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Abstract: Objectives: This research aims to explore the therapeutic potential of Bi-Qi
capsules in the treatment of gout by identifying crucial drug targets through a multidi-
mensional data analysis strategy. Methods: Bi-Qi capsule drug targets and differentially
expressed genes (DEGs) of gout were derived from public databases, such as Swiss Tar-
get Prediction, STITCH, and the GEO database. Subsequently, the overlapped targets
were analyzed to elucidate the potential therapeutic mechanism and to identify candidate
targets of Bi-Qi capsules against gout. Next, Mendelian randomization (MR) analysis
was employed to screen and explore the causal relationship between candidate targets
and gout. Finally, single-cell RNA sequencing (scRNA-seq), gene set enrichment analysis
(GSEA), transcription factor and ceRNA regulatory networks, and molecular docking were
performed to validate the role of the crucial targets of Bi-Qi capsules in the treatment of
gout. Results: A total of 46 candidate targets were identified, in which KCNAS5, PTGS2,
and TNF exhibited significant causal relationships with gout (p < 0.05) and were regarded
as the crucial targets. Through scRNA-seq and gene labeling, crucial targets were found
to be expressed in eighteen cell clusters and eight cell types, which are closely associated
with carbohydrate metabolism, nerve conduction, and the innate immunity process. Bi-Qi
capsule active compounds such as tanshinone IIA, strychnine, tanshinaldehyde, cryptotan-
shinone, tumulosic acid, and glycyrrhetic acid exhibit a better binding ability to crucial
targets. Conclusions: The results not only elucidate the anti-gout mechanism of Bi-Qi
capsules but also provide an insight into multi-target natural medication for metabolic
disease treatment, which contributes to guiding the clinical application of Bi-Qi capsules in
the future.

Keywords: gout; Bi-Qi capsule; network pharmacology; Mendelian randomization;
traditional Chinese medicine
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1. Introduction

Gout, as the most common form of chronic inflammatory arthritis, is triggered by the
deposition of monosodium urate crystals, which are the end product of human purine
metabolism, into and around the articular tissues, soft tissues, and bones [1,2]. It is charac-
terized by acute attacks of severe pain, swelling, redness, and heat in one or more joints
and may even develop into chronic gouty arthropathy, uric acid nephrolithiasis, or chronic
nephropathy. The risk factors for gout include hyperuricemia (HUA), genetic susceptibility,
gender, age, diet, lifestyle, medication, chronic diseases, and others [3]. As early as 2017,
it was estimated that approximately 41.2 million adults worldwide are suffering from
gout, and the number of people affected by gout exceeds more than twice that affected by
rheumatoid arthritis [4,5]. Currently, the epidemiological data on gout show a substantial
and growing trend all over the world [6]. In 2020, it was reported that 55.8 million adults
were affected by gout with an age-standardized prevalence of 659.3 per 100,000, which
is a 22.5% increase compared with 1990. Among them, the incidence rate in men is ap-
proximately 3.26 times higher than that in women. Considering population growth, the
total number of prevalent gout cases could possibly reach 95.8 million by 2050 [7]. What is
most worrisome is that gout gives rise to various complications easily, such as ischemic
heart disease, myocardial infarction, hypertension, hyperlipidemia, chronic kidney disease,
diabetes, metabolic syndrome, and dementia, which can lead to the increased mortality of
patients [8-11]. The modern clinical treatment of gout mainly relies on pharmacotherapy,
with nonsteroidal anti-inflammatory drugs (NSAIDs), colchicine, and systemic glucocorti-
coids serving as first-line treatments for acute gout attacks. Meanwhile, xanthine oxidase
inhibitors, uricosuric agents, and urate oxidase are employed for urate-lowering therapy.
However, they fail to absolutely eradicate the underlying causes of gout, and there exist
notable limitations in terms of duration of use and safety concerns [12]. Given these limita-
tions, there is an urgent need to develop novel anti-gout agents and therapeutic strategies
to enhance disease prognosis by selectively targeting specific pathways involved in gout
pathogenesis.

Bi-Qi capsules are a Chinese traditional patent medicine approved by the Chinese
Food and Drug Administration (NMPA approval number: Z10910026) for treating bone
disease, such as rheumatoid arthritis, cervical spondylosis, scapulohumeral periarthritis,
and knee osteoarthritis [13-16]. Bi-Qi capsules were manufactured by the Tianjin Darentang
Jingwanhong Pharmaceutical Co., Ltd., located in Tianjin, China. They consist of ten Chi-
nese herbs, including Strychnosnux-vomica (Maqianzi), Pheretima aspergillum (Dilong),
Radix Salviae miltiorrhizae (Dan Shen), Radix Codonopsis pilosula (Dang Shen), Poria-
cocos (Fuling), Panaxnotoginseng (Sanqi), Ligusticumwallichii (Chuanxiong), Rhizoma
Atractylodis macrocephalae (Bai Zhu), Radix Achyranthis bidentata (Huai Niu Xi), and
Radix glycyrrhizae (Gan Cao). Our previous research has preliminarily elucidated the
pharmacological effects and mechanisms of Bi-Qi capsules in acute gouty arthritis; they are
able to reduce serum uric acid levels, enhance uric acid clearance rates, and ameliorate renal
injury, ankle joint swelling, and synovial injury by controlling the expression of adenosine
deaminase, organic anion transporter 1, and glucose transporter 9, inhibiting the NLRP3
pathway and TLR4/NLRP3 pathway, reducing the levels of inflammatory factors [17].
However, the pharmacological effects and mechanisms of Bi-Qi capsules in treating gout
have still not fully been explored.

Mendelian randomization (MR), also known as natural randomized controlled trials,
provides a solution to the limitations of observational and interventional studies by mit-
igating the impact of confounding factors. The method employs genetic variation as an
instrumental variable and constructs a model of “genetic variation-risk factors—disease
outcomes” to probe into the potential causal relationships between various factors (disease,
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environment, society, behavior, psychology, etc.) and diseases [18,19]. At present, there is a
growing trend of utilizing MR studies to identify drug targets by elucidating the relation-
ships between drug target genes and diseases, which may disclose potential therapeutic
mechanisms and crucial targets for disease management [20-23]. In this research, a multi-
dimensional data analysis strategy integrating conventional bioinformatics methods with
MR studies was used to explore the therapeutic potential of Bi Qi capsules in the treatment

of gout (Figure 1).
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Figure 1. Study design in this research process.

2. Results

2.1. DEG Identification and Biological Function Analysis

In the GSE160170 dataset, a total of 1669 DEGs were identified in the normal and
gout groups, including 941 up-regulated genes and 728 down-regulated genes, and the
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uniformity of gene expression distribution in each sample was good, as shown in Figure 2A.
Volcano plots were established to describe the change trend of DEGs in a visualized manner,
from which 20 genes with the largest differences in up-regulation and down-regulation
were plotted on a circular heatmap (Figure 2B,C). GO and KEGG enrichment analyses
mapped the prospective biological roles of DEGs. GO enrichment analysis revealed that
DEGs largely referred to 30 related biological processes, cellular components, and molecu-
lar functions, such as chemotaxis, leukocyte migration and positive regulation, cytokine
activity, T-cell differentiation, cytokine receptor binding, and other key biological phenom-
ena (Figure 2D). KEGG enrichment analysis highlighted the top 10 signaling pathways,
including cytokine receptor interactions, the chemokine signaling pathway, viral protein
interactions with cytochrome and cytochrome receptors, the NOD-like receptor signaling
pathway, and the TNF and IL-17 signaling pathways (Figure 2E).

2.2. Candidate Gene Identification and Biological Function Analysis

A total of 59 active chemical components and 719 related targets from Bi-Qi capsules
were screened (Figure 3A). By intersecting the identified targets of Bi-Qi capsules and
1669 DEGs, 46 candidate genes were discovered (Figure 3B). GO enrichment analysis
revealed that candidate genes were primarily associated with 30 related biological processes,
cellular components, and molecular functions, such as leukocyte migration, cell chemotaxis,
response to lipopolysaccharides and molecules of bacterial origin, G protein-coupled
receptor binding, and chemokine receptor activity and binding (Figure 3C-E). KEGG
enrichment analysis revealed that candidate genes take part in the NF-kappa B, chemokine,
NOD-like receptor, human cytomegalovirus infection, TNF, and IL-17 signaling pathways
(Figure 3F). The data from the PPI network were input into Cytoscape 3.7.2 software in a
TSV file format, and an intersection target correlation network diagram was generated, as
shown in Figure 3G. CXCR2, CXCL2, IL1B, TNF, and IL6 were identified as core genes with
the highest number of interactions, suggesting their central roles in the PPI network.

2.3. Causal Relationship of Candidate Targets and Gout

Genetic causality between candidate targets and gout was assessed through bidirec-
tional MR analysis. In total, three candidate targets including KCNA5, PTGS2, and TNF
were identified as having genetic causality with gout and were selected for further analysis
as critical targets. Compared with the normal group, the PTGS2 and TNF expression
levels were dramatically higher in the gout group, and the expression of KCNA5 was
prominently lower in the gout group (Figure S1A). In IVW analysis (Table S2), the results
of the forest plots and scatter plots suggested that PTGS2 (p < 0.05, OR = 1.0010) promotes
the pathological development of gout, with elevated PTGS2 levels increasing the risk of
gout development. Conversely, KCNAS5 (p < 0.05, OR = 0.9947) and TNF (p < 0.05, OR =
0.9971) exhibited opposing effects (Figure 4A-C). The funnel plot presented a symmetrical
state, suggesting that the MR results were stable and robust (Figure S1B). Moreover, the
reliability of the MR results was analyzed, and a series of sensitivity tests was conducted.
In the horizontal pleiotropy test, there was no statistical difference (p > 0.05) in light of the
MR-Egger intercept, indicating the absence of confounding factors. In the heterogeneity
test, Cochrane’s Q value was much greater than 0.05 without heterogeneity among IVs
(Table S3). In the LOO analysis, it was discovered that no single SNP strongly altered the
holistic forest plot of KCNAS5, PTGS2, and TNF for gout (Figure S1C).
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Figure 2. Screening differentially expressed genes (DEGs) between the normal group and gout group.
(A) Uniformity test of gene expression distribution in each sample. Black is control group, red is
gout group. (B) The volcano plot and (C) heatmap for the expression patterns of the DEGs. (D) Gene
ontology (GO) functional enrichment analysis of DEGs. (E) Kyoto encyclopedia of genes and genomes
(KEGG) functional enrichment analysis of DEGs.
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Figure 3. Identification and interaction of potential candidate genes in gout. (A) Bi-Qi capsule-active
ingredient-target network. (B) Venn plot of the intersection of DEGs and Bi-Qi capsules. (C-E) GO
functional enrichment analysis of candidate genes, including biological processes, cellular components,
and molecular functions. (F) KEGG functional enrichment analysis of candidate genes. (G) Protein—
protein interaction (PPI) network for interaction of candidate genes with confidence score > 0.4.
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Figure 4. Mendelian randomization (MR) analysis and expression analysis of three crucial targets in
gout. (A—C) The scatter plots and forest plots of the MR analysis for KCNA5, PTGS2, and TNF.

In addition, this study also found a causal relationship between PTPRS and HUA,
providing more theoretical perspectives on the mechanism of Bi-Qi capsules in treating
gout. The results display a significant causal relationship between PTPRS and HUA in
IVW analysis (p < 0.05, OR = 1.0457), which increases the risk of gout with increasing levels
(Table S4 and Figure 5). After sensitivity analysis, it was suggested that the MR results
between PTPRS and HUA are reliable (Table S5 and Figure S2).
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Figure 5. The scatter plot and forest plot of the MR analysis and expression analysis for PTPRS in
hyperuricemia (HUA).

2.4. Cell Annotation, Differential Expression, and Enrichment Analysis

Through scRNA-seq and gene labeling, a total of 53,455 cells (27,333 cells in acute
phase and 26,122 cells in remission phase) and 21,034 genes were identified. These cells
were divided into eighteen cell clusters and eight cell types under the condition of dims = 20
and resolution = 0.2. There is no obvious mixed intersection among the 18 cell clusters
(Figure 6A), mainly comprising B cells, monocyte cells, NK cells, platelets, macrophages,
neutrophile cells, plasma cells, and T cells (Figure 6B). Meanwhile, the expression status of
marker genes across different cell clusters and cell types was also analyzed. In the acute
phase, it was found that KCNAS5 expression is mainly focused on monocyte cells, T cells, NK
cells, and B cells, PTGS2 expression is mainly focused on monocyte cells and macrophage
cells, and TNF expression is mainly focused on monocyte cells, T cells, and NK cells. In the
remission phase, the expression patterns of the genes were as follows: KCNA5 expression
widely exists in various types of cells, PTGS2 expression is mainly focused on monocyte
cells, T cells, neutrophile cells, and macrophages, and TNF expression is predominantly
localized to macrophages, T cells, and NK cells (Figure 6C). During the evolution from the
acute phase to the remission phase of gout (Figure 6D), KCNADJ in B cells and neutrophil
cells was raised significantly, PTGS2 in B cells, macrophages, and monocytes was decreased
significantly, and TNF in B cells and monocytes was also decreased significantly.

KCNAS, PTGS2, and TNF were found to significantly participate in ascorbate and
aldarate metabolism, graft-versus-host disease, the NOD-like receptor signaling path-
way, olfactory transduction, pentose and glucuronate interconversions, porphyrin and
chlorophyll metabolism, prion diseases, starch and sucrose metabolism, and type I dia-
betes mellitus (Figure 7A—C). Furthermore, KCNAS5, PTGS2, and TNF are also involved in
the taste transduction process, valine, leucine, and isoleucine degradation, and butyrate
metabolism, respectively.
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Figure 6. The crucial targets” expression in different blood cell types of gout. (A) t-Distributed
Stochastic Neighbor Embedding (TSNE) plot showing 18 clusters at a resolution of 0.2. (B) Dot plot
showing the crucial genes of 8 different cell types with a renamed TSNE plot. (C,D) The crucial
targets’ expression status in different cell types in the acute phase and remission phases.

2.5. Regulatory Mechanism of Crucial Targets on Other Molecules

In an effort to investigate the potential mechanism of KCNAS5, PTGS2, and TNF
in depth, the targeted TFs, miRNAs, and IncRNAs of crucial targets were screened and
predicted by online public databases. In total, 327 TFs were identified as being associated
with crucial targets (Figure 8A). Among them, eight TFs such as HDX, REX6, SIM1, and
FOXC2 collectively regulate the crucial targets KCNAS5 and PTGS2, and eighteen TFs such
as MSGN1, USF2, PROX2, and MAFK together regulate the crucial targets PTGS2 and
TNF. JUN simultaneously regulates the three crucial targets mentioned above. Moreover,
an “mRNA-miRNA-IncRNA” network that contains 28 miRNAs, 24 IncRNAs, KCNAS5,
PTGS2, and TNF is shown in Figure 8B, in which MALAT1, NEAT1, and XIST regulate
KCNADS5, PTGS2, and TNF through various miRNAs, respectively.
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2.6. Active Ingredient—Crucial Target Binding Capacity Analysis

Molecular docking analysis verified the binding ability of crucial targets to 27 active
components, such as strychnine, tanshinaldehyde, ligustilide, senkyunolide, glycyrrhetic
acid, pachymic acid, ferulic acid, and tanshinone, of Bi-Qi capsules. The binding energies
of these active ingredients to the targets are all below —5 kcal/mol, indicating they have
strong binding affinity. Among them, the binding energy between tanshinaldehyde and
PTGS2 is the lowest, reaching —10.2 kcal/mol; the binding sites are the amino acids
LYS137, TYR130, HIS39, and ARG44 (Figure 9A). Next is the binding energy between
cryptotanshinone and PTGS2, reaching —9.6 kcal/mol, and the binding sites are the amino
acids TYR373 and GLY536 (Figure 9B). In addition, the binding energies of tumulosic
acid and glycyrrhetic acid with TNF are —8.7 kcal/mol and —8.2 kcal/mol (Figure 9C,D),
respectively. The binding energies of tanshinone IIA and strychnine with KCNAS are
—7.8 kcal/mol and —7.7 kcal/mol (Figure 9E,F), respectively. These results support these
ingredients as potential effective ingredients in Bi-Qi capsules for treating gout.
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Figure 9. Molecular docking results of the main drug compounds and protein targets. (A) PTGS2
docking with Tanshinaldehyde. (B) PTGS2 docking with Cryptotanshinone. (C) TNF docking with
Tumulosic acid. (D) TNF docking with Glycyrrhetic acid. (E) KCNAS5 docking with Tanshinone ITIA.
(F) KCNADb docking with Strychnine.

3. Discussion

This study found that there are 59 active chemical ingredients and 719 related targets
in Bi-Qi capsules. Combined with a literature review [24-27], we identified some important
active ingredients, such as brucine, strychnine, atractylenolide, pachymic acid, tanshinone,
notoginsenoside, ferulic acid, achyranthoside, and liquiritin. Forty-six candidate targets
were obtained from the intersection of drug targets and disease DEGs. The results of GO
enrichment analysis showed that biological processes have the most bearing on biolog-
ical reactions, such as leukocyte migration, lipopolysaccharide and bacterial reactions,
chemokines, and cellular reactions, which provides a theoretical basis for further elucidat-
ing the pharmacodynamic mechanism of Bi-Qi capsules in treating gout. The results of
KEGG enrichment analysis highlighted multiple signaling pathways during the treatment
process of gout with Bi-Qi capsules. It is worth noting that inflammatory pathways, such
as the NF kappa B, chemokine, NOD-like receptor, TNF, and IL-17 signaling pathways,
as well as infection-related pathways such as human cytomegalovirus infection, Kaposi
sarcoma-associated herpesvirus infection, and legionellosis, play an important role during
this process. To gain a deeper insight into the interactions between the candidate targets of
the drug, we constructed a PPI network in which CXCR2, CXCL2, IL1B, TNF, and IL6 are
considered central nodes, exhibiting a higher number of interactions.

Dual-sample MR analysis based on the GWAS data of candidate genes (exposure
factors) and gout (outcome factors) was employed to perform causal relationship research.
The results of the MR analysis with good sensitivity suggested a causal relationship between
candidate genes (KCNAS5, PTGS2, and TNF) and gout, in which high levels of PTGS2
increase the hazard of gout, while KCNAS5 and TNF can diminish the occurrence of gout.
The above-mentioned genes are considered as crucial targets for further in-depth research
on the treatment of gout with Bi-Qi capsules.
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As a COX-2 encoding protein, PTGS2 serves as a pivotal enzyme in the biosynthesis
of prostaglandins (PGs) from arachidonic acid. COX-2 promotes the expression of proin-
flammatory cytokines and growth factors within the brain and spinal cord, participating
in the neural transmission of pain and fever [28]. It was reported that monosodium urate
(MSU) crystals, as the etiological agent of gout, specifically induce COX-2 overexpression in
human monocytes [29]. Furthermore, COX-2 overexpression and PG production have been
observed in arthritis and inflammatory bowel disease [30]. Our research showed a similar
trend of increased PTGS2 expression in gout patients, suggesting that PTGS2 plays a signif-
icant role in gout-associated inflammation and pain and has the potential to be regarded
as a diagnostic biomarker for gout [31]. Kv channels are involved in the control of cell
excitability, contributing to the regulation of electron migration, in which KCNA5 encodes
Kv1.5 with various cell functions, such as cell migration, proliferation, and apoptosis [32,33].
KCNADS expression occurs in response to oxidative stress mediated by the Sp1 transcription
factor [34]. Certain research has demonstrated that a delayed rectifier K+ channel has the
ability to re-establish the resting membrane potential in beta cells following depolarization,
thus playing a role in regulating insulin secretion [35]. GIP and GLP-1 decreased the rate
of cell death in INS-1 {3 cells (clone 832/13) that overexpressed Kv1.5. Additionally, when
endogenous Kv1.5 was knocked down through RNAi-mediated interference, the apoptotic
death of 3 cells was reduced. Both GIP and GLP-1 promoted the phosphorylation and
acetylation of Kv1.5 and its Kv32 protein subunit, which strengthened their interaction [36].
Currently, although there is currently a lack of research reports on the relationship between
KCNAS and gout, considering that the emergence of gout is related to glucose metabolism
levels, combined with the results of this study, it can be speculated that KCNAS5 has the
potential to inhibit gout attacks. TNF, as one of the key mediators of the immune system,
belongs to the tumor necrosis factor superfamily, which exerts biological effects depending
on two main receptors, TNFR1 and TNFR2. TNFRs are widely expressed in different types
of cells, such as immune cells, endothelial cells, and fibroblasts [37]. The binding of TNF
to receptors can activate various signaling pathways involved in the physiological and
pathological processes of cells, including the NF-«B pathway, JNK pathway, p38 MAPK
pathway, and others [38,39]. TNF-« is a pivotal component of the normal immune response,
which can activate the immune system for regulation [40]. Research has found that under
normal circumstances, low levels of TNF-o in plasma have physiological functions such as
killing or inhibiting tumor cells, enhancing the phagocytic ability of neutrophils, resisting
infections, and promoting cell proliferation and differentiation [41,42]. However, the ab-
normal secretion of TNF-« is harmful and may lead to rheumatoid arthritis, inflammatory
bowel disease, psoriatic arthritis, ankylosing spondylitis, psoriasis, and noncommunica-
ble uveitis [43,44]. PTPRS is a protein coding gene related to phosphatase activity and
transmembrane receptor protein tyrosine phosphatase activity. Diseases associated with
PTPRS include NK-cell enteropathy and papillary tumors of the pineal region; the related
pathways are signaling by NTRKs and protein—protein interactions at synapses. Some
research has found that PTPRS has been identified as the most up-regulated gene in gout
patients [45]. The findings reported in the literature align with the results of our study.

scRNA-seq data were obtained from the GEO database to verify the distribution of
crucial targets. The results showed that the three key targets involved eighteen cell clusters,
mainly distributed across eight types of cells, including B cells, monocyte cells, NK cells,
platelets, macrophages, neutrophile cells, plasma cells, and T cells. The systemic immune
and inflammatory responses of the body gradually decrease during the evolution of gout
from the acute phase to the remission phase, though the KCNADS5 level in B cells and neu-
trophil cells was raised, and PTGS2 and TNF in B cells, macrophages, and monocytes were
decreased. Through GSEA, we can identify signaling pathways or functional modules
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that are active under specific biological conditions, providing important clues for disease
mechanisms, drug target discovery, and biomarker development. This method not only im-
proves the understanding of genomic data but also promotes the development of precision
medicine and personalized treatment.

In our study, crucial targets in the treatment of gout are mainly related to carbohydrate
metabolism, nerve conduction, and the inner immune pathway. For every 60 u mol/L
increase in the serum uric acid (SUA) level, the danger of type 2 diabetes increases by 17%.
Patients with hyperuricemia exhibit a 95% increased risk of diabetes compared to those
with normal blood uric acid levels [46]. HUA damages pancreatic beta cells, leading to
increased blood sugar levels through a reduction in insulin secretion and an increased
burden on pancreatic beta cells. At the same time, it also affects the metabolism of blood
sugar in the kidneys and induces various diseases such as gouty arthritis and urinary tract
infections [47]. Ascorbic acid and aldosterone metabolism are important carbohydrate
metabolic pathways that protect cells from oxidative damage. There are various biological
functions which could suppress protein glycosylation though the competitive inhibition
of non-enzyme-mediated glycosylation and hinder the production of oxygen free radicals
and lipid peroxidation products to reduce the damage caused by renal hyperoxidative
stress [48-51]. Compared with the control group, the disruption of the metabolic pathways
of ascorbic acid and alginate in both the hyperuricemia and gout groups is consistent
with our research findings [52]. Taste conduction plays an important role in metabolic
diseases by binding olfactory receptors located on tissues with odor molecules, bioactive
factors, and other substances. For example, the activation of olfactory receptor 1A2 by
citral results in a reduction in the phagocytic ability of alveolar macrophages and the
promotion of the release of pro-inflammatory cytokines. Olfactory receptor 2 activated by
octanal positively regulates the inflammatory response and aggravates atherosclerosis [53—
55]. Some studies have reported that the shared loci are concentrated in the olfactory
receptor pathway. HNF4A regulates the expression of multiple genes, among which is
hepatocyte nuclear factor 1 alpha, a transcription factor that modulates the expression of
various hepatic genes. This particular gene may be involved in the development of the
liver, kidneys, and intestines. Genetic heterogeneity at the HNF4A locus results in different
genetic variants that confer risk for both hyperuricemia and chronic kidney disease, hinting
at the involvement of distinct pathways. These findings offer insights into the shared
underlying mechanisms of hyperuricemia/gout and chronic kidney disease [56]. The
NOD-like receptor signaling pathway plays a crucial role in pathogen recognition and the
innate immune response by specifically recognizing receptor family patterns. As a typical
representative of the NOD-like receptor protein family, the accumulation of MSU crystals
in the joints of gout patients can trigger the formation of NLRP3 inflammasomes. NLRP3
inflammasomes activate IL-1(3 by activating caspase-1 and then activate the NOD receptor
family signaling pathway to induce gout inflammation. The abnormal expression and
activity of NLRP3 inflammasome components are frequently observed in patients with
gouty arthritis and animal models of the disease [57,58].

We predicted 327 TFs, 28 miRNAs, and 24 IncRNAs targeting KCNAS5, PTGS2, and
TNEF; then, we constructed ceRNA networks which helped us to further investigate gene
regulatory mechanisms and reveal the occurrence and development patterns of gout, which
offers innovative concepts and approaches for gout management. In molecular docking
and dynamics simulations, active ingredients of KCNAS5, PTGS2, and TNF were found,
including tanshinone IIA, strychnine, tanshinaldehyde, cryptotanshinone, tumulosic acid,
and glycyrrhetic acid, which possess good binding properties. Therefore, we believe that
KCNAS5, PTGS2, and TNF may perform a key function in the treatment of gout with Bi-Qi
capsules. Eight TFs, such as HDX, RFX6, SIM1, and FOXC2, together regulate the crucial
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targets KCNAS5 and PTGS2; eighteen TFs, such as MSGN1, USE2, PROX2, and MAFK,
together regulate the crucial targets PTGS2 and TNFE. JUN simultaneously regulates the
three crucial targets mentioned above. MALAT1, NEAT1, and XIST regulate KCNAS5,
PTGS2, and TNF through various miRNAs, respectively.

Compared to conventional network pharmacology, the method in this research can
better reflect the characteristics of the disease. By utilizing multidimensional bioinformatics
strategies such as network pharmacology, MR, and scRNA-seq analysis, the crucial targets
of Bi-Qi capsules for gout are screened and validated, which makes the evidence stronger.
Not only does this promote the refined development of traditional Chinese medicine and
drug development but it also helps to clarify the relevant treatment mechanisms and
identify potential clinical biomarkers.

In the future, we can use the results of this study to develop new drugs from Bi-Qi
capsules, including reducing the quantity of plant materials, novel combinations of active
ingredients, and key target modulators with the aim of improving patient compliance
and achieving better treatment outcomes. Furthermore, new clinical applications of Bi-
Qi capsules can also be discovered. The common single-cell analysis emphasizes the
comparison of differences between normal individuals and patients. This study focuses on
the differential analysis of the acute attack and remission stages of gout. From a clinical
perspective, patients often seek medical assistance during acute attacks of gout to prevent
further development. Understanding the development and evolution of diseases is more
conducive to rational clinical medication and has greater clinical relevance and practical
value.

However, several limitations need to be considered. It is the intrinsic trait of network
pharmacology research that some active ingredients and drug targets might not have
been encompassed within public databases, which makes it difficult to clarify whether
there are synergistic advantages or adverse effects between substances, and some isolated
important active ingredients may have been ignored in this study. Although MR design
was used to reduce the influence of confounding factors, there may still be other potential
factors that could affect the results. Due to differences in genetic background and linkage
disequilibrium patterns, changes in demographic background may introduce potential
biases when calculating the effects of MR. It is essential to generalize the outcomes to
individuals of diverse racial backgrounds to guarantee the broader applicability of the
research discoveries. Furthermore, utilizing blood samples solely from gout patients may
introduce biases and constraints in sample selection, which limits the ability of this research
to conduct a comprehensive analysis of various subtypes and severity levels of gout.
Despite multidimensional analysis and screening, the potential drug targets identified in
this study do not guarantee reliable effectiveness in real-world clinical settings. Further
experimental validation and clinical trials are required to ascertain the actual therapeutic
promise of these key targets.

4. Materials and Methods
4.1. Study Design

In this research, a multidimensional data analysis strategy integrating conventional
bioinformatics methods with MR studies of drug targets was employed to elucidate the
therapeutic potential of Bi-Qi capsules in the treatment of gout. Based on data from
the Gene Expression Omnibus (GEO) database and other online public databases, the
potential mechanism of Bi-Qi capsules in treating gout was primarily identified by network
pharmacology. The MR study of drug targets was subsequently utilized to explain the
causal relationship between the crucial targets of Bi-Qi capsules and gout. Then, we further
conducted single-cell RNA sequencing and gene set enrichment analysis and constructed
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regulatory networks of transcription factors (TFs), miRNAs, and IncRNAs for crucial targets.
Finally, molecular docking technology was applied to evaluate the binding ability of the
active chemicals of Bi-Qi capsules to crucial targets. The data sources for this study are
listed in Table S1.

4.2. Bi-Qi Capsule Characterization

Based on the instructions of Bi-Qi capsules, the dosage is to take 4 pills each time,
2-3 times a day. The levels of two key active ingredients, brucine and strychnine, were
tested, both of which are essential for the medication’s efficacy. According to the preliminary
research of our team, the average levels of brucine and strychnine are 0.16 mg/grain and
0.28 mg/grain, respectively. HPLC and MS fingerprints of Bi-Qi capsules are shown in
Figure S3. The composition of some chromatographic peaks has been confirmed, such as
strychnine, brucine, liquiritin, ferulic acid, rosmarinic acid, ginsenoside Rg1, and salvianolic
acid B [59,60].

4.3. Bi-Qi Capsule Active Ingredients and Related Gene Collection

Bi-Qi capsule components were collected from China national knowledge infrastruc-
ture (CNKI) references and online technology platforms such as the TM-MC2.0 database
(https:/ /tm-mc.kr/ (accessed on 3 September 2024)) and traditional Chinese medicine sys-
tem pharmacology (TCMSP, https:/ /www.tcmsp-e.com/tcmsp.php (accessed on 8 Septem-
ber 2024)). Compared to all TCM databases, TM-MC2.0 provides the largest set of informa-
tion on medicinal compounds listed in Korean, Chinese, and Japanese pharmacopoeias.
Specifically, TM-MC2.0 manually extracts and organizes information on the compounds in
medicinal herbs from the PubMed literature, adding marker compounds in medicinal herbs
and many newly discovered compounds. Relevant targets were matched to available com-
ponents, mainly identified with Swiss Target Prediction (http://swisstargetprediction.ch/
(accessed on 14 September 2024)) and STITCH (http://stitch.embl.de/ (accessed on 19
September 2024)).

4.4. Differentially Expressed Gene Collection

DEGs in the gout groups and normal groups were identified from the microarray data
of GSE160170 in the GEO database (http://www.ncbinlm.nih.gov/geo/ (accessed on 6
October 2024)) and were then screened under the criteria of log,FC| > 1 and p value < 0.05.
Candidate targets were determined by the intersection of DEGs and Bi-Qi capsule-related
genes.

4.5. Functional Enrichment and Gene Interaction Analysis

To better interpret the potential biological function of DEGs and candidate targets, GO
and KEGG enrichment analyses were used. Then, a PPI network with a confidence score of
>0.4 was established by searching the STRING database (https:/ /string-db.org/ (accessed
on 10 October 2024)) to determine the correlation among candidate targets.

4.6. MR Analysis

Multiple MR methods were employed to explore and demonstrate the causal rela-
tionship between candidate targets and gout, such as Inverse Variance Weighted (IVW),
Mendelian randomization-Egger (MR-Egger), Simple Mode, Weighted Median (WM), and
Mendelian Randomization Pleiotropy RESidual Sum and Outlier (MR-PRESSO), with the
IVW method dominating [19,61,62]. Candidate targets were deemed as exposure factors;
single nucleotide polymorphisms (SNPs) dramatically integrated with exposure factors
were selected as instrumental variables (IVs) under the condition of a p value of less than
1 x 107° and excluding linkage disequilibrium and weak IVs, and then gout (GSE211783)
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was used as an outcome factor for MR analysis. A p value < 0.05 in the IVW method
indicates a potential causal relationship. In addition, odds ratios (ORs) were calculated;
exposure factors promote the outcome factor with an OR value > 1, and exposure factors
inhibit the outcome factor with an OR value < 1. A sensitivity analysis was conducted to
evaluate the reliability of the MR results through horizontal pleiotropy, heterogeneity, and
Leave-One-Out (LOO) analysis [63]. Cochran’s Q test was applied to assess the heterogene-
ity of the SNPs. A p value > 0.05 indicates a lack of substantial heterogeneity. The MR-Egger
regression equation was used to evaluate the horizontal pleiotropy of genetic tools, and
p > 0.05 indicates the absence of horizontal pleiotropy. MR-PRESSO outlier detection was
employed to check horizontal pleiotropy and achieve LOO analysis by removing or reduc-
ing the weight of outliers. In order to determine that no SNPs have a real influence on the
analysis results, we adopted a method of sequentially deleting each SNP and comparing
the results of the IVW method with those of each deleted SNP, where an FDR < 0.05 was
considered significant. Scatter plots, forest plots, and funnel plots were used to exhibit the
results.

Moreover, this research also used the MR method to confirm the causal relationship
between candidate genes and HUA, with candidate targets as exposure factors and HUA
(GCST008972) as the outcome factor. The analysis method and the operational steps are the
same as described above.

4.7. Single-Cell RNA Sequencing Analysis

To elucidate the differential expression patterns of critical targets across various cell
types, single-cell RNA sequencing (scRNA-seq) was employed to identify cell types and
examine the expression of these targets. The scRNA-seq data of crucial targets were down-
loaded from GEO (Registration number: GSE211783), and then the Seurat package was
applied for further analysis. The quality control process ensured the following conditions
and operations: (1) selecting genes that need to be expressed in at least three cells; (2) en-
suring each cell expresses between 200 and 8000 genes; and (3) limiting the proportion of
mitochondrial genes to less than 25%. The RNA sequencing data were normalized to TPM
and subsequently scaled using the NormalizeData and ScaleData functions, and dimension-
ality reduction was then performed by PCA to facilitate the analysis of high-dimensional
data. After these samples were eliminated from batch processing effects and merged to-
gether using the Harmony package, all cells were clustered using the Find Clusters function
(resolution = 0.2) and visualized by the t-Distributed Stochastic Neighbor Embedding
(TSNE) method. By searching for the biomarkers of different cells, the corresponding
cell types were labeled. To investigate whether crucial genes are expressed differently in
specific blood cell types of patients with gout, differential expression analysis stemming
from the Wilcoxon Ran-Sum Test was employed to compare the protein expression levels
among different cell types. Genes with an average log 2-fold change greater than 1 and
p < 0.05 were regarded as differential expressed genes in a certain cell type.

4.8. Gene Set Enrichment Analysis

Compared with traditional enrichment analyses such as GO and KEGG based on
hypergeometric or Fisher’s Exact Test, GSEA can avoid the shortcomings of traditional
methods. GSEA addresses the challenges associated with genes exhibiting small expression
changes and provides a more comprehensive understanding of the overall trend of gene sets,
rather than focusing solely on differentially expressed genes. In this study, GSEA version
4.3.3 was employed in conjunction with the GSE160170 dataset to conduct enrichment
analysis on the expression of critical genes; the number of permutations was set to 1000,
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and other parameters were set as default. Subsequently, the upward or downward trend of
the entire pathway was visually displayed using the R software ggplot2 package.

4.9. Construction of Interaction Network of Crucial Targets and Other Molecules

Using the ChEA3 database (https://maayanlab.cloud/chea3/ (accessed on 21 October
2024)), we predicted transcription factors (TFs) associated with crucial targets under the
condition of a score > 500. Then, miRNAs of crucial targets were mainly obtained under
the screening criteria clipExpNum > 6 through the Starbase database (https://starbase.
sysu.edu.cn/index.php (accessed on 22 October 2024)). Furthermore, IncRNAs related to
miRNAs were predicted using this database with a screening criterion of clipExpNum >
10. Cytoscape software (version 3.8.2) was utilized to construct the “TF—crucial targets”
network and “IncRNA-miRNA-mRNA" network.

4.10. Molecular Docking

For the purpose of predicting the binding ability between the active ingredients of
Bi-Qi capsules and crucial targets, molecular docking analysis was conducted. Firstly, the
2D structures of active ingredients were acquired from the PubChem database (https://
pubchem.ncbinlm.nih.gov/ (accessed on 24 October 2024)), and then they were converted
into 3D structures by Chem3D software (version 22.0.0). After downloading the PDB format
of crucial targets (https://www.resb.org/ (27 October 2024)), water and ligands were
removed from the crucial target protein via PyMOL software (version 2.4.0). In addition, if
the database did not include the protein structure of crucial targets, the alphafold database
(https:/ /www.alphafold.com/ (accessed on 27 October 2024)) was used to search for the
protein structure. Using Autodock Tools 1.5.6 for optimization, such as hydrogenation
and charging, crucial target proteins and active ingredients were converted into “pdbqt”
files for molecular docking with Autodock Vina 1.1.2. The binding conformation with the
lowest free binding energy value was chosen as the optimal conformation. The molecular
docking result was visualized with PyMOL and Discovery Studio software (version 2.1).

4.11. Statistical Analysis

Statistical analysis was performed using R software version 4.1.3, with the utilization
of the “Mendelian Randomization” and “MR-PRESSO” packages for the MR analysis.
Statistical significance was set at a threshold of p < 0.05 to indicate potential causal effects.

5. Conclusions

In this research, we explore the therapeutic potential of Bi-Qi capsules in the treatment
of gout by discovering crucial drug targets. It is indicated that Bi-Qi capsules could
modulate various biological processes in the treatment of gout, such as the inflammatory
response, immune defense, and metabolic regulation. KCNAS5, PTGS2, and TNF were
identified as crucial targets for Bi-Qi capsules in the treatment of gout, which might provide
new evidence for the future clinical application of Bi-Qi capsules.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ph18050618/s1. Figure S1: (A) The expression levels of KCNAS5,
PTGS2, and TNF in the normal and gout groups. (B) Funnel plots of the MR analysis for three crucial
targets in gout. (C) Leave-One-Out (LOO) analysis of the MR analysis for sensitivity analyses of three
crucial targets in gout. Figure S2: (A) Funnel plots of the MR analysis for PTPRS and HUA. (B) LOO
analysis of the MR analysis for sensitivity analyses of PTPRS and HUA. Figure S3: HPLC(A) and MS
(B) fingerprints of Bi-Qi Capsules. Table S1: Data sources for this research. Table S2: MR analysis of
causal relationships of crucial targets and gout. Table S3: Results of heterogeneity test and horizontal
pleiotropic test of crucial targets and gout. Table S4: MR analysis of causal relationship of PTPRS
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and hyperuricemia (HUA). Table S5: Results of heterogeneity test and horizontal pleiotropic test of
PTPRS and HUA.
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