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Abstract

Background: Alpinia officinarum Hance (AOH) has a long history in China as a Chinese medicine and exerts the pharmacological
effects of antidiabetic and gastrointestinal protection. In traditional Chinese medicine theory, AOH is often combined with other Chi-
nese medicines for the treatment of diabetic gastroparesis (DGP). However, the molecular mechanisms, potential targets, and bioactive
ingredients of AOH that act against DGP are yet to be elucidated. In this study, network pharmacology, molecular docking, and exper-
imental study were used to predict the therapeutic effects and the potential molecular mechanism of AOH in DGP. Methods: Network
pharmacology analysis was performed to acquire information on the active chemical ingredients, DGP-related target proteins in AOH,
and potential signaling pathway. In addition, molecular docking approach was used to simulate the binding of drugs and targets. Finally,
DGP-mice model was used for experimental verification in vivo. Results: Through the network pharmacological research, AKT1 was
found to be the core protein in AOH for the treatment of DGP and was mainly involved in the PI3K-AKT signaling pathway. Addition-
ally, the interactions between bioactive compounds and target proteins (PIK3CA and AKT1) were analyzed using molecular docking,
which verified the results of network pharmacology. Further in vivo studies indicated that AOH could reduce fasting blood glucose levels,
improve gastric emptying rate, and ameliorate biochemical indicators in DGP mice. Moreover, AOH could increase the expressions and
phosphorylation levels of PI3K and AKT in the stomach to regulate oxidative stress. Conclusions: The study has shown that AOH may
play a protective role on DGP through mediation of the PI3K-AKT signaling pathway to regulate oxidative stress.
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1. Introduction ural medicines that can act as alternatives or supplements
in the treatment of DGP has become a focus area of cur-
rent research. In recent years, several scholars have re-
ported on the immense potential of different natural Chi-
nese medicines, such as Coptidis Rhizoma and Pinelliae
Rhizoma, in the treatment of DGP [9—11]. Further to these
reports, it is important to explore the mechanisms of DGP
and develop novel strategies toward preventing and treat-
ing medical conditions from the perspective of Traditional

Diabetic gastroparesis (DGP) is a common diabetes-
related complication, which is defined as abnormally de-
layed gastric emptying of solid food in the absence of me-
chanical obstruction [ 1-3]. The disease is caused by certain
abnormal physiological conditions, such as abnormal gas-
tric smooth muscle motility, delayed gastric emptying, and
dysrhythmia of the gastric electrical rhythm, and the major
symptoms are early satiety, abdominal distension, vomit-

ing, and epigastric pain [4,5]. Although the pathogenesis of
DGP is elusive, it has been reported to be associated with
dysglycemia, oxidative stress, gastrointestinal neuropathy,
gastric smooth muscle lesions, and interstitial cells of Ca-
jal (ICC) injury [6]. Presently, most of the drugs on the
market for the treatment of DGP are chemicals that regu-
late gastric motility, such as cisapride and metoclopramide.
These have limited effects and are further associated with
severe side effects [7,8]. Therefore, finding effective nat-

Chinese Medicine (TCM).

Alpinia officinarum Hance (AOH), a species of ginger
in the ginger family, is a dried rhizome that serves as a Chi-
nese herbal medicine. It is used both as a food and medicine
and has a long history in China. AOH is a characteristic Li-
medicine widely distributed in the Hainan Province of the
country [12]. Additionally, previous pharmacological stud-
ies have established that AOH has anti-inflammatory, anti-
gastric ulcer, antiemetic, and antidiabetic properties. Fur-
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thermore, AOH promotes gastric emptying and intestinal
propulsion and exerts hypoglycemic, gastrointestinal pro-
tection, and other pharmacological activities [13,14]. Ac-
cording to the theory of TCM, AOH has long been con-
sidered to have the functions of warming the stomach and
halting vomiting, dissipating cold and relieving pain, and
strengthening the spleen and stomach, features that are suit-
able for the treatment of DGP [15]. Hence, AOH has be-
come a key ingredient in various TCM formulations for
treating DGP [16,17]. However, to accurately and com-
prehensively understand the mode of action of AOH in
the treatment of DGP, its active ingredients and underly-
ing molecular mechanisms should be explored, which is the
focus of this study.

Network pharmacology was first proposed by Andrew
L Hopkins in 2007, and it has become one of the hotspots
in pharmacology research in recent years [18]. Network
pharmacology is a strategy for systematic analysis of the
interaction between diseases and drugs and between active
ingredients and drug targets. The technique has been widely
used as a predictive tool in the field of TCM to explore the
possible plan for treating diseases [18]. In addition, molec-
ular docking serves as a method for potential drug design by
simulating the binding mode and affinity of drug molecules
to the targets in the human body [19]. A previous study
has proved that the merging of network pharmacology and
molecular docking could accelerate experimental validation
and target discovery [20]. Thus, in this work, both studies
were performed to explore the potential mechanism of AOH
in DGP. Subsequently, a series of experiments have been
set-up and are ongoing in DGP mice to confirm the previ-
ously predicted mechanism, and we hope that the findings
would serve as a reference for treating DGP with TCM.

2. Materials and Methods
2.1 Materials and Reagents

Male C57BL/KsJ db/db and db/m mice aged 8 weeks
were purchased from Jiangsu Jicui Yaokang Biotechnol-
ogy Co., Ltd (Nanjing, China). The following materi-
als and reagents were used in this study: AOH gran-
ule (GaoliangjiangPeifangkeli) was purchased from Guang-
dong Yifang Pharmaceutical Co., Ltd (No.: 1045051, Fos-
han, China); Indocyanine Green (No.: 112633) and D-
(+)-Glucose (No.: G8270) were purchased from Sigma
(St. Louis, MO, USA); Phenol red was purchased from
Shanghai Yuanye Bio-Technology Co., Ltd (No.: S19017,
Shanghai, China); Eastep®Super Total RNA Extraction Kit
was from Shanghai Promage Biological Products Co., Ltd
(No.: LS1040, Shanghai, China); Phenylmethylsulfonyl
fluoride (PMSF) was from Aladdin (No.: L913093, Shang-
hai, China); RIPA Lysis Buffer (No.: P0013C) and BCA
Protein Assay Kit (No.: P0011) were purchased from Be-
yotime (Shanghai, China); PI3K polyclonal antibody (No.:
#4257), phospho-PI3K (pPI3K, No.: #17366), AKT poly-
clonal antibody (No.: #4691), phospho-AKT (pAKT, No.:

#4060), and anti-Rabbit IgG, HRP-linked antibody (No.:
#7074) were purchased from Cell Signaling Technology
(Danvers, MA, USA), and anti-GAPDH was from Pro-
teintech (No.: #62u0922, Chicago, IL, USA); MTL (No.:
H182), MDA (No.: A003-1), and SOD (No.: A001-3) were
purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China).

2.2 Network Pharmacology Method Construction
2.2.1 Screening of Active Compounds and Targets of AOH

Traditional Chinese Medicine Systems Pharmacology
Database and Analysis Platform (TCMSP, https://old.tc
msp-e.com/tcmsp.php) was employed to search all herbal
components of AOH [21]. Next, the drug absorption, dis-
tribution, metabolism, and excretion (ADME) parameters
were applied to screen the potential active ingredients with
an Oral Bioavailability (OB) >30% and Drug-Likeness
(DL) >0.18 set as the main indicators.

Then, TCMSP and SwissTargetPrediction databases
(http://www.swisstargetprediction.ch/) were employed
to search for targets corresponding to the AOH
active ingredients [22,23]. The Uniprot database
(https://www.uniprot.org/) [24] was used to set species as
“Homo sapiens” and convert the target proteins to matching
target genes. Finally, a database of AOH compounds and
their targets was constructed.

2.2.2 Differential Gene Screening for DGP—Screening of
Clinical Differential Genes

The proteomic expression data of DGP patients and
non-diabetic non-gastroparetic controls were retrieved from
the GEO database of the National Center for Biotechnology
Information (NCBI) (https://www.ncbi.nlm.nih.gov/geo/,
GSE130672; GPL23119, 14 samples) with p < 0.05 and
[log2 (fold change)| >1, which were considered as target
genes with a significant expression difference in DGP pa-
tients and with research value [25].

2.2.3 Differential Gene Screening for DGP—Screening of
Other Differential Genes

“Diabetic  gastroparesis” was used as the
keyword to screen the related genes from
the following databases: GeneCards  database
(https://www.genecards.org)  [26],  Pharmacogenetics
and Pharmacogenomics Knowledge Base (PharmGKB)
database (https://www.pharmgkb.org/) [27], Therapeu-
tic Target Database (TTD) (http://db.idrblab.net/ttd/)
[28], DrugBank database (https://www.drugbank.ca/)
[29] and the Online Mendelian Inheritance in Man
(OMIM) database (https://www.omim.org/) [30]. Fur-
thermore, the obtained data were combined and the
duplicate entries were removed. Finally, the Venn diagram
(http://bioinformatics.psb.ugent.be/webtools/Venn/)  was
applied to visualize the ultimate results.
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2.2.4 Potential Targets for the Intersection of AOH with
DGP

The predicted targets of active ingredients of AOH and
the targets related to DGP were depicted in a Venn diagram,
with the overlapping portion denoting the common targets
of AOH and DGP.

2.2.5 Protein—Protein Interaction (PPI) Analysis

The common targets of disease and drug obtained
above were imported into the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) 11.0
(https://string-db.org) [31], and the species column was se-
lected as “homo sapiens”. Medium confidence = 0.4 was set
as the lowest interaction score, and the rest of the settings
were maintained at their default values. The PPI data were
collected, collated, and imported into the Cytoscape 3.7.2
program [32] to construct the PPI network diagram. Subse-
quently, the degree, betweenness, and closeness in the Cy-
toNCA analysis [33] were used to screen the network for
primary targets.

2.2.6 Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) Pathway Enrichment
Analysis

To determine the specific targets and pathways
of AOH that improve DGP, GO functional analy-
sis and KEGG pathway enrichment analysis were
conducted with reference to the Metascape database
(http://metascape.org/gp/index.html) [34]. The results
revealed that Biological Process (BP), Cellular Component
(CC), Molecular Function (MF), and signaling pathways
were closely associated with improvement of DGP by
AOH.

2.2.7 Construction of Network of
“component—-target—pathway”

The previously screened AOH active compo-
nents, common targets, and main signaling pathways
were imported into the Cytoscape 3.7.2 software
(https://cytoscape.org/release notes 3 7 2.html), and
the “component—target—pathway” (C-T-P) network of
AOH to ameliorate DGP was constructed. The “C-T-P”
network comprised nodes and edges, wherein the nodes
represented the major pharmacodynamic compounds
of AOH, potential targets, and key pathways that acted
concertedly, and the edges represented intermolecular
interactions and mainly referred to the association be-
tween the active ingredients and key targets and signaling
pathways.

2.3 Construction of Molecular Docking Simulation
Method

According to the magnitude of the degree value
obtained in network pharmacology analysis, the struc-
tures of the top five components (quercetin, kaempferol,

medicarpin, galangin, and 1,7-diphenyl-5-hydroxy-3-
&% IMR Press

heptanone) were painted in Discovery Studio 2019 [35].
The crystal structure of key proteins in the PI3K-AKT
signaling pathway, namely, AKT1 (PDB ID: 6HHI)
and PIK3CA (PDB ID: 6AUD), were obtained from the
RCSB database (http://www.RCSB.org) [36]. The proteins
were placed in Discovery Studio 2019 to remove water
molecules and ligands from the environment. Then, polar
hydrogen atoms were added, and their docking site and
binding capacity of the ligand and protein were recorded.

2.4 In Vivo Validation Experiments
2.4.1 Model Establishment, Grouping, and Administration

Male C57BL/KsJ db/db and db/m mice (aged 8 weeks)
were purchased from Jiangsu Jicui Yaokang Biotechnology
Co., Ltd., China. The mice were housed at a temperature
of 25 °C and a humidity of 50%—65%, with 12-h light/dark
cycles, and had free access to standard water and labora-
tory diets. All animal experiments were approved by the
Experimental Animal Ethics Committee of Hainan Medi-
cal University (Permit No. HYLL-2021-377).

After 1 week of adaptive feeding, the DGP mouse
model was constructed by modifying a previously reported
method [37]. Eight db/m mice constituted the control group
and were regularly fed with chow diet, and sixteen db/db
mice were fed a high-fat diet (HFD, 60% fat, 20% protein,
and 20% carbohydrate) in an irregular manner (fasted on
odd days, fed on even days) to promote the development of
DGP [38]. During DGP modeling, AOH (75 mg/kg) was
administered to prevent the development of DGP. Briefly,
the mice were randomly categorized into three groups (n =
8), as follows: (1) control (CON) group; (2) DGP group;
and (3) AOH group. The AOH was dissolved in distilled
water and administered via oral gavage at a dose of 0.2
mL/10 g once a day for 9 weeks. The mice in the CON and
DGP groups were given the same physiological volume of
distilled water. During the experiments, fasting blood glu-
cose (FBG, fasting for 8 h) and body weight were monitored
and recorded weekly.

2.4.2 Fluorescence Imaging to Visualize Gastric Emptying

Gastric emptying was visualized by slightly modify-
ing a previous study protocol [39]. In the 6th week of treat-
ment, the mice were depilated before the initiation of fluo-
rescence imaging. The mice were fasted for 12 h, and 100
pL of orally gavaged indocyanine green was administered
at a concentration of 1 mg/mL. Subsequently, the animals
were anesthetized with isoflurane, and live images were ob-
tained using IVIS Lumina XR (Perkin Elmer, Excitation:
780 nm, Emission: 831 nm, Waltham, MA, USA). Finally,
fluorescence intensities in the mice at different time points
(5 min, 30 min, and 50 min) were monitored.
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2.4.3 Sample Collection and Determination of
Biochemical Indicators

One week before the end of the animal experiment, an
oral glucose tolerance test (OGTT) was conducted. Briefly,
after fasting for 12 h in each group, the blood glucose levels
were measured at 0, 15, 30, 60, and 120 min after admin-
istering 2 g/kg of glucose. Finally, the glucose level was
plotted as a curve, and the area under the curve (AUC) of
OGTT was calculated.

All mice were euthanized in the 9th week of treatment,
and the blood and stomach were collected after dissecting
the mice. The blood samples were allowed to stand at room
temperature for 2 h and then centrifuged at 3500 rpm for
15 min to obtain the serum. The stomach tissues were col-
lected and stored at —80 °C for Western blotting (WB) and
quantitative polymerase chain reaction (QPCR) analysis.

An automatic biochemistry analyzer was used to an-
alyze the serum biochemical parameters, including total
cholesterol (TC), triglyceride (TG), and alanine amino-
transferase (ALT) levels. Serum motilin (MTL), malonic
dialdehyde (MDA), and superoxide dismutase (SOD) levels
were measured according to the instructions in the enzyme-
linked immunosorbent assay (ELISA) kit.

2.4.4 Detection of the Liquid Gastric Emptying Rate

Gastrointestinal propulsion was detected using the
phenol red method as previously described [40]. Before
euthanasia, the mice were treated orally with 300 pL of
phenol red solution (0.05% w/v phenol red suspension in
1.5% w/v suspension of carboxymethylcellulose). After an-
other 20 min, the mice were sacrificed and the entire stom-
ach was carefully isolated and ligated just above the car-
dia and below the pylorus and separated. Its contents were
poured into a beaker and washed with 20 mL of 0.9% nor-
mal saline. Subsequently, the contents were added to 20
mL of 0.5 mol/L NaOH, and 4 mL of trichloroacetic acid
(20% w/v) was added for deproteinization. The absorbance
of the supernatant was read at 560 nm using a Molecular De-
vices Spectra Max Plus automatic plate reader (Molecular
Device, Sunnyvale, CA, USA) after centrifugation (3500
rpm for 10 min). Next, 18 mL of distilled water, 20 mL
of 0.5 mol/L NaOH, and 4 mL of trichloroacetic acid (20%
w/v) were added to 2 mL of phenol red solution and mixed
well to measure the absorbance as a blank control. The gas-
tric emptying rate was calculated according to the following
equation: gastric emptying rate (%) = (1 — absorbance of
phenol red collected from the stomach 20 min after gavage
with phenol red/absorbance of blank control) x 100.

2.4.5 gPCR Analysis

According to the manufacturer’s instructions, to-
tal RNA was isolated from gastric tissues using the
Eastep®Super Total RNA Extraction Kit. Later, a single-
stranded cDNA was synthesized from 2 pg of total RNA
using reverse transcriptase. Afterward, quantitative poly-

Table 1. The primer sequences of qPCR.

Primer Primer sequence (5’ to 3%)
PI3K-F GTGGTAGATGGCGAAGTCA
PI3K-R CAGGGAGGTGTGTTGGTAA
AKT-F GCTGGAGAACCTCATGCTG
AKT-R GTGTCCCGCAGAACGTC
GAPDH-F CCTTCCGTGTCCCCACT
GAPDH-R GCCTGCTTCACCACCTTC

gPCR, quantiative polymerase chain reaction.

merase chain reaction (QPCR) was performed using the fol-
lowing amplification conditions: a precycling stage at 95
°C for 5 min, followed by 40 cycles of the second step (i.e.,
denaturing at 95 °C for 10 sec, annealing at 60 °C for 20 sec,
and elongation at 72 °C for 20 sec). Ultimately, nonspecific
amplifications were monitored with the melting curves, and
the 2~ 22C method was used to analyze the relative expres-
sion of mRNA. The relative expression abundance of all
genes was normalized with GAPDH. The primer sequences
used for qPCR are presented in Table 1.

2.4.6 WB Analysis

Gastric tissues were homogenized on ice and cen-
trifuged at 15,000 rpm for 10 min at 4 °C after weigh-
ing them and cutting them with scissors. The total protein
was extracted from the mice’s gastric tissue using radioim-
munoprecipitation assay (RIPA) lysis buffer in each group,
and protein concentrations were measured using the bicin-
choninic acid protein assay kit. Protein samples were mixed
with 5x loading buffer and denatured at 100 °C for 5 min.
Then, gel preparation and sample loading were performed.
Subsequently, the proteins in the gel were transferred to a
polyvinylidene difluoride membrane by wet transfer after
electrophoretic separation. The membranes were blocked
with 5% skim milk powder in Tris-buffered saline with
0.1% Tween 20 blocking solution for 1 h. After the mem-
brane was washed, it was incubated with PI3K (1:1000),
AKT (1:2000), p-PI3K (1:1000), p-AKT (1:2000), and
GAPDH (1:10,000) overnight at 4 °C. After washing, the
membrane was incubated with secondary antibodies for 1
h at room temperature. Eventually, images were analyzed,
and relative expression levels of proteins were determined
using the Image Lab analysis software (Bio-Rad Laborato-
ries, Inc., Hercules, CA, USA). GAPDH served as the in-
ternal reference.

2.5 Statistical Analysis

All data were presented as mean =+ standard deviation
(mean + SD). Statistical analysis was performed using the
GraphPad Prism 8.0.2 software (GraphPad Software, San
Diego, CA, USA), and p < 0.05 was considered statistically
significant.
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Table 2. Detailed information on the 13 active components from AOH.

MOL ID Molecule name Structure OB (%) DL
-
MOL001771 Poriferast-5-en-3beta-ol 36.91 0.75
MOLO002543  (2S,3R)-2-(3,4-dimethoxyphenyl)-5,7-dimethoxychroman-3-ol Q\O > 51.89 0.37
(o]
S
MOL002544 1,7-diphenyl-5-hydroxy-3-heptanone 61.9 0.18
MOL002554 5-methoxy-1,7-diphenyl-3-heptanone 68.29 0.20
=
0/ O
MOLO002556  7-Methoxy-8-(2’-ethoxy-3’-hydroxy-3’-methybutyl)coumarin @\ 40.36 0.21
'HO-
MOL002563 Galangin 45.55 0.21
MOL002565 Medicarpin 49.22 0.34
o O% (o]
MOL002575 Butyl-2-ethylhexyl phthalate I 44.52 0.22
N0
MOLO000354 Isorhamnetin 49.6 0.31
MOL000358 Beta-sitosterol 36.91 0.75
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Table 2. Continued.

MOL ID Molecule name Structure OB (%) DL
MOL000359 Sitosterol 36.91 0.75
HO.
MOL000422 Kaempferol O | on 41.88 0.24
g
OH
HO o ‘
| OH
MOL000098 Quercetin oH 46.43 0.28

3. Results

3.1 Network Pharmacology Prediction
3.1.1 Information on Active Compounds and Targets of
AOH

Searching the TCMSP database revealed that 130
compounds were currently known to be found in AOH.
Subsequently, 13 active compounds were screened across
all compounds based on two key ADME parameters (OB
>30% and DL >0.18) (Table 2). In addition, the TCMSP
and SwissTargetPrediction databases were used to obtain
the targets corresponding to the active components of AOH,
and finally 498 targets were obtained (Supplementary Ta-
ble 1).

3.1.2 Analysis of Differential Genes related to DGP

A total of 136 differentially expressed targets related
to DGP were obtained from the GEO database search, of
which 76 were downregulated and 60 were upregulated
(Fig. 1A,B).

In addition, using “diabetic gastroparesis” as the
keyword, a total of 674 possible candidate targets were
screened from different databases, including 581 in
GeneCards, 38 in PharmGKB, 5 in TTD, 14 in DrugBank,
and 61 in OMIM (Fig. 1C).

3.1.3 Potential Targets of AOH for Improving DGP

Venn analysis of 498 targets of AOH active compo-
nents and 674 DGP-related targets resulted in the identifi-
cation of 89 drug—disease intersection targets, which were
important targets that played a key role in the alleviation of
DGP by AOH (Fig. 1D).

3.1.4 Establishment of the PPI Network

The 89 drug—disease intersection gene targets ob-
tained above were imported into the STRING database,
where reliable interaction information could be predicted
and imported into Cytoscape for analysis and construction

of PPI networks. After hiding the unconnected nodes, a PPI
network comprising 88 nodes and 2517 edges was obtained.
The larger the node, the greater its biological functions in
the PPI network (Fig. 1E). Therefore, according to the re-
sults of degree, betweenness, and closeness, 13 key nodes
were further screened out and defined as the “key targets”
for subsequent research. The degree values of the 13 most
closely related target proteins are presented in Fig. 1F.

3.1.5 GO and KEGG Pathway Enrichment Analyses

The results indicated that the enriched BPs were
mainly responses to xenobiotic stimulus, positive regula-
tion of protein phosphorylation, transferase activity and
MAPK cascades, regulation of kinase and protein kinase
activity, and cellular responses to various types of com-
pounds; the enriched CCs were mainly related to mem-
brane raft, micromembrane domain, and synaptic compo-
sition; and the enriched MFs were predominantly related to
kinase activity, protein phosphatase binding, cytokine re-
ceptor binding, and transcription factor binding (Fig. 1G).

Furthermore, the KEGG pathway enrichment analysis
was used to decipher the potential role of signaling path-
ways. Of the 91 signaling pathways, the top 20 differen-
tially expressed pathways were identified under the screen-
ing condition of ascending p-value sorting, and the en-
richment situation was visually displayed using the enrich-
ment bubble chart. The analysis revealed that the related
signaling pathways of AOH for improving DGP chiefly
included the PI3K-AKT, AGE-RAGE in diabetic compli-
cations, HIF-1, FoxO, p53, and TNF signaling pathways
(Fig. 1H).

3.1.6 Construction of the Network of
“component—target—pathway”

To further investigate the potential molecular mech-
anism of AOH in improving DGP, a “component—target—
pathway” network was constructed based on the top 20 sig-
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Fig. 1. Network pharmacology analyses of AOH on DGP. (A) A volcano map of differentially expressed genes in DGP patients (The
abscissa represents the fold changes in gene expression, and the ordinate represents the statistical significance of the gene expression
change). (B) The number of differential genes in DGP patients (DGP stands for DGP patients; C stand for non-diabetic non-gastroparetic
controls). (C) Venn diagram of differentially expressed genes in DGP. (D) Venn diagram and candidate targets of AOH and DGP. (E)
PPI network (D, Degree; B, Betweenness; C, Closeness). (F) Degree values of the top 13 target proteins. (G) GO enrichment analysis
of targets of AOH. (H) Analysis of KEGG enrichment in 20 pathways as targets of AOH. (I) “component-target-pathway” of AOH
ameliorating DGP (Blue nodes: overlapping genes between AOH and DGP; pink nodes: the KEGG pathway; orange nodes: the active
ingredients of AOH). AOH, alpinia officinarum hance; DGP, diabetic gastroparesis; PPI, protein—protein interaction; GO, Gene Ontology;
KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Table 3. Docking Analysis of the Target Proteins and Compounds.

Target Proteins Compound CDocker energy ~ CDocker interaction energy Interacting residues
AKT1 Quercetin -35.7211 -42.6291 GLU A:85,1LE A:84, THR A:82, LYS A:179, ASP A:292, PHE A:293, GLY A:294, TYR
A:272, THR A:272, ASP A:274, VAL A:271, VAL A:270, ASN A:54, GLN A:79, ARG
A:273, TYR A:326
Kaempferol -33.2075 —39.4437 ILE A:84, THR A:82, ASP A:274, GLY A:293, ASN A:279, PHE A:293, TYR A:272, THR
A:291, ASP A:292, VAL A:271, VAL A:270, ASN A:54, GLN A:79, ARG A:273
Medicarpin —7.24454 —33.5406 ILE A:84, TYR A:326, VAL A:271, ARG A:273, ASN A:54, GLN A:79, THR A:82, ASP
A:292,LYS A:179, GLY A:294, ASP A:274, TYR A:272, TYR A:18, GLU A:85, GLU
A:17, ARG A:86
Galangin —27.5689 —32.966 THR A:81, TRP A:80, THR A:82, GLN A:79, ASN A:54, ARG A:273, GLU A:17, TYR
A:18,ILE A:84, ASP A:274, TYR A:272, THR A:291, ASP A:292
1,7-diphenyl-5-hydroxy-3-heptanone —37.8872 -38.5737 LEU A:295, CYS A:310, LYS A:179, GLY A:294, THR A:82, ASP A:274, TYR A:18,
TYR A:272, ILE A:84, ASP A:292, ARG A:273, GLN A:79, ASN A:54, VAL A:270, VAL
A:271, VAL A:83, GLU A:85, CYS A:296
PIK3CA Quercetin —34.7654 —38.6922 PRO A:789, ARG A:690, TRP A:201, GLN A:291, HIS A:295, LYS A:298, GLU A:852,
PRO A:866, ARG A:849, GLU A:880, TYR A:867, GLY A:868, TYR A:787, ASP A:788,
PHE A:694
Kaempferol -28.3112 —33.7402 ARG A:690, TRP A:201, HIS A:295, GLN A:291, LYS A:298, LEU A:864, GLU A:852,
LEU A:865, PRO A:866, ARG A:849, TYR A:867, GLY A:868, GLU A:880, TYR A:787,
ASP A:788
Medicarpin —6.86184 —33.7583 ARG A:690, HIS A:295, GLU A:852, LYS A:298, LEU A:864, LEU A:865, PRO A:866,
TYR A:867 ,GLU A:880, ARG A:849, GLY A:868, TYR A:787, PHE A:694
Galangin —23.9584 —29.0952 ASP A:788, ARG A:849, PHE A:694,ARG A:690, TRP A:201, GLN A:291, HIS A:295,
LYS A:298, GLU A:852, PRO A:866, TYR A:867, GLU A:880, GLY A:868, TYR A:787
1,7-diphenyl-5-hydroxy-3-heptanone —37.459 —-40.7001 GLN A:291, TRP A:292, TRP A:201, ASP A:788, GLY A:790, PRO A:789, ARG A:690,

GLU A:880, PHE A:694, TYR A:867, LEU A:865, PRO A:866, ARG A:849, GLY A:868,
TYR A:787, ARG A:277, HIS A:295
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nificant signaling pathways and their corresponding targets
(Fig. 1I). The network contained 124 nodes (1 plant, 13 ac-
tive ingredients, 89 targets, 20 signaling pathways, and 1
disease) and 575 edges. The size of a node was proportional
to its topological score in the network; the higher the degree
value, the larger the node, and the lower the degree value,
the smaller the node. Therefore, the top five active ingredi-
ents (quercetin, kaempferol, medicarpin, galangin, and 1,7-
diphenyl-5-hydroxy-3-heptanone) were screened according
to the size of the nodes in the network, which were consid-
ered to be the most likely compounds effective in the treat-
ment of DGP.

3.2 Analysis of Molecular Docking

The aforementioned network pharmacology results re-
vealed that AKTI is the key target of alleviating DGP by
AOH, and AOH may improve DGP via the PI3K-AKT sig-
naling pathway. Hence, the five important components of
AOH screened from the TCSMP database were subjected
to molecular docking with the core target of the PI3K-AKT
signaling pathway (AKT1 and PIK3CA). The combination
of small and large molecules is mainly evaluated based on
binding energy; when the binding energy is <0, the lig-
and and the receptor can bind freely [41]. As shown in
Table 3, the active ingredients of AOH had high affinities
for AKT1 and PIK3CA. The corresponding binding ener-
gies were both <0, which further proved the strong binding
ability.

The docking results are shown in Fig. 2. The interac-
tion between the ligand and the receptor mainly included
van der Waals, conventional hydrogen bond, and carbon-
hydrogen bond, of which the conventional hydrogen bond
was considered to be the main factor for the formation of
protein—drug complexes. The results suggest that the five
important compounds of AOH could form at least one con-
ventional hydrogen bond with all active sites (AKT1 and
PIK3CA), including ARG-273, GLN-79, VAL-271, TYR-
272, THR-291, and GLY-294. In conclusion, the molecu-
lar docking simulation results showed that the binding of
active ingredients and core targets exhibited a stable point
docking structure, which had a structural basis for exert-
ing a certain biological activity and had a certain research
value. This result further validated the findings of network
pharmacology, i.e., the PI3K-AKT signaling pathway may
be connected to AOH, thereby improving DGP.

3.3 In Vivo Experimental Verification
3.3.1 Effects of AOH on FBG Level in DGP Mice

Over time, symptoms of lethargy, polydipsia,
polyuria, loose stools, and abdominal distension were
observed in DGP mice. Additionally, throughout the
experiment, FBG levels of mice in each group were
evaluated at a fixed time point every week. The alterations
in FBG levels in each group are shown in Fig. 3A. In the
CON group, the FBG level remained at a relatively stable
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Fig. 2. Molecular docking diagram. (A) AKT1 - Quercetin.
(B) AKT1 - Kaempferol. (C) AKT1 - Medicarpin. (D) AKT1 -
Galangin. (E) AKTI - 1,7-diphenyl-5-hydroxy-3-heptanone. (F)
PIK3CA - Quercetin. (G) PIK3CA - Kaempferol. (H) PIK3CA -
Medicarpin. (I) PIK3CA - Galangin. (J) PIK3CA - 1,7-diphenyl-
5-hydroxy-3-heptanone.
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Fig. 3. The effects of AOH on Blood Glucose and Gastric Emptying in DGP Mice. (A) FBG levels. (B) OGTT. (C) The AUC of the
OGTT. (D) Fluorescence imaging. (E) Gastric emptying. All values are expressed as the means + SD (n > 3). ##p < 0.01, and ###p
< 0.001, when compared with the CON group; and **p < 0.01, and ***p < 0.001, when compared with the DGP group. FBG, fasting

blood glucose; OGTT, oral glucose tolerance test.

and normal level throughout the experimental period.
However, compared with the CON group, the FBG levels
of the DGP and AOH groups increased continuously, with
the uptrend of the AOH group being more gradual than
that of the DGP group. Moreover, compared with the
DGP group, the FBG level was significantly decreased in
AOH-treated mice after 9 weeks of drug administration (p
< 0.01).

OGTT was performed in different groups, and the
corresponding AUCs were also analyzed. As shown in
Fig. 3B,C, the results of OGTT were ameliorated to some
extent in the AOH group. The AUC of the DGP group
was significantly higher than that of the CON group (p <
0.001) according to the calculation, and the AUC of the
AOH group was significantly lower than that of the DGP
group (p < 0.001) but could not reach the glucose tolerance
level of the CON group.

3.3.2 Effects of AOH on Gastric Emptying in DGP Mice

Real-time ICG fluorescence imaging results are de-
picted in Fig. 3D. The symptoms of gastroparesis in the
mice were judged by the intensity and location of the flu-
orescence. The mice in the DGP group showed delayed
gastric emptying compared with those in the CON group.
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Administration of AOH, however, significantly accelerated
gastric emptying. As expected, the liquid gastric empty-
ing test validated this result (Fig. 3E). Compared with the
CON group, the gastric emptying rate decreased signifi-
cantly in the DGP group (p < 0.01), thereby suggesting that
the DGP model was established successfully. Furthermore,
compared with the DGP group, the gastric emptying rate
was increased significantly in the AOH group (p < 0.01).
The above results demonstrate that AOH significantly pro-
moted gastric emptying in DGP mice, exhibiting a definite
alleviating effect.

3.3.3 Effects of AOH on Biochemical Indicators in DGP
Mice

The results of serum biochemical assays are displayed
in Fig. 4. In Fig. 4A,B, there was a significant increase in
the levels of TC and TG in the DGP group compared with
the CON group. In contrast, the TC and TG levels were
decreased in the serum after AOH treatment (p < 0.001).
The ALT activity of the DGP group showed a nearly two-
fold increase compared with that of the CON group (p <
0.001, Fig. 4C), which implied that the liver function of the
mice in the DGP group was also affected. Unfortunately,
AOH could not effectively improve liver function.

&% IMR Press
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Fig. 4. Effects of AOH on Biochemical Indicator in DGP Mice.
(A) TC. (B) TG. (C) ALT. (D) MTL. All values are expressed as
the means £ SD, (n > 3). ##p < 0.01, and ##p < 0.001, when
compared with the CON group; and *p < 0.05, and **p < 0.01,
when compared with the DGP group. TC, total cholesterol; TG,
triglyceride; ALT, alanine amino-transferase levels; MTL. Serum

motilin.

MTL accelerates gastric emptying and is released dur-
ing the digestive interval [42]. The levels of MTL in differ-
ent groups were detected using the MTL kit, and the results
are presented in Fig. 4D. The MTL level in the DGP group
was 3.2 times lower than that in the CON group (p < 0.01),
which indicated that severe delayed gastric emptying had
occurred in the DGP group because of the irregular high-
fat diet. However, after the AOH intervention, the MTL
level was significantly higher than that of the DGP group
(» < 0.01), which again proved that AOH can protect the
DGP mice from delayed gastric emptying.

These results indicate that AOH could effectively im-
prove the pathological indicators related to type 2 diabetes
and further reduce the delayed gastric emptying induced by
the disease. However, the molecular mechanism of AOH in
ameliorating DGP remains unclear. Hence, we attempted to
explore the potential molecular mechanism.

3.3.4 Effects of AOH on the PI3K-AKT Signaling
Pathway in DGP Mice

Based on the results of network pharmacology and
molecular docking analysis, we discovered that AOH may
play a role in the treatment of DGP by regulating the PI3K-
AKT signaling pathway, in which PI3K and AKT are the
key proteins. Therefore, to further evaluate the molec-
ular mechanisms by which AOH ameliorates DGP, WB
and PCR were performed to examine the related targets
of AOH. As demonstrated in Fig. SA—C,E-G, the expres-
sions of AKT and PI3K were significantly lower in the
DGP group compared with those in the CON group (p <
0.01). However, AOH significantly reversed this decrease
in the expression (p < 0.01). Furthermore, compared with
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the DGP group, the phosphorylation of PI3K and AKT was
promoted in the AOH group. Moreover, the mRNA ex-
pressions of PI3K and AKT were confirmed by this result
(Fig. 5D,H), which indicated that AOH might exert its ther-
apeutic effects by regulating the PI3K-AKT signaling path-
way.

3.3.5 Effects of AOH on Oxidative Stress in DGP Mice

Oxidative stress is an important factor in the devel-
opment of DGP, and oxidative damage that occurs in many
diseases can be improved via the PI3K-AKT signaling path-
way [43-45]. Therefore, the effect of AOH on oxida-
tive stress in DGP mice was investigated. As shown in
Fig. 6A,B, the amount of MDA was higher in the DGP mice
and the SOD activity was lower (p < 0.01). However, AOH
significantly enhanced the SOD activity and reduced the
MDA levels in stomach homogenates (p < 0.05). These
results signify that AOH may regulate the related antioxi-
dant enzymes to combat oxidative stress in DGP mice via
the PI3K-AKT signaling pathway.

4. Discussion

DGP is a common gastrointestinal complication in pa-
tients with diabetes and is chiefly manifested as delayed
gastric emptying due to gastrointestinal motility disorder.
DGP has become one of the serious diabetic complications
that endanger patient health [46]. At present, some drugs
are available in the market for the treatment of DGP, but the
commonly used antiemetics and prokinetic drugs have lim-
ited long-term use owing to their side effects and the high
recurrence rate after drug discontinuation [47,48]. For ex-
ample, domperidone and cisapride are prone to relapse after
discontinuation, and metoclopramide causes various side
effects, such as depression and drowsiness [49]. However,
based on the theory of TCM, research on Chinese medicines
that are mild and are associated with fewer side effects has
become an important part of supplementary and alternative
treatment for DGP [50]. Hence, it is imperative to find mild
and effective Chinese medicines that could alleviate DGP.

AOH is a natural medicinal herb widely distributed
in southeastern China, and its dried rhizome could treat
stomachache and flatulence [51,52]. Previous studies have
mostly focused on the protective effect of AOH on the stom-
ach, and AOH, which is a common ingredient in Chinese
medicine for the treatment of gastrointestinal diseases, also
has the potential to treat DGP [16,17,53]. Nonetheless, the
underlying mechanism by which AOH alleviates DGP has
not yet been elucidated. Thus, this study explored the mech-
anism of action deeply using network pharmacology. The
binding ability of the active ingredients in AOH to the key
targets was simulated with the use of molecular docking,
and additional experiments verified the possible mechanism
of AOH improving DGP.

The TCMSP database was initially searched in this
study, and 13 active compounds related to AOH in the
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Fig. 6. The effects of AOH on Oxidative Stress in DGP Mice.
(A) MDA. (B) SOD. All values are expressed as the means £+ SD
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treatment of DGP were obtained.  Subsequently, ac-
cording to the magnitude of the degree value, quercetin,
kaempferol, medicarpin, galangin, and 1,7-diphenyl-5-
hydroxy-3-heptanone were proven to be the crucial ac-
tive ingredients of AOH that acted against DGP. Of these,
quercetin, kaempferol, medicarpin, and galangin have been
confirmed as natural flavonoids with antioxidant pharma-
cological activity [54—56]. Moreover, the antioxidant phar-
macological activity of these compounds has been shown to
aid in the amelioration of DGP [57,58]. On the one hand,
quercetin, as the component with the highest coverage of
DGP-related targets, has been confirmed to ameliorate the
ICC and azinergic neurons in diabetic rats, which is linked
to the possible therapeutic mechanism of DGP [59]. On
the other hand, quercetin has also been shown to relieve
diabetic complications, such as diabetic nephropathy, by
attenuating oxidative stress and inflammation. Neverthe-
less, clinical evidence that it could improve the condition
of patients with DGP is lacking [60,61]. In recent years,
relevant studies have suggested that kaempferol could im-
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prove glucose intolerance and insulin resistance in rodents
by inhibiting hepatic gluconeogenesis, increasing insulin
sensitivity, and upregulating the level of SIRT1 protein or
increasing the activity of AKT and GCK [62—-64]. Fur-
thermore, studies have revealed that kaempferol could help
treat fibrosis and kidney damage in diabetic rats by acti-
vating the Nrf-2/HO-1/antioxidant axis to alleviate diabetic
nephropathy [65,66]. Medicarpin is a pterocarpum class
of phytoestrogen, which exhibits various biological func-
tions [67]. However, not much research has been conducted
to show that medicarpin could treat diabetes or its com-
plications, which may be an emerging research direction
in the future. Moreover, galangin, one of the main com-
ponents of AOH, in addition to its anti-inflammatory and
antibacterial effects, could improve insulin resistance and
treat diabetes via signaling pathways, such as Akt/mTOR,
NF-kappaB p65, and caspase-3 [68—70]. Last but not least,
1,7-diphenyl-5-hydroxy-3-heptanone is a diarylheptanoid
compound with pharmacological activities similar to those
of flavonoids, namely, anti-inflammatory, antioxidant, and
hypoglycemic effects [71,72]. Our previous study con-
firmed that 1,7-diphenyl-5-hydroxy-3-heptanone could im-
prove type 2 diabetes mellitus via Nrf2/ARE antioxidant
elements and PI3K/AKT signaling pathway [72]. There-
fore, the active components of AOH listed above indicate
its potential effectiveness and diversity in improving DGP.
Based on the results of this investigation, the mechanism of
action of AOH in the treatment of DGP may be related to
its effects on reducing the blood glucose level, enhancing
insulin sensitivity, improving the oxidative stress response,
and fighting inflammation.

Moreover, 89 potential targets of AOH that act on
DGP were identified with Venn analysis, based on which a
PPI network was constructed. According to the relevant pa-
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rameters, 13 primary targets of AOH that act on DGP were
analyzed and screened from the PPI network. The find-
ings suggested the networking of target proteins and their
interactions with each other, which are critical for main-
taining the physiological balance in the body [11]. As il-
lustrated in Fig. 1, the core proteins embodied in the PPI
network were AKT1, IL6, and SRC. Of these, AKT1 was
the most important protein and was an antiapoptotic signal-
ing kinase present in various cells. Previous studies have
demonstrated that the upregulation of AKT could allevi-
ate DGP symptoms by blocking gastric smooth muscle cell
apoptosis and restoring dystonia [37]. To better understand
the roles of these target genes and their relationship with
each other, KEGG enrichment analysis was performed. The
findings revealed that several signaling pathways were sig-
nificantly associated with the occurrence and progression of
DGP. Of the pathways screened, AOH was most likely to
exert a therapeutic effect on DGP by regulating the PI3K-
AKT signaling pathway. Furthermore, a related study has
proved that the PI3K-AKT signaling pathway is one of the
key insulin signaling pathways involved in the regulation of
glucose and lipid metabolism [73]. Moreover, animal ex-
periments have implied that this pathway may be involved
in the treatment of DGP by inhibiting the apoptosis of gas-
tric smooth muscle cells and the loss of gastric antral ICC
[38,74].

To validate the reliability of network pharmacology
analysis, the main active components and key proteins
linked to DGP were selected for molecular docking based
on the results of PPI network and KEGG enrichment analy-
sis. The results of molecular docking showed that the active
components of AOH screened using network pharmacology
could be spontaneously combined with potential targets.
Moreover, the binding energy with the core targets, namely,
AKT]I and PIK3CA, were all <0. A relatively stable con-
formation was obtained via interactions such as hydrogen
bonds. These results agreed with those from network phar-
macology and validated the latter, thereby enhancing the
credibility of our research.

For experimental verification, the DGP model was
constructed in db/db mice with the method of an irregu-
lar high-fat diet, and the anti-DGP effects of AOH were
confirmed in this model. In addition, AOH granules were
selected as the experimental medicine because they con-
tained the same potent components as conventional decoc-
tion pieces and were more convenient to prepare. The chro-
matograms from HPLC analysis of the main components of
AOH granules are shown in Supplementary Fig. 1. In vivo
experimental results established that AOH could ameliorate
DGP, including reversing the elevation of FBG level, en-
hancing gastric emptying rate, and reducing the levels of
serum biochemical indicators (TC, TG, and MTL). How-
ever, AOH had little effect on the expression of ALT and
could not effectively improve liver function. In addition,
KEGG enrichment analysis combined with molecular dock-
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ing indicated that the PI3K-AKT signaling pathway was the
most important in improving DGP. Glucose-induced ox-
idative stress has been postulated to be a key mechanism
in chronic diabetic complications, and oxidative damage
associated with many diseases could be improved via the
PI3K-AKT signal pathway [43—45]. Hence, the effects of
AOH on oxidative stress and the PI3K-AKT signal pathway
in DGP mice were investigated. Interestingly, AOH effec-
tively regulated the expressions of oxidative stress-related
markers (MDA and SOD) in DGP mice via the PI3K-AKT
pathway, which agreed with previous studies [71].

In this research, an emerging and efficient method was
used for the identification of bioactive ingredients, inter-
secting targets, and potential mechanisms in the alleviation
of DGP by AOH. However, this study has some limitations.
First, the data obtained were based on existing databases
and simulation tools. As the research on DGP is still in
its infancy, the data collected through these databases and
tools may have certain inaccuracies. In addition, positive
drugs and multiple doses were not used in the experimental
verification stage, which needs to be further verified with
relevant experiments. Bridging these gaps would be the fo-
cus of our team’s future work to provide more reliable data
supporting the role of AOH in the treatment of DGP.

5. Conclusions

In summary, network pharmacology, molecular dock-
ing, and experimental verification were combined to iden-
tify the active components, objective targets, and signaling
pathways of AOH in the alleviation of DGP. Network phar-
macology analysis indicated that quercetin, kaempferol,
and galangin, were the potential active components in AOH
that acted on the key PI3K-AKT signaling pathway and
played a role in the treatment of DGP. Furthermore, molec-
ular docking studies confirmed the above results. Addition-
ally, in vivo analysis verified that AOH could regulate the
PI3K-AKT signaling pathway against the oxidative stress
reaction and alleviate DGP. Collectively, this study not only
provides evidence for the therapeutic mechanism of action
of AOH against DGP but also points to a key research di-
rection for further experimental studies and clinical appli-
cations of AOH.
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