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Abstract.

BACKGROUND: Chaihu Shugan powder (CSP) is a prevalent prescription product used in the treatment functional dyspepsia
(FD) in China. However, the underlying pharmacological mechanisms involved in the treatment of FD remain unclear.
OBJECTIVE: To explore the key components of CSP and their molecular targets and mechanisms in the treatment of FD.
METHODS: Active compounds for CSP were identified from the TCMSP and SymMap databases, and the relevant targets
were predicted. FD-related targets were obtained from the GeneCards and CTD database. In addition, using the protein-protein
interactions (PPI) analysis, the common targets were obtained. Furthermore, the compound-target networks were created with
Cytoscape. Finally, molecular docking was performed to identify the core targets and validate them experimentally.
RESULTS: In total, 78 active compounds and 671 related targets of CSP were obtained. PPI network analysis identified 15 key
FD-related compound targets. Molecular docking revealed that sitosterol and hyndarin exhibited good binding activities with
AKTT1 and IL6, respectively. Animal experiments have shown that CSP effectively increased the protein levels of AKT1 and
reduced the serum levels of IL-6 in FD rats.

CONCLUSION: This study provides a theoretical evidence for the analysis of the molecular targets and mechanisms of the
action of CSP in FD.
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1. Introduction

Functional dyspepsia (FD) is a chronic recurrent disease with symptoms of dyspepsia, such as post-
prandial fullness, early satiety, epigastric pain, and burning sensation, and it cannot be explained by
conventional clinical examinations [1]. The global prevalence of FD is 5%—10% and varies widely
by country, from 10%—40% in Western countries to 5%—30% in the Asian countries [2,3]. One study
estimates the impact of FD on the U.S. economy at more than $1.8 billion per year [4]. The pathogenesis
of FD includes gastrointestinal motor and sensory dysfunction, mucosal inflammation, abnormal brain —
gut interactions, disruption of the intestinal flora, psychological factors, and genetics factors [3,5]. The
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current treatment relieves the clinical symptoms of patients. However, most patients can easily develop
tolerance to some of these drugs, particularly gastroprokinetic drugs and acid inhibitors. Antianxiety and
antidepressants have more pronounced side effects. Therefore, more effective treatments are urgently
required. In China, medicinal plants are widely used to treat various diseases owing to their remarkable
curative effects. Many medicinal plants and their extracts offer a therapeutic efficacy in the treatment of
digestive system disorders, such as stomach cancer, colon cancer, and ulcers [6,7]. Therefore, medicinal
plants could be effective, safe, and economical treatment options.

Chaihu Shugan powder (CSP) is a prevalent prescription used for a curative effect in FD in China, and
its formula originates from an ancient book, “Jing Yue Quan Shu”. CSP is composed of seven ingredients:
Chaihu (Radix bupleuri), Baishao (Radix Paeonia alba), Chenpi (Pericarpium citri reticulatae), Chuanx-
iong (Ligusticum chuanxiong Hort), Xiangfu (Rhizoma cyperi), Zhike (Fructus aurantia), and Gancao
(licorice). In our previous studies, we found that an excessive autophagy and abnormal differentiation
of the Interstitial cells of Cajal (ICCs) may be responsible for gastric motility disorders associated with
FD [8]. Further, treatment of FD using CSP may be related to a reduced autophagic damage leading to
protection of the ICCs, thus exerting a pro-gastric motility effect [9]. Nevertheless, the primary ingredients
and molecular mechanisms of CSP have not been extensively studied in the treatment of FD.

Chinese medicine formulas are characterized by multiple components, pathways, and targets. To ensure
and improve their therapeutic effects, it is necessary to identify key targets in the mechanism of action
of CSP for treating FD. Network pharmacology is a novel means to study the compounding of Chinese
medicine that is based on the similarity of drugs in terms of their structure and efficacy, while combining
the interactions between the target molecules and biological effector molecules in the organism using
the construction of drug — drug and drug — target networks. This can effectively predict the efficacy
of drugs and their mechanisms of action [10]. Therefore, the present study aimed to analyze the core
targets, biological processes, and possible mechanisms of CSP in the treatment of FD using a network
pharmacology approach. Our results can facilitate the screening of therapeutic drugs for FD, elucidate
the mechanisms of action of CSP, and provide useful reference for the therapeutic mechanisms of other
medicinal plants. The flowchart of the study is provided in Fig. 1.

2. Method
2.1. Materials

CSP was obtained from the herbal pharmacy of Shuguang Hospital, Shanghai, China. Domperidone was
purchased from Xi’an Janssen Pharmaceutical Co., Ltd. IL-6 ELISA kit was purchased from Shanghai
Hengyuan Biotechnology Co., Ltd. Aktl antibody (7535), and rabbit IgG horseradish conjugate secondary
antibody (7074) were purchased from Cell Signaling Technology, Inc., USA.

2.2. Active compound screening

Related chemical compounds of CSP were acquired from the TCMSP (http://tcmspnw.com/) and the
SymMap (http://www.symmap.org/) OB > 30% and DL > 0.18 were used as the pharmacokinetic indices
to screen potential active compounds using ADME analysis [11]. Related compounds of CSP were further
searched in the SymMap. The intersection of the two generating datasets was obtained to determine the
active compounds to be used for further study.
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Fig. 1. Flowchart of the study.

2.3. Target identification

Protein targets of the active compounds were queried in the BATMAN-TCM (http://bionet.ncpsb.org.cn/
batman-tcm/) and TCMSP database. The two generating datasets were merged to determine the active
compound targets for further study. Before further study, the names of the targets were normalized to
homo sapiens gene symbols using the UniProt Knowledgebase (UniProt) (https://www.uniprot.org/).

2.4. Collection of FD disease target

The GeneCards database (https://www.genecards.org/) and the CTD database (http://ctdbase.org/) were
utilized to predict the gene targets of FD. The keyword “functional dyspepsia” was used to screen the
FD-related gene targets. Venn diagrams was utilized to obtain crossovers of the two generated datasets to
identify disease targets for further study.

2.5. Disease-related compound target identification and network construction

The intersection of the active compounds and FD-related targets was obtained to determine the
FD-related compound target (CSP-FD targets). Then, the network of the CSP-FD targets and their
corresponding compounds was constructed using Cytoscape software.
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2.6. GO and KEGG analyses

GO and KEGG analyses were employed that utilized the DAVID 6.8 (http://david.abcc.nciferf.gov/) to
reveal the underlying mechanism through biological processes (BPs), molecular functions (MFs), cellular
components (CCs), and key signaling pathways.

2.7. Construction of the PPI network

In this study, STRING 11.0 (https://string-db.org/) was applied to conduct a PPI network on CSP-FD
targets with a combined score > 0.4. Cytoscape was employed to analyze the PPI network. The CytoNCA
plug-in in Cytoscape was utilized to analyze the topology characterization of the targets in the network.
The MCODE plug-in was applied to analyze the critical modules in PPI network.

2.8. Compounds-target molecular docking

The top 5 targets from the PPI network and the top 5 compounds from the active compound-target
network were identified for the molecular docking analysis. The two-dimensional structure in SDF format
were obtained for the compounds from the PubChem database. Docking of the receptor proteins with
small molecule ligands of CSP active compounds was achieved using AutoDock 4.2.

2.9. Animals

Sprague-Dawley male rats, weighting 180-200 g, were supplied by Shanghai Slaughter Laboratory
Animal Co., Ltd. The animal protocol was approved by the Experimental Animal Welfare and Ethics
Committee of Shanghai University of Traditional Chinese Medicine (PZSHUTCM210926008). The rats
were randomly divided into the control group, the model group, the CSP group, and the domperidone
group. Rats in all groups except the control group, were prepared by the tail clamping stimulation
method for 30 min each time, twice a day for 4 weeks. CSP was given as aqueous decoction (9.7 g/kg)
administered to the CSP group, and domperidone (3 mg/kg) was given to the domperidone group. The
model and control groups received 2ml saline by oral gavage for 4 weeks.

2.10. Western blotting

The gastric proteins were extracted from six rats in each group and measured by BCA protein assay.
The proteins were loaded and separated by 5% and 10% SDS-PAGE, and then transferred to PVDF
membranes. After being blocked with 5% skim milk powder for 2 h at room temperature, the membrane
was washed with TBST for 15 min, incubated with anti-3-actin (1:5000), anti-AKT1 (1:1000 overnight
at 4°C in a shaker. The next day, the membranes were washed with TBST for 30 min, and incubated
with secondary anti-goat anti-rabbit IgG for 1 h at room temperature. Subsequently, the membranes were
washed with TBST for 15 min, and an immunoreactivity assay was performed using the ECL method.
Data processing was performed with Image software.

2.11. ELISA

The amount of IL-6 in rat serum was tested according to the manufacturer’s instructions on the ELISA
kit.
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Fig. 2. Venn diagram of the active components of CSP-FD targets.

2.12. Statistics

SPSS 25.0 was utilized for statistical analysis. The measurement data is presented as the mean £ SD.
When multiple groups were compared, one-way ANOVA was applied, and P < 0.05 was regarded as
statistically significant.

3. Results
3.1. The active compounds and potential targets of CSP

A total of 1807 compounds were obtained from CSP using the TCMSP database, and 159 of these
satisfied the criteria of OB > 30% and DL > 0.18. CSP was also searched in the SymMap database, and
1254 compounds were obtained. By taking the intersection of the two databases, 140 active compounds
were generated.

Next, the BATMAN-TCM and TCMSP databases were employed to forecast the targets of the active
compounds. By combining the results from these two databases, we obtained a dataset of 78 active
compounds and 671 targets. The top ten active compounds were further identified based on the ranking of
the number of active compounds corresponding to the target genes. Table 1 shows the general information
of the top 10 active compounds in CSP.

3.2. Disease related compound-target network construction

By taking the intersection of the databases of Genecards and CTD, 660 FD-related targets were
acquired. Subsequently, an overlap of 660 FD-related targets and 671 active compound targets were
obtained to identify the CSP-FD targets. In total,117 CSP-FD targets were generated. The CSP-FD targets
were plotted using Venn diagram (Fig. 2). Cytoscape software was utilized to build the PPI network in
Fig. 3. The network of CSP-FD targets and their corresponding compounds showed 450 compound-target
interactions, 67 compounds and 117 CSP-FD targets.

3.3. Enrichment analysis

The 117 CSP-FD targets were introduced into the DAVID 6.8 for GO and KEGG analysis, and the
results were selected using a statistical significance of P < 0.05. We identified 426 enriched BPs, 71
enriched MFs, and 38 enriched CCs. Figure 4a shows that BPs were primarily associated with the positive
regulation of transcription from the RNA polymerase II promoter, positive regulation of transcription.
CCs were mostly associated with to the plasma membrane and cytosol. Moreover, MFs were associated
mainly with protein binding, protein homodimerization activity.

KEGG enrichment analysis revealed the presence of 99 signaling pathways. The visual analysis of the



S454 Y. Wang et al. / Network pharmacology and experimental studies for deciphering the molecular targets

Table 1
General information of the top 10 active compounds in CSP
Molecule name Gene counts Source 2D structure PubChem CID
Gadelaidic acid 183 Gancao e ey fie-Shcis iet 5460988
Icos-5-enoic acid 179 Gancao ' 3349565
Hyndarin 161 Xiangfu ! 72301
[
L
@
FA 124 Chuanxiong i, 102059896
T
|
Sitosterol 96 Baishao . 222284
4 o
§
|
P
Stigmasterol 74 Chaihu . “x 5280794
L
Pl l
0
J‘ )

Mairin 65 Gancao ‘P 64971

Sugeonyl acetate 46 Xiangfu 1 b /T 46173924

Sainfuran 38 Chaihu 185034

Vestitol 38 Gancao 92503
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Fig. 3. Network of active compounds and CSP-FD targets (pink inverted triangle node denotes the active components of CSP;
purple circular nodes denote the CSP-FD targets).
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Fig. 4. GO and KEGG enrichment analysis of the 117 CSP-FD targets. (a) GO enrichment analysis: the top 10 BPs, MFs, and
CCs. (b) Bubble chart of the top 20 KEGG pathways.

top 20 pathways revealed that the primary signaling pathways in CSP in the therapy of FD were focused
on the HIF-1 signaling pathway, nonalcoholic fatty liver disease, pathways in cancer and Rap1 signaling
pathway (Fig. 4b).

3.4. PPI analysis

To acquire protein-protein interaction relationships, 117 CSP-FD targets were imported into the
STRING database, and the outcomes were introduced into Cytoscape to build a PPI network. In total,
there were 117 targets and 1207 PPIs in the PPI network (Fig. 5a).
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Fig. 5. The PPI network of the CSP-FD targets. (a) The PPI network from STRING was analyzed using Cytoscape software. The
MCODE was used to analyze critical modules in the PPI network in (b) Module 1 and (c) Module 2.

The CytoNCA module was employed to analyze the key targets in the PPI network. Four parameters
were used to assess the significance of the target, including degree centrality (DC), betweenness centrality
(BCO), closeness centrality (CC), and eigenvector centrality (EC). The higher the score of those four
parameters, the higher was importance of the target in the network. By setting the score of DC to greater
than twice the median and the scores of BC, CC, and EC greater than the median, we obtained 15 key
targets, including AKT1, IL6, INS, TNF, PTGS2, SRC, IL1B, NOS3, IGF1, FGF2, FOS, PPARG, TLR4,
ESR1, and AGT.

The MCODE was employed to analyze the critical modules in the PPI network. Six modules were
generated using MCODE, and two critical modules were screened from the six modules by setting a
score greater than 10. Module 1 contained 16 targets and 102 PPIs with a score of 13.6. There were
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Table 2
Binding energy of molecular docking

Docking pair Docking score (kcal/mol)
Sitosterol — AKT1 —10

Hyndarin — IL6 —5.74
Gadelaidic aicid — PTGS2 -3.13
Gadelaidic aicid — FGF2 —2.18
Gadelaidic aicid — TNF —2.08

seven key targets in module 1, including AKT1, IL6, PTGS2, SRC, IL1B, NOS3, and FGF2 (Fig. 5b).
Module 2 contained 21 targets and 115 PPIs with a score of 11.5. There were eight key targets in module
2, including INS, TNF, IGF1, FOS, PPARG, TLR4, ESR1, and AGT (Fig. 5c). By aggregating the key
targets of the two modules, we obtained 15 targets. This was identical to the key targets obtained using
the CytoNCA plug-in analysis, further demonstrating the importance of these 15 targets in the treatment
FD by CSP.

3.5. Molecular docking

Molecular docking enables the use of software to analyze the binding sites, the binding of the active
pockets of small molecule compounds with certain target proteins. Molecular docking showed that the
binding energy after docking was below —5 kcal/mol, indicating that a stable binding was formed between
the active ingredient and the predicted targets [12] (Table 2). The docking results of the 2D graphics of
the vital active ingredients and targets were shown in Fig. 6a—e.

3.6. CSP increased the expression of AKTI in stomach tissue

AKT1 is a key gene in the regulation of apoptosis and apoptosis is known to be involved in the
development of FD [13]. The results of western blotting revealed that compared with the control group,
the expression of AKT1 in the model group was downregulated, while CSP increased the expression
of AKT1. In addition, the expression of AKT1 was remarkably upregulated in the domperidone group
(Fig. 7a-b).

3.7. CSP inhibited the serum level of IL-6

IL-6 is an important inflammatory factor in the body, which is closely related to the development of
FD. The results of ELISA revealed that, compared with the control group, the level of serum IL-6 in the
model group increased significantly, suggesting an inflammatory response in FD. CSP and domperidone
reduced the IL-6 levels. (Fig. 7c).

4. Discussion

In the present study, the chemical components of CSP for treating FD were investigated using the
ADME and topological analysis to anticipate the main compounds involved in the treatment of FD.
The active compounds were found to be organic acid, alcohols, and alkaloids. These include gadelaidic
acid, icos-5-enoic acid, hyndarin (rotundine, levo-tetrahydropalmatine), FA, and sitosterol. Hyndarin
is also known as rotundine. Rotundine was the first neurological drug to be extracted and developed
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from the medicine plant Corydalis yanhusuo in China. It also has sedative and analgesic effects [14].
This was similar to the efficacy of medicinal plant extracts studied earlier [15]. Rotundine has been
reported to be effective in relieving pain symptoms in patients with FD, especially in those with epigastric
pain syndrome [16]. It works by blocking the dopamine receptors in the brain, inhibiting the upstream
activation system of the brainstem reticular nerve conduction, and decreasing the excitability of the
central nervous system, thereby reducing the visceral sensitivity. In addition, rotundine showed significant
analgesic effects in a mouse model of chronic inflammatory and neuropathic pain without producing motor
impairment, the mechanism of which may be the activation of dopamine D1 receptors and spinal sigma-1
receptor [17,18]. Oxidative stress is a known causative factor of FD [19]. A previous study showed that
sitosterol could inhibit an increase in angiotensin II-induced reactive oxygen species in A7r5 cells [20].
Moreover, sitosterol significantly reduced the expression of inflammatory factors like TNFa, CO, and
COX-2 in LPS-induced macrophage models [21]. Interestingly, sitosterol also has analgesic effects and
has shown varying degrees of analgesic effects in both acute and chronic pain mouse models [22]. In
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Fig. 7. CSP upregulated the expression of AKT1 and reduced the level of IL-6. (a—b) Representative western blotting pictures
and quantitative analysis of AKT1, n. = 6. (c) Serum IL-6 level, n = 6. * P < 0.05 vs. control group, # P < 0.05 vs. model
group, AP < 0.05 vs. domperidone group.

summary, most of these essential components have sedative, analgesic, antioxidant, and anti-inflammatory
properties. The anti-FD effect may be due to the above mechanism.

Genes with high degree scores were chosen from the top two modules in the PPI network for molecular
docking analysis. Of these, FGF2, IL6, AKT1, PTGS2, and TNF were the top five genes. These genes
may participate in the development of FD. FGF2 is involved in promoting neuritogenesis, survival, and
injury repair [23]. It is a novel neurotrophic factor with anxiolytic and antidepressant-like effects [24].
FGF2 is known to exert anxiolytic effects via a compensatory increase in the acetylation of the oxytocin
receptor promoter to reduce oxytocin levels [25]. Moreover, a previous study demonstrated that FGF2
expression was reduced in a depressed mouse model, FGF2 infusion significantly improved the depressive
behavior in mice, and the FGF2/FGF receptor signaling was involved in mediating its antidepressant
effects [26,27]. COX-2(PTGS2) is not only an important inducing enzyme in the inflammatory process,
but also plays an important role in pain [28,29]. Previous reports have shown that COX-2 expression was
increased in FD rats [30,31], and by suppressing COX-2 expression, the symptoms of dyspepsia in FD
rats was significantly improved. Recently, a low-grade inflammation of the mucosa has gained attention in
the pathogenesis of FD [5]. The core targets in this study were also screened for multiple inflammation-
related targets, consistent with the literature. Among them, IL-6 and TNF are the inflammatory factors,
which are correlated with gastrointestinal motility in addition to reflecting the inflammatory condition
of the gastrointestinal tract. Recent research revealed that suppressing IL-6 and TNF improves the
gastrointestinal dysmotility in FD [32]. The Akt kinase family has three members, of which Akt is
involved in regulating cell survival pathway by inhibiting the apoptosis process [33]. Apoptosis is closely
related to gastrointestinal motility. Gastric motility was also improved in FD rats when ICCs apoptosis
was inhibited [13]. These genes are correlated with inflammation, apoptosis, anxiety, and depression,
which are highly related to the development of FD. In this study, we verified two main targets (AKT1 and
IL6) predicted by molecular docking using western blotting and ELISA. The results indicated that CSP
increased the expression of AKT1 and decreased IL-6 levels compared to the control group. This suggests
that CSP exerts its anti-FD effects by inhibiting apoptosis and reducing the inflammatory response. This
finding provides an additional scientific basis for the clinical practice of CSP in the treatment of FD.

The above results were further supported by the GO and KEGG enrichment analyses. GO-BP data
suggested that CSP could exert an anti-FD role by regulating the inflammatory response, NF-kappaB
transcription factor activity, and smooth muscle cell proliferation. KEGG results revealed that other
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diseases were also among them, since some of the molecular targets also participated in the pathogenesis
of those diseases. This also proves that herbal medicine has a multi-target mode of action. Recent studies
have shown that inflammatory factors such as VEGF, TNF-q, IL-6, and IL-18 can activate the transcription
and expression of HIF-1« [34,35]. In the present study, IL-6 and TNF were defined as potential targets of
CSP, suggesting that CSP plays a role in anti- FD through the HIF-1« signaing pathway. VEGF is the
main mediator of the HIF-1 signaling pathway, contributing to the maintenance of vessel wall integrity
and normal neurogenesis [36]. It is a novel neurotrophic factor with antidepressant-like effects [37], and
previous studies have found significantly lower VEGF expression levels in the hippocampus of mice by
chronic stress [38]. Moreover, serum VEGF levels in the patients with depression, with an increase in
the disease severity [39]. The MAPK signaling pathway plays a role in regulating stress responses, such
as inflammation and apoptosis. It has been found that corticotropin-releasing factors may contribute to
low-grade inflammation in FD via the MAPK signaling pathway [40]. Currently, there is limited research
on the pathways of other medicinal plants for the treatment of FD, which will be our next research focus.

5. Conclusion

The present study identified 10 major compounds in CSP and multiple potential genes targeted in FD,
and found that the AKT1 and IL-6 were the core roles in the treatment of FD by CSP. Furthermore, the
pathways for treating FD by CSP may be related to the HIF-1, MAPK, and VEGF signaling pathways. This
multi-target and multi-pathway mode of action of medicinal plants provides insights into the development
of new herbal anti-FD drugs.
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