEnBllcsa_lb 3;22;
Respiratory toxicity y
Magnoflorine v 401 Respiratory toxicity Immunotoxicity

BBB-barrier

lated signaling pathways. Eight active components including
alkaloids, sterols, and terpenes were identified. The drug-active
ingredient-potential target-disease network diagram revealed
that active ingredients, such as sinomenine, f3-sitosterol, and ste-
pholidine might play key roles in the treatment of AG with C.
sinomenii. Sinomenine is an alkaloid monomer extracted from
C. sinomenii that exerts pharmacological effects, such as anti-
inflammatory and analgesic effects, by regulating the NOD-like
receptor protein 3 (NLRP3) inflammasome signaling pathway,
affecting the secretion of the inflammatory cytokine interleukin-
1B (IL-1p) and IL-6, and thereby reducing the incidence of gouty
arthritis[43,44]. B-sitosterol reduces serum uric acid levels in
hyperuricemic mice by inhibiting xanthine oxidase (XOD) activ-
ity in the liver and by effectively inhibiting monosodium urate
(MSU)-induced edema[45]. In addition, stepholidine alleviates

gouty arthritis by inhibiting the expression of TLR4 and mem-
bers of the NLRP3 inflammasome, and inhibiting NF-kB activa-
tion, lipid peroxidation, NO production, and COX-2 expression,
thereby suppressing the inflammatory response[42]. Therefore,
sinomenine, f3-sitosterol, and stepholidine might be the main ac-
tive ingredients in C. sinomenii for the prevention and treatment
of AG.

In this study, multiple potential targets closely related to AG,
including TLR4, MMP9, PTGS2, STAT3, and NOS2, which may
play regulatory roles in the prevention and treatment of AG by
C. sinomenii were identified by constructing a PPI network[46].
TLR4 may be involved in the regulation of gout-related inflam-
mation by directly binding to MSU and increasing the production
of inflammatory factors, such as NLRP3 and IL-13[47]. TLR4
expression plays a key role in gouty arthritis[48]. Hyperuricemia
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promotes the expression of MMP?9 in synovial fluid and is associ-
ated with inflammation and gouty arthritis[49]. In gouty arthritis,
sinomenine exerts its anti-inflammatory effects mainly by reduc-
ing the secretion of interleukins and MMP9 produced by mono-
cytes in peripheral blood[50]. PTGS2 is significantly upregulated
in gout and is involved in the synthesis of prostaglandins, pro-
motion of inflammation, and pain sensation[51]. STAT3 reduces
serum uric acid levels and alleviates renal fibrosis and chronic
kidney disease[52]. Berberine in Phellodendron amurense inhib-
its the activation of the JAK/STAT3 signaling pathway to reduce
the activity of XOD, and upregulate the mRNA and protein ex-
pression of organic anion transporter 1/organic anion transporter
3 and adenosine triphosphate binding cassette transporter G2 to
reduce serum uric acid levels[53]. In addition, in gouty arthri-
tis, MSU stimulates inflammatory cells to produce NOS2, which
ultimately damages the joints[54]. Moreover, NOS2 induces
inflammatory cells to produce proinflammatory cytokines, exac-
erbating inflammation[54]. These targets have been implicated
in the pathogenesis of inflammation via various mechanisms,
indicating that C. sinomenii may exert its efficacy against AG
by acting on multiple targets, thus mitigating the inflammatory
response.

KEGG pathway analysis revealed that the active ingredients
of C. sinomenii mainly regulate the MAPK, mTOR, NOD-like
receptor, and TLR signaling pathways. Uric acid disrupts the bal-
ance between pro- and anti-apoptotic proteins by regulating the
MAPK pathway, leading to apoptosis[55]. This triggers oxidative
stress in kidney cells, resulting in inflammation. Therefore, genes
involved in positive regulation of the MAPK pathway may play
a role in lowering uric acid levels. mTOR belongs to the PI3K
protein kinase class and is a serine/threonine kinase involved in
the regulation of cell growth, proliferation, and other processes.
MSU activates autophagy and triggers cell death by inhibiting the
activation of the mTOR signaling pathway[56,57]. The inflam-
masome is composed of a Nod-like receptor, such as NLRPI,
NLRP3, or NLRP4, and an adapter apoptosis-associated speck-
like protein containing a caspase recruitment domain. MSU is a
danger signal formed after the release of uric acid by dead cells.
It triggers cellular inflammation by activating the NLRP3 inflam-
masome, leading to the production of the active inflammatory
cytokines IL-1B and IL-18[58]. TLRs are pattern recognition
receptors present in the cell membrane and cytoplasm. The de-
velopment of gouty arthritis is closely related to the ability of
precipitated sodium urate to react with macrophages, leading to
neutrophil aggregation and entry into the synovial and joint fluid.
Neutrophils phagocytose sodium urate crystals in the synovial
and joint fluid, a process in which lysosomes and cell membranes
dissolve and leukocyte aggregation and inflammatory media-
tors are released. The release of inflammatory mediators further
activates the TLR2/TLR4-NF-«kB signaling pathway, creating
a positive feedback loop that exacerbates inflammation[59].
These targets and pathways potentially increase the infiltration
and activation of inflammatory cells, thereby exacerbating the
inflammatory response. Conversely, C. sinomenii may exert anti-

inflammatory effects against AG by modulating targeted signal-
ing pathways.

According to the Compendium of Materia Medica, C. sino-
menii is effective in treating arthritis, numbness, itching, and
swelling. ZhengQingFengTongNing (National Medical Products
Administration Approval Number Z20010174 in China) is a first-
line medication, in which the active ingredient is an extract of C.
sinomenii. An important advantage of this drug is that it is less
likely to cause resistance, and its disadvantage is its short half-
life (approximately 2—4 h), which makes it easy to metabolize
and eliminate from the body. Extending the half-life and efficacy
time is a bottleneck that must be overcome. However, this defect
has become an advantage in veterinary clinical use, making it less
likely to cause drug resistance and residues without toxicological
risks in chickens or eggs. ZhengQingFengTongNing tablets con-
tain 20 mg/tablet of sinomenine at a price of 50 yuan/bottle (100
tablets/bottle), which is approximately 0.5 yuan/tablet. The dos-
age for a 100 kg adult is 3 tablets, which is equivalent to a dosage
of 0.6 mg/kg body weight. In poultry science, with laying hens as
an example, the two high-frequency periods of AG are at 1 and 3
months. At this time, the weights of the hens were approximately
0.2 kg or 1 kg, respectively. The drug cost for 100-200 hens was
the same as that for an adult, which was 1.5 yuan for a single use.
Moreover, poultry medicine does not need to be processed into
ZhengQingFengTongNing tablets, and the raw material may be
directly used. The raw material of C. sinomenii is approximately
30 yuan per kilogram, of which, sinomenine comprises 1%—2%;
there is 10-20 g of sinomenine per kilogram of C. sinomenii raw
material. The drug cost for 100-200 hens was approximately 0.5
yuan. This approach is inexpensive for clinical veterinary use in
the poultry industry.

In summary, C. sinomenii, whose main active ingredients
were sinomenine, B-sitosterol, and stepholidine, had potential
therapeutic effects on AG by acting on the following core tar-
gets: TLR4, PPARG, MMP9, STAT3, and NOS2, all of which
were closely related to the MAPK, mTOR, NOD-like receptor,
and TLR signaling pathways. These signaling pathways play key
roles in the prevention and treatment of AG by regulating the
inflammatory response. Therefore, the mechanism by which C.
sinomenii protects against AG involves the synergistic effects of
multiple components, targets, and pathways.
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