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Noncommunicable diseases (NCDs) impose a signi�cant
burden on the health care systems in developed and
developing countries. Indeed, the incidence of NCDs
(e.g., diabetes, cancers, chronic respiratory diseases, and
cardiovascular diseases) has increased in epidemic
proportions worldwide [1]. According to estimates made
by the WHO, about 41 million people die annually
worldwide, equivalent to 71% of all deaths, because of
NCDs. 37% of those who died with NCDs are between the
ages 30 and 69 years old. Lack of access to essential
medicines for NCDs is a major challenge, especially in
developing countries [2, 3].

Drug discovery for medicinal plant provides important
leads against various pharmacological targets. A large
number of plants used in the traditional medicine have now
become a part of the modern world health care system.
Natural novel drugs are nowmore achievable due to modern
techniques for separation, structure elucidation, screening,
and bio- and chemo-informatics [4, 5].

Over the last decades, the amount of biological and
chemical information has escalated drastically. �us, the
need for new scienti�c branches that handle big data has
arisen. Computational chemistry and bioinformatics are
now well-established scienti�c �elds that o�er the scienti�c
community the opportunity to study drug-disease rela-
tionship. One such way to study this relationship is via
understanding the connection of the disease to the target,
and the consequent mechanism of interaction between the
target and the drug [6, 7].

�e heterogeneity and lacking of enough data can be an
obstacle that hinders the mechanistic comprehension of
drug-disease relationship. In this regard, predictive com-
putational approaches in the �eld of computational chem-
istry, e.g., network pharmacology approaches, predictive
ADMET (absorption, distribution, metabolism, and elimi-
nation-toxicity), and pharmacophore modeling, can be used
to build scienti�c algorithms, which are developed to
overcome this barrier [8, 9]. Such approaches are cost-ef-
fective in identifying drug candidates, as they limit the
extensive use of animal models against all plausible lead
compounds, while identifying safe and e�ective drugs.
Within this �eld of research, we launched a research topic
entitled “Computer-Aided Drug Design of Natural Candi-
dates for the Treatment of Non-Communicable Diseases.”
For the aforementioned reasons, this research topic attracted
the attention of scientists and received a number of sub-
mitted manuscripts. Twenty-one papers were submitted for
publication in this issue. After an extensive review process,
thirteen original research articles have been published
within this special research topic. �ese research articles
cover various topics in drug design, reporting advance in in
silico methods in drug discovery.

Network pharmacology has emerged as an important
tool to understand the mechanism of action of a drug/drug
candidate. It uses computational power to systematically
catalogue the molecular interactions of a drug molecule in a
living cell. Hu et al. exploited network pharmacology and
data mining to elucidate the role of traditional Chinese
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medicine (TCM) in relieving epidermal growth factor re-
ceptor-tyrosine kinase inhibitor (EGFR–TKI)-associated
diarrhea. Using various approaches, they obtained 23 po-
tential therapeutic TCM targets for the treatment of EGFR-
TKI-related diarrhea. Based on the findings, they proposed
that TCMs can provide data to support experimental and
clinical studies on the relief of EGFR-TKI-associated diar-
rhea. Concomitantly, Xu et al. presented a pioneer report on
the use of TCM to treat summer fever, especially in children.

Yun et al. aimed to provide the basis for understanding
the mechanisms of action for active ingredients of TCM
against angiogenesis. GeneCards was used to explore an-
giogenesis-related targets. "e TCM system pharmacology
platform was used to uncover natural compounds. Target-
compound, compound-medicine, and target-compound-
medicine networks were constructed using Cytoscape. To
predict the target-compound binding, molecular docking
was used. Of 79 targets for angiogenesis, 41 targets were
matched to 3839 compounds. 110 compounds from the
dataset were found to have high correlation with angio-
genesis. As a result of molecular docking, fifty-five combi-
nations were constructed. Top combinations were for
PTGS2-astragalin (−9.18 kcal/mol), KDR-astragalin
(−7.94 kcal/mol), PTGS2-quercetin (−7.41 kcal/mol), and
PTGS2-myricetin (−7.21 kcal/mol). Using the network,
eighty other combinations were obtained and classified
according to their affinities. Top combinations were KDR-
beta-carotene (−10.13 kcal/mol), MMP9-beta-sitosterol
(−8.04 kcal/mol), MMP9-astragalin (−7.82 kcal/mol), and
MMP9-diosgenin (−7.51 kcal/mol).

Cheng et al. described use of network pharmacology to
investigate the mechanism of action of allicin to modulate
lipid metabolism for the management of NAFLD. Using an
in vitro cellular model, they predicted two hundred and
nineteen potential targets of allicin PharmMapper. Out of
those, 44 potential targets related to lipid metabolism were
screened out as protein targets of allicin. In the same line, Ni
et al. determined pharmacological mechanisms of Chinese
incompatible herbs Fuzi and Banxia (FB) in chronic ob-
structive pulmonary disease (COPD) using network phar-
macology. From the identified targets, they proposed that
effect of FB against COPD may involve the regulation of
immunological function. "is study provides an excellent
example of the application of network pharmacology in
evaluating mechanisms of action and molecular targets of an
herb. Another study by Dan et al. explored the material basis
and the rule of TCM against antineoplastic drug-induced
cardiotoxicity (ADIC) using network pharmacology and
data mining. "ey identified 21 potential targets, 332 can-
didate compounds, and 400 kinds of herbs for the man-
agement of ADIC.

Two new tyrosinase inhibitors from the stems of Streblus
ilicifolius were reported by Nguyen et al. One molecule
possesses strong tyrosinase inhibitory activity with an IC50
value of 0.01 µM. Docking studies showed different binding
affinity of the two molecules for oxy-tyrosinase. An inde-
pendent study by Bader et al. presented the design and
synthesis of 4-O-podophyllotoxin sulfamate derivatives and

their evaluation in various cancer cell lines as potential
cytotoxic agents.

Yu et al. conducted network pharmacology to uncover the
possible mechanisms in Fuxin mixture or FXHJ for the
treatment of heart failure. Ingredients of FXHJ were analysed,
and 39 active ingredients were explored. 47 action targets
were found to bind to these compounds. "e network was
constructed and enrichment analysis undertaken. "e treat-
ment of heart failure by FXHJ mixture was predicted to be via
regulating several cascades, including the MAPK signaling
pathway, PI3K/Akt signaling pathway, cAMP signaling
pathway, TNF signaling pathway, toll-like receptor signaling
pathway, VEGF signaling pathway, NF-kappa B signaling
pathway, and the apoptotic signaling molecule BCL2.

"e manuscript by Shanak et al. presented the inhibitory
effect of the Ocimum basilicum extract and its major con-
stituents on α-amylase and α-glucosidase using in vitro and
in silico techniques and proposed Ocimum basilicum as a
potential source to identify antidiabetic leads [10]. Similarly,
Dang et al. conduced an in vitro and in silico study, where
two new diarylalkanoids, semedienone, and semetrienone
were isolated from a CHCl3-soluble extract of the stems of
Semecarpus caudata (Anacardiaceae), and their structures
were resolved using NMR. "ese compounds were analysed
for their inhibitory activity against tyrosinase inhibitory
activity, and the IC50 values were 0.033 and 0.11 μM, re-
spectively. In silico docking studies of the two compounds
against oxy-tyrosinase were carried out to analyze their
interactions. Of the two compounds, semedienone showed
decent interactions with the amino acid and peroxide group
residues of the target enzyme.

Protein alpha synuclein is a protein that shows high
accumulation during Parkinson’s disease. Prolyl oligo-
peptidase (POP) is a serine protease that was shown to affect
the accumulation of alpha synuclein and is a key target for
the treatment of Parkinson’s disease. Kulkarni et al. carried
out an in silico study to evaluate the efficacy of an alkaloid
class of phytochemicals against POP. Chemical Entities of
Biological Interest (ChEBI), a publicly available database was
used to retrieve the chemicals. Discovery Studio was used to
predict the ADMET properties of the alkaloids to calculate
their drug likeness using the Lipinski’s rule of 5 and to filter
the parameters based on their feasibility for the central
nervous system and to cross the blood-brain barrier (BBB).
To scan the strength of compound-target binding, molecular
docking was performed followed by molecular dynamic
(MD) simulations that enable checking the stability of al-
kaloid-protein complexes. "e following alkaloids were
selected as plausible lead compounds against POP: meter-
goline, pipercallosine, celacinnine, lobeline, cystodytin G,
lycoperine A, hookerianamide J and martefragin A. Among
these, metergoline, pipercallosine, hookerianamide J, and
lobeline showed the most promising results comparable
docking scores to three POP inhibitors that had reached
clinical trials, i.e., Z-321, S-17092, and JTP-4819. MD sim-
ulations showed high stability of the plausible lead com-
pounds in the active site when compared to the binding
modes of the known inhibitors.
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Myelin and lymphocyte and Tcell differentiation protein
2 (MAL2) are expressed in several forms of cancer, including
breast cancer. Zhong et al. studied the relationship between
the expression of MAL2 and breast cancer using the
Oncomine database and the Cancer Genome Atlas database.
Quantitative real-time polymerase chain reaction (RT-
qPCR) was used to measure MAL2 expression experimen-
tally. Gene set enrichment analysis (GSEA) was used to
identify the biological pathways correlated with MAL2 ex-
pression in breast cancer, e.g., the relationship between the
level of immune infiltration and MAL2 in breast cancer.
Experimental and computational techniques showed that
MAL2 was expressed at high levels in breast cancer tissues
compared with the surrounding tissues. As a result, high
MAL2 expression can be used as an independent biomarker
for breast cancer. MAL2 expression level was also found to
correlate with lower immune infiltrating levels in breast
cancer.
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Background. Myelin and lymphocyte, Tcell differentiation protein 2 (MAL2) is highly expressed in various cancers and associated
with the development and prognosis of cancer. However, the relationship between MAL2 and breast cancer requires further
investigation. ,is study aimed to explore the prognostic significance of MAL2 in breast cancer.Methods. MAL2 expression was
initially assessed using the Oncomine database and,e Cancer Genome Atlas (TCGA) database and verified by quantitative real-
time polymerase chain reaction (RT-qPCR). ,e chi-square test or Fisher’s exact test was used to explore the association between
clinical characteristics and MAL2 expression. ,e prognostic value of MAL2 in breast cancer was assessed by the Kaplan–Meier
method and Cox regression analysis. Gene set enrichment analysis (GSEA) was performed to identify the biological pathways
correlated with MAL2 expression in breast cancer. Besides, a single-sample GSEA (ssGSEA) was used to assess the relationship
between the level of immune infiltration and MAL2 in breast cancer. Results. Both bioinformatics and RT-qPCR results showed
that MAL2 was expressed at high levels in breast cancer tissues compared with the adjacent tissues. ,e chi-square test or Fisher’s
exact test indicated that MAL2 expression was related to stage,M classification, and vital status. Kaplan–Meier curves implicated
that high MAL2 expression was significantly associated with the poor prognosis. Cox regression models showed that high MAL2
expression could be an independent risk factor for breast cancer. GSEA showed that 14 signaling pathways were enriched in the
high-MAL2-expression group. Besides, the MAL2 expression level negatively correlated with infiltrating levels of eosinophils and
plasmacytoid dendritic cells in breast cancer. Conclusion. Overexpression of MAL2 correlates with poor prognosis and lower
immune infiltrating levels of eosinophils and plasmacytoid dendritic cells in breast cancer and may become a biomarker for breast
cancer prognosis.

1. Introduction

Among women, breast cancer is the most commonly di-
agnosed cancer and the main cause of cancer death [1]. ,e
incidence of breast cancer has increased every year [2].
Nearly 3.8 million women in the United States have been
diagnosed with breast cancer, including 268,600 new cases in
2019 [3].

Despite the advances in surgery, chemotherapy, radio-
therapy, and endocrine therapy for breast cancer, more than
20% of patients still develop metastatic disease with a poor
prognosis [4]. Since the molecular mechanisms of breast

cancer remain unclear, the identification of novel prognostic
biomarkers for breast cancer is necessary, which could
contribute to the early detection and treatment of breast
cancer [5]. MAL2, as an essential member of the MAL
proteolipid family, is a four-pass membrane protein con-
sisting of 176 amino acid residues. By encoding a multi-
transmembrane protein, MAL2 mainly participates in en-
docytosis under physiological conditions and mediates the
transport of substances between cells [6]. MAL2 is located in
chromosome 8q23, an area where the copy number often
increases in various types of cancer [7]. Previous studies
have confirmed the increased expression ofMAL2 in ovarian
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cancer [6], pancreatic cancer [8], thyroid cancer [9], and
colorectal cancer [10]. Moreover, MAL2 expression was
associated with pancreatic cancer and colorectal cancer
overall survival [8], which suggested that MAL2 might be an
important molecule involved in the progression and prog-
nosis of tumors. Besides, MAL2 was recently identified as a
breast cancer immunology target. Reduction of MAL2 in
breast tumor cells can enhance CD8+ T cell-mediated cy-
totoxicity and inhibit the growth of breast tumors [11].
Although some previous studies suggested that MAL2 was
overexpressed in breast cancer [7, 12, 13], the prognostic
value of the MAL2 expression and its correlation with
clinical features and immunotherapy in breast cancer re-
quires further investigation, and whether MAL2 could be a
specific marker for breast cancer still needs to be elucidated.
In the present study, we applied a comprehensive strategy to
uncover the importance of MAL2 in breast cancer.

2. Materials and Methods

2.1. Oncomine Database. ,e Oncomine database [14]
(http://www.oncomine.org), a gene chip-based database and
data mining platform, served to analyze the expression of
MAL2 in various types of cancers. ,e filter conditions set
were as follows: gene, MAL2; cancer type, breast cancer;
differential analysis, cancer vs normal analysis; and data type,
mRNA. Besides, we selected P value� 1E–4, twofold change,
and top 10% gene rank as the threshold [15]. All statistical
methods and results were obtained from Oncomine.

2.2.  e Cancer Genome Atlas. ,e Cancer Genome Atlas
(TCGA) is a landmark cancer genomics program that
comprised over 20,000 primary cancer data and matched
normal samples spanning 33 cancer types. Raw counts of
RNA-sequencing data and corresponding clinical infor-
mation were obtained from ,e Cancer Genome Atlas
(TCGA) data set (https://www.cancer.gov/tcga).

2.3.  e Verification of MAL2 by qRT-PCR. Tumor tissues
and paired adjacent tissues were collected from patients
diagnosed with breast cancer at the First Affiliated Hospital
of Guangzhou University of Chinese Medicine between 2019
and 2020. None of these patients received therapy before
surgery. Specimens from surgery were stored at −80°C. Study
approval was obtained from the Research Ethics Committee
of the First Affiliated Hospital of Guangzhou University of
Chinese Medicine, and patients signed informed consent
forms before operation.

Total RNA was extracted from 32 pairs of breast cancer
tissues and adjacent nontumor tissues frozen in liquid ni-
trogen using TRIzol reagent (Invitrogen, United States). ,e
isolated RNA was measured at 260/280 nm using a Nano-
Drop 2000 spectrophotometer (,ermo Fisher Scientific,
USA). Evo M-MLV RT Premix for qPCR (AG11706, China)
was used to reverse-transcribe RNA into cDNA. According
to the manufacturer’s instructions, cDNAs were amplified
using the SYBR Green Premix Pro Taq HS qPCR Kit
(AG11701, China). β-actin was used as an internal control

for mRNA expression. ,e primer sequences were as fol-
lows: MAL2 Forward: 5′-ACGTAGCAGCCTCAATTTT-
TGC-3′ and Reverse: 5′-CATCTTCGTAAAGCCAGACCC-
3′; β-actin, forward: 5′-TGGCACCCAGCACAATGAA-3′
and reverse: 5′-CTAAGTCATAGTCCGCCTAGAAGCA-
3′. Each sample was carried out three times, and data were
calculated using the 2−ΔΔCt (2 to the power of minus Delta
Delta CT) method.

2.4. Statistical Analyses. Data analysis was performed using
SPSS software 26.0 (IBM Corporation, Armonk, NY, USA)
and R version 3.6.3 [16]. ,e ggplot2 package [17] was used
to draw boxplots of clinical features according to MAL2
expression variation. ,e chi-square test or Fisher’s exact
test was used to explore the association between clinical
characteristics and MAL2 expression. ,e Wilcoxon signed
rank sum test and Kruskal–Wallis test were utilized to
measure the differential expression of MAL2 in the sub-
group, including age; tumor (T), node (N), and metastasis
(M) classification; estrogen receptor (ER) status; proges-
terone receptor (PR) status; human epidermal growth factor
receptor-2 (HER2) status; and vital status. ,e impact of
MAL2 expression levels on the overall survival (OS) of
patients with breast cancer was analyzed by Kaplan–Meier
curves using an R package named survminer [16].

Since we aimed to analyze the relationship of MAL2 with
clinical features and its significance on the survival of pa-
tients with breast cancer, the median expression value of
MAL2 was applied as a cut-off value for further analysis
according to the previous studies [18–21]. ,erefore, the
median value of MAL2 expression was utilized as a cut-off
value to divide patients with complete clinical data from the
TCGA database into the high-MAL2-expression group and
low-MAL2-expression group.

,en, the univariate and multivariate Cox analyses were
performed to determine the related variables.

2.5. Gene Set Enrichment Analysis. Gene set enrichment
analysis (GSEA) [22] was conducted to determine the bio-
logical processes activated in the low-MAL2-expression and
high-MAL2-expression groups. GSEA software (version 4.0)
was downloaded from their official website. Tumor tissue
samples were divided into high-expression groups and low-
expression groups according to the median value of MAL2
expression level. ,e gene set of h.all.v7.4.symbols.gmt and
c2.cp.kegg.v7.4.symbols.gmt, containing a large number of
tumors signaling pathway gene sets, were obtained from the
MSigDB database. Depending on the default parameters of
GSEA software, 1,000 times a random combination was used
for enrichment analysis. Sorted by false discovery rates
(FDRs), the gene set with FDR <0.25 and normal P value
<0.05 was the significantly enriched gene set [22].

2.6. Immune Infiltration Analysis of MAL2. ,e transcripts
per million (TPM) normalized RNA-seq data of breast
cancer were downloaded from UCSC Xena (https://xena.
ucsc.edu/) [23]. Twenty-eight immune gene sets, including
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different classic immune cell types, were obtained from the
study by Charoentong et al. [24]. Next, the ssGSEA was
performed by R package GSVA [25] to assess the immune
infiltration level of each sample of breast cancer and cal-
culate the responding immune infiltration score based on
the TPM data and gene sets [25]. Subsequently, Spearman’s
correlation analysis between the MAL2 expression data and
the immune infiltration score of 28 immune gene sets was
performed. ,e threshold was set as P value < 0.05 and |r| ≥
0.3 to filter the immune cell types that have significantly
infiltrating level correlation with the MAL2 expression.

3. Results

3.1. Overexpression of MAL2 in Breast Cancer Based on
Oncomine. We used Oncomine to analyze the difference
betweenMAL2 tumor and normal tissues in different cancer
types. Altogether, 214 different types of research results were
collected in the Oncomine database. Among them, 25 results
showed statistically different expressions of MAL2, in-
cluding 13 with increased expression and 12 with decreased
expression. Results revealed that the MAL2 expression level
increased in breast, ovarian, prostate, and pancreatic can-
cers. On the contrary, MAL2 expression decreased in some
cancer types, such as sarcoma, brain and CNS, esophageal,
kidney, and lymphoma cancer (Figure 1(a)) [14]. To assess
further the MAL2 expression in breast cancer, we analyzed
MAL2 across six public expressions, containing 10 analyses
from the Oncomine database. As a result, MAL2 was found
to significantly upregulate in breast carcinoma tissues.
Details are shown in Table 1. Based on the results of the
meta-analysis of six data sets, including 10 analyses using the
Oncomine database, the results indicated MAL2 over-
expression in tumor tissues (median rank� 476.5,
P � 6.77E − 13) (Figure 1(b)).

3.2. MAL2 Was Upregulated in Breast Cancer Tissues Com-
pared with Adjacent Tissues Based on TCGA. ,e MAL2
expression data of 1098 breast cancer samples and 113
adjacent controls were retrieved from the TCGA database.
We measured the differences in MAL2 expression in tumor
and adjacent tissues using the independent-sample Wil-
coxon rank sum test and the paired Wilcoxon rank sum test.
Results showed that MAL2 expression was significantly
higher in different tissues (tumor tissues vs. adjacent tissues,
P � 1.24e − 37, Figure 2(a); paired tumor vs. adjacent tis-
sues, P � 1.139e − 37, Figure 2(b)).

3.3. Verification of MAL2 Upregulation in Breast Cancer by
RT-qPCR. To certify the difference in MAL2 expression in
the TCGA data set, we performed RT-qPCR to detect the
expression of MAL2 in 32 pairs of breast cancer tissues
(including 32 tumor tissues and 32 adjacent tissues). ,e
result showed that MAL2 mRNA was significantly increased
in breast cancer tumors compared with adjacent tissues
(P � 0.0205, Figure 2(c)), which was consistent with the
Oncomine data sets analyses.

3.4. Association of MAL2 Expression with Clinical Features in
Breast Cancer. We downloaded mRNA-seq data and
clinical information of breast cancer patients from TCGA.
,ere were 1211 cases of mRNA-seq data (1098 tumor
samples; 113 adjacent tissues) derived from 1091 breast
cancer patients in the TCGA database of 1090 equipped
with complete clinical data. 1090 patients were finally
enrolled in the study. ,e detailed clinical character-
istics—age, gender, T, N, M classification, stage, ER, PR,
HER2 status, vital status, and MAL2 expression—are
presented in Table 2. In Figure 3, boxplots presented the
MAL2 was expressed with the significant difference in the
subgroup by M classification (P � 0.0028), ER status
(P � 0.016), HER2 status (P � 0.012), and vital status
(P � 0.00014).

3.5. Relationship between MAL2 Expression and Clinical
Features in Breast Cancer. To determine correlations of
MAL2 expression with clinical factors, we conducted a chi-
square test.,emedian value of MAL2 expression was used
to divide patients into aMAL2 high-expression group and a
low-expression group. We observed that MAL2 expression
was significantly associated with stage (P � 0.044), M
classification (P � 0.002), and vital status (P � 0.003)
(Table 3).

3.6. MAL2 Overexpression Independently Predicted Poor
Overall Survival. Kaplan–Meier curves with the log-rank
test were applied to explore the prognostic value of MAL2
expression and the overall breast cancer survival rate. As
shown in Figure 4, breast cancer patients with high MAL2
expression were associated with worse overall survival
(P � 0.00093). In addition, high MAL2 expression was as-
sociated with poor overall survival in old patients
(P � 0.0015); clinical stage I/II and III/IV (P � 0.028 and
P � 0.033); subgroup analysis of T classification (T1/T2 and
T3/T4) (P � 0.037 and P � 0.033); patients with lymphatic
invasion (P � 0.0002); patients with nondistant metastasis
(P � 0.00038); and patients with positive ER, PR, and HER2
status (P � 0.00026, P � 0.00028, and P � 0.0061,
respectively).

,e univariate Cox proportional hazards model
showed that MAL2 expression, stage, T classification, N
classification, and M classification of breast cancer pa-
tients were significantly correlated with the prognosis of
patients. Moreover, the multivariate Cox proportional
hazards model indicated that high MAL2 expression
(hazard ratio � 1.792, P � 0.021), stage (hazard
ratio � 1.473, P � 0.033), and M classification (hazard
ratio � 3.093, P � 0.0018) were independent risk factors
for overall survival. ,e median overall survival of the
high-expression group was 9.5 years, while that of the low-
expression group was 18 years. Both the log-rank test and
Cox proportional hazards model showed that the ex-
pression of MAL2 was significantly correlated with the
prognosis of breast cancer. ,ese results are described in
Table 4 and Figure 5.
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Table 1: Details of MAL2 across six public expression data sets in the Oncomine database.

Data sets (sample size) Comparison groups Fold change P value Overexpression gene
rank

Perou breast (65) Ductal breast carcinoma vs. normal 3.586 1.59E–11 8 (in top 1%)
Sorlie breast (85) Ductal breast carcinoma vs. normal 3.480 9.61E–9 31 (in top 1%)
Sorlie breast 2 (167) Ductal breast carcinoma vs. normal 3.326 5.89E–5 148 (in top 3%)
Ma breast 4 (66) Ductal breast carcinoma in situ epithelia vs. normal 2.417 5.26E–5 266 (in top 2%)

Curtis breast (2136)
Invasive ductal and invasive lobular breast carcinoma vs. normal 2.286 1.51E–27 432 (in top 3%)

Tubular breast carcinoma vs. normal 2.093 1.80E–20 852 (in top 5%)
Invasive ductal breast carcinoma vs. normal 2.168 5.89E–45 1803 (in top 10%)

TCGA breast (593)
Invasive lobular breast carcinoma vs. normal 2.437 1.35E–12 521 (in top 3%)

Invasive breast carcinoma vs. normal 2.317 2.15E–12 1744 (in top 9%)
Invasive ductal breast carcinoma vs. normal 2.403 1.29E–18 1851 (in top 10%)

Analysis Type by Cancer
Cancer

vs.
Normal

Bladder Cancer

Brain and CNS Cancer

Breast Cancer

Cervical Cancer

Colorectal Cancer

Esophageal Cancer

Gastric Cancer

Head and Neck Cancer

Kidney Cancer

Leukemia

Liver Cancer

Lung Cancer

Lymphoma

Myeloma

Melanoma

Other Cancer

Ovarian Cancer

Pancreatic Cancer

Prostate Cancer

Sarcoma

Significant Unique Analyses

Total Unique Analyses 214

1213

1
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Figure 1: MAL2 expression in different types of cancers. (a) Expression of MAL2 gene in various cancers compared with matched normal
tissues by the Oncomine database. Red and blue represent the number of data sets of increasing and decreasing MAL2 gene levels,
respectively. (b) A meta-analysis of MAL2 expression across 10 analyses from the Oncomine database. Curtis breast (1–3), Ma breast (4),
Perou breast (5), Sorlie breast (6–7), and TCGA breast (8–10). ,e colored squares represent the median rank of these genes (tumor tissues
vs. normal tissues) across the 10 data sets. ,e significance level for the median rank analysis was set at P< 0.05.
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In conclusion, both in the Kaplan–Meier model and
the Cox proportional hazard regression model, the re-
sults indicated that MAL2 expression in breast cancer
was significantly correlated with the prognosis of
patients.

3.7. Identification of MAL2-Related Signaling Pathways by
GSEA. Data sets from GSEA showed significant differ-
ences (|NES| > 1, FDR < 0.25, NOM P< 0.05) in MSigDB
Collection. ,e details are described in Figure 6 and
Table 5.

,e significant pathways by GSEA includedMYC targets
V1, mTORC1 signaling pathway, insulin signaling pathway,
E2F targets, UA response, G2M checkpoint, oocyte meiosis,
mitotic spindle, peroxisome, spliceosome, cell cycle, and
ubiquitin-mediated proteolysis enriched differentially in
MAL2 high-expression phenotype.

3.8. High-Expressed MAL2 Correlates with Reduced Immune
Infiltration in Breast Cancer. By Spearman’s correlation test,
the MAL2 expression level was found to be negatively
correlated with infiltrating levels of eosinophils (r� −0.38,
P< 0.01) and plasmacytoid dendritic cells (r� −0.33,
P< 0.01) (Figures 7(a)–7(c)). Additionally, the abundance of
infiltration of both eosinophils and plasmacytoid dendritic
cells was significantly lower in tumor tissues than in adjacent
tissues (Figure 7(d)).
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Figure 2: Different MAL2 mRNA expression in tumor tissues compared with adjacent tissues isolated from breast cancer patients. (a)
MAL2mRNA expression was significantly higher in tumor tissues than in adjacent tissues. (b) Paired breast cancer patient samples revealed
that MAL2 expression was also higher in tumor tissues than in paired adjacent tissues. (c) RT-qPCR analysis of MAL2 mRNA expression in
32 pairs of breast cancer tissues and adjacent tissues.

Table 2: Clinical characteristics of TCGA breast cancer cohort.

Characteristics Number of sample size (%)
Age
<40 75 (6.88)
≥40 1015 (93.12)
Gender
Female 1079 (98.90)
Male 12 (1.10)
Stage
I 182 (16.70)
II 620 (56.88)
III 249 (22.84)
IV 21 (1.93)
X 18 (1.65)
T classification
T1 280 (25.69)
T2 630 (57.80)
T3 138 (12.66)
T4 39 (3.58)
TX 3 (0.28)
M classification
M0 900 (82.57)
M1 22 (2.02)
MX 168 (15.41)
N classification
N0 484 (44.40)
N1 390 (35.78)
N2 180 (16.51)
N3 27 (2.48)
NX 9 (0.83)
ER status
Negative 236 (21.65)
Positive 805 (73.85)
Unknown 49 (4.50)
PR status 343 (31.47)
Negative 695 (63.76)
Positive 52 (4.77)
Unknown 559 (51.28)
HER2 status 163 (14.95)
Negative 368 (33.76)
Positive 236 (21.65)
Unknown 805 (73.85)

Table 2: Continued.

Characteristics Number of sample size (%)
Vital status
Living 941 (86.33)
Deceased 149 (13.67)
MAL2 expression
High 545 (50.00)
Low 545 (50.00)
NA, not available.
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Figure 3: Differential MAL2 expressions in the boxplot. ,e expression of MAL2 is grouped by age (a), stage (b), T classification (c), N
classification (d), M classification (e), vital status (f ), ER status (g), PR status (h), and HER2 status (i).

Table 3: Correlation between MAL2 mRNA expression and clinicopathologic parameters of breast cancer.

Parameters Variables N
MAL2 mRNA expression

χ2 P value
High (%) Low (%)

Age <40 75 37 6.79 38 6.97 0 1
≥40 1015 508 93.21 507 93.03

Stage∗
I + II 802 392 73.82 410 75.79 — 0.044

III + IV 270 139 26.18 131 24.21
X 18 14 2.57 4 0.73

T classification∗
T1 +T2 910 466 85.82 444 81.62 — 0.115
T3 +T4 177 77 14.18 100 18.38
TX 3 2 0.37 1 0.18
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Table 3: Continued.

Parameters Variables N
MAL2 mRNA expression

χ2 P value
High (%) Low (%)

M classification
M0 900 472 86.61 428 78.53 12.83 0.002
M1 22 10 1.83 12 2.20
MX 168 63 11.56 105 19.27

N classification∗
N0 484 233 43.15 251 46.4 — 0.399

N1 +N2 +N3 597 307 56.85 290 53.6
NX 9 5 0.92 4 0.73

ER status
Negative 236 103 19.92 133 25.38 5.47 0.065
Positive 805 414 80.08 391 74.62
Unknown 49 28 5.14 21 3.85

PR status
Negative 343 166 32.11 177 33.97 0.73 0.694
Positive 695 351 67.89 344 66.03
Unknown 52 28 5.14 24 4.4

HER2 status
Negative 559 282 76.01 277 78.92 2.51 0.285
Positive 163 89 23.99 74 21.08
Unknown 368 174 31.93 194 35.6

Vital status Living 941 453 83.12 488 89.54 8.99 0.003
Deceased 149 92 16.88 57 10.46

ER, estrogen receptor; HER2, human epidermal growth factor receptor-2; PR, progesterone receptor. Note. Bold values indicate statistically significant
P< 0.05. ∗means Fisher’s test.
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Figure 4: Continued.
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Figure 4: Continued.
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4. Discussion

Breast cancer is the dominating cause of cancer-related
mortality among females worldwide. With the rapid devel-
opment of genomics and molecular biology, identifying the
crucial biomarkers for the diagnosis and treatment of breast
cancer has become an important research tendency. Recently,
numerous research studies showed that MAL2 could be a
promising biomarker in various solid tumors. Jennifer et al.
showed that MAL2 was increased in ovarian carcinoma, and
the overexpression of D52, the binding partner of MAL2, was
linked to low overall survival in breast cancer [13]. Chen et al.
found that MAL2 was utilized to distinguish pancreatic ductal
adenocarcinoma from chronic pancreatitis [26]. Also, the
high expression of MAL2 contributed to the short survival
time and high distant metastasis rate of postoperative pan-
creatic cancer patients [8]. Besides, it was reported that MAL2
expression increased in colon cancer tissues and lymph nodes
with metastasis with high accuracy and specificity in the
diagnosis of colon cancer [10].

As for breast cancer, previous studies showed that MAL2
could induce proliferation and invasion of breast cancer cell
lines by adjusting the epithelial-mesenchymal transition
[12]. MAL2 was also proved to promote immune evasion by
suppressing tumor antigen presentation in breast cancer
[11]. However, a further study about the correlation between
MAL2 and breast cancer was needed. Here, we conducted
this study to consider further the significance of MAL2
expression in the prognosis of breast cancer.

Our study proved the value of MAL2 in breast cancer.
MAL2 was upregulated significantly in breast cancer based
on the results of the Oncomine and TCGA database ana-
lyses. Furthermore, the RT-qPCR outcome verified the high
expression of MAL2 in breast cancer, which coincides with
the results of the bioinformatics assay and previous studies
in other tumors. Moreover, MAL2 expression was correlated
with the prognosis of breast cancer. MAL2 could be a po-
tential biomarker for breast cancer.

In clinical factors’ analysis, MAL2 expression was found
to be associated with vital status, ER, PR status, and M
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Figure 4: Survival analysis of MAL2 expression in terms of overall survival. Kaplan—Meier survival curve analysis of all tumors (a),
subgroup analysis of old patients (b), clinical stage I/II and III/IV (c and d), subgroup analysis of Tclassification (T1/T2 and T3/T4) (e and f),
patients with lymphatic invasion (g), patients with nondistant metastasis (h), and patients with ER-, PR-, and HER2-positive status (i—k,
respectively).

Table 4: Univariate and multivariate analyses of overall survival in breast cancer.

Parameter
Univariate analysis Multivariate analysis

Hazard ratio 95% CI P value Hazard ratio 95% CI P value

Age (≥40/<40) 1.564 0.568 0.387 1.871 0.672 0.230
–4.306 –5.205

Stage (III + IV/I + II)
1.745 1.376–2.212 <0.001 1.473 1.032 0.033

—
2.102

T classification (T3 +T4/T1 +T2) 1.595 1.220–2.084 0.001 1.394 0.993–1.956 0.055
N classification (N1 +N2 +N3/N0) 1.675 1.023–2.742 0.040 0.992 0.542–1.816 0.979
M classification (M1/M0) 7.873 3.378–18.351 <0.001 3.093 1.215–7.878 0.018
Estrogen receptor (positive/negative) 0.612 0.369–1.015 0.057 0.506 0.220–1.160 0.107
Progesterone receptor (positive/negative) 0.748 0.465–1.205 0.233 0.932 0.425–2.047 0.862
HER2 (positive/negative) 1.553 0.914–2.638 0.104 1.256 0.723–2.180 0.419
MAL2 (high/low) 1.626 1.012–2.612 0.045 1.792 1.093–2.937 0.021
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Figure 5: Forest plot for Cox proportional hazards model of overall survival in breast cancer.
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Figure 6: Continued.

10 Evidence-Based Complementary and Alternative Medicine



classification. ,e MAL2 level of dead patients was higher
than that of alive patients, implying that patients with high
MAL2 expression were more aggressive. Additionally, pa-
tients without metastasis had a higher MAL2 expression level

than patients with metastasis, and high MAL2 expression was
associated with ER- and HER2-positive patients.

Both the chi-square test and multivariate analysis
showed that MAL2 expression is associated with stage andM
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Figure 6: Enrichment plots of GSEA in breast cancer with a high-MAL2-expression phenotype. GSEA results showed that MYC targets V1
(a), mTORC1 signaling pathway (b), E2F targets (c), mitotic spindle (d), G2M checkpoint (e), UA response (f ), peroxisome (g), oocyte
meiosis (h), spliceosome (i), cell cycle (j), insulin signaling pathway (k), and ubiquitin-mediated proteolysis (l) were enriched in high MAL2
expression in breast cancer.
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classification. In our study, breast cancer patients with high
expression had shorter overall survival. In the multivariate
model, stage, M classification, and MAL2 expression were

significantly related to OS (all P< 0.05), especially high
MAL2 expression, advanced breast cancer patients, and
those with distant metastasis. ,is finding may serve as a

Table 5: Gene sets enriched in high-MAL2-expression phenotype.

MSigDB collection Name ES NES NOM P value FDR q-value

h.all. v7.4.symbols.gmt

HALLMARK_MYC_TARGETS_V1 0.809 2.089 <0.001 0.002
HALLMARK_MTORC1_SIGNALING 0.734 2.012 0.002 0.007

HALLMARK_E2F_TARGETS 0.866 1.964 0.000 0.011
HALLMARK_MITOTIC_SPINDLE 0.751 1.948 0.004 0.010
HALLMARK_G2M_CHECKPOINT 0.609 1.941 0.010 0.010
HALLMARK_UV_RESPONSE_UP 0.618 1.724 0.018 0.049

HALLMARK_PEROXISOME 0.545 1.581 0.035 0.113

c2.cp.kegg.v7.4.symbols.gmt

KEGG_OOCYTE_MEIOSIS 0.728 2.039 <0.001 0.011
KEGG_SPLICEOSOME 0.755 1.974 0.004 0.011
KEGG_CELL_CYCLE 0.785 1.940 0.002 0.010

KEGG_INSULIN_SIGNALING_PATHWAY 0.574 1.725 0.015 0.051
KEGG_UBIQUITIN_MEDIATED_PROTEOLYSIS 0.575 1.681 0.047 0.055

FDR, false discovery rate; ES, enrichment score; NES, normalized enrichment score; NOM, nominal. Notes: |NES| > 1, FDR q-value < 0.25, and NOM-P value
< 0.05 were considered significantly different.

Activated CD4 T cell
Memory B cell

Central memory CD8 T cell
Type 2 T helper cell

MDSC
Effector memory CD4 T cell

Activated CD8 T cell
Gamma delta T cell
Natural killer T cell

Type 17 T helper cell
Neutrophil

Central memory CD4 T cell
Regulatory T cell

Activated B cell
CD56bright natural killer cell

Mast cell
Natural killer T cell
Type 1 T helper cell

Effector memory CD8 T cell
T follicular helper cell

Macrophage
Monocyte

Plasmacytoid dendritic cell
Eosinophil

–0.4 –0.3 –0.2 0
cor

0.2 0.3

0.004
0.003
0.002
0.001

p-value

0.1
0.2
0.3

abs(cor)

(a)

0.40

0.35

0.30

0.25

–4 0
MAL2 (log2(TPM))

4 8

Pl
as

m
ac

yt
oi

d 
de

nd
rit

ic
 ce

ll 
(N

ES
)

n = 1211, r = –0.33 (spearman), p.value<0.001

(b)

0.1

0

–0.1

–0.2

–4 0 4 8

n = 1211, r = –0.38 (spearman), p.value<0.001

MAL2 (log(TPM))

Eo
sin

op
hi

l (
N

ES
)

(c)

**** ****

Eosinophil

–0.25

0

0.25

0.50

Plasmacytoid dendritic cell
Cell Type

Ab
un

da
nc

e o
f c

el
l i

nf
ilt

ra
tio

n

Adjacent
Tumor

(d)

Figure 7: Association analysis of MAL2 gene expression and immune infiltration: (a) association analysis between MAL2 expression and
immune cells; (b) association analysis of MAL2 expression with immune infiltration levels of eosinophils; (c) association analysis of MAL2
expression with immune infiltration levels of plasmacytoid dendritic cells; and (d) abundance of cell infiltration of eosinophils and
plasmacytoid dendritic cells in breast cancer.
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basis for the proper selection of specific and personalized
treatment for breast cancer. Moreover, we found that MAL2
was an independent prognostic factor and might become a
biomarker for breast cancer.

To identify the biological function of MAL2 in breast
cancer, we used GSEA analysis to predict the pathway as-
sociated with MAL2. MYC target V1, mTORC1 signaling
pathway, and E2F targets were closely related to the pro-
gression of breast cancer.

,e high-MAL2-expression phenotype was associated
with the activated MYC targets v1 and E2F targets v1 gene
sets based on the enrichment score. MYC, a prominent gene
in MYC targets v1 gene set, is common in aggressive tumors
and contributes to cancer development [27, 28]. Also, MYC
gene is overexpressed in triple-negative breast cancer and
targeting the gene provides a new treatment [29]. Schulze’s
study showed that high MYC Targets v1 enrichment scores
were associated with high mutation load, increased infil-
tration of pro-and anticancerous immune cells, tumor ag-
gressiveness, and poor prognosis of ER-positive cancer [30].

Besides, the E2F transcription factors are downstream
effectors of the retinoblastoma protein (pRB) pathway,
which is essential to regulate numerous genes essential for
DNA replication and cell cycle progression [31]. A previous
study showed that E2F transcription factors played key roles
in mediating tumor development and metastasis for
knockout E2F, leading to the decreased tumor angiogenesis
and metastatic capacity of breast cancer. E2Fs could control
the expression of genes critical to angiogenesis, remodeling
the extracellular matrix, tumor cell survival, and tumor cell
interactions with vascular endothelial cells that boost breast
cancer metastasis to the lungs [32]. Furthermore, the E2F
enrichment score is a marker of breast cancer aggressiveness
and predicts the responsiveness of ER-positive/HER2-neg-
ative patients to neoadjuvant chemotherapy [33]. Similar
research also found that ER-dependent E2F transcription
enhanced endocrine resistance in breast cancer [34]. Taken
together, speculated high MAL2 expression might be as-
sociated with proliferation, metastasis, and prognosis of
breast cancer by regulating the genes in these two gene sets.

We finally identified the relationship between the in-
filtrating level of immune cells and MAL2 using ssGSEA.
Interestingly, MAL2 expression was found to be significantly
associated with the negatively infiltrating level of eosinophils
and plasmacytoid dendritic cells.

A prior study showed eosinophil infiltration was con-
sidered a favorable prognosis in breast cancer [35]. In addition,
a previous study indicated that low baseline eosinophil count
was related to a higher recurrence rate in 419 patients diag-
nosed with breast cancer [36]. Similar results could be found in
recent studies. Low blood eosinophilic relative count was
associated with a worse prognosis in 930 breast cancer patients
[37]. Moreover, there was a positive correlation between
eosinophilic relative counts and both pathological complete
remission and survival rate in triple-negative and hormone
receptor-negative/HER2-positive breast cancer patients [38].

As for plasmacytoid dendritic cells, it was reported
that the proportion of plasmacytoid dendritic cells in
triple-negative breast cancer was higher than other

subtypes of breast cancer [39]. Besides, high plasmacytoid
dendritic cells in triple-negative breast cancer were bound
up with a favorable immune response and predicted better
survival in 2968 breast cancer patients [39]. Interestingly,
in the present study, we found the overexpression of
MAL2 was significantly associated with the low infil-
trating level of eosinophilic relative counts and plasma-
cytoid dendritic cells. Interestingly, in the present study,
we found that the high MAL2 expression level had a
significantly negative correlation with the infiltrating level
of eosinophils and plasmacytoid dendritic cells. More-
over, high MAL2 expression was associated with poor OS
in patients with breast cancer. Since high eosinophils and
plasmacytoid dendritic cells predicted better breast cancer
survival in previous research, we speculate that high-
expressed MAL2 might impact the eosinophils and
plasmacytoid dendritic cells, which triggered a disad-
vantageous immune response, leading to poor prognosis
in breast cancer.

To the best of our knowledge, this is the first research
further analyzing the relationship between MAL2 ex-
pression and clinical features and immune infiltration.
MAL2 expression may be an independent predictor of a
poor disease survival prognosis in breast cancer patients.
However, there are a few shortcomings in this study. ,e
sample size included in the experimental validation part
was small. And the collected breast cancer tissues were
fresh samples, which could not be followed up according
to the prognosis of the patients. Besides, further studies
are needed to explore the mechanism of MAL2 in breast
cancer.

5. Conclusion

In conclusion, our study showedMAL2 expression increased
markedly in breast cancer patients and was related to overall
survival. MAL2 might be a novel prognostic biomarker of
breast cancer. Moreover, high MAL2 expression correlates
with reduced immune infiltration of eosinophils and plas-
macytoid dendritic cells in breast cancer. However, further
studies are warranted to verify the value of MAL2 in breast
cancer prognosis evaluation.
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Diabetes mellitus is a metabolic disease that predominates, nowadays. It causes hyperglycemia and consequently major health
complications. Type II diabetes is the most common form and is a result of insulin resistance in the target tissues. To treat this
disease, several mechanisms have been proposed.+emost direct route is via inhibiting the intestinal enzymes, e.g., α-glucosidase
and α-amylase, responsible for intestinal polysaccharide digestion that therefore would reduce the absorption of monosugars
through the intestinal walls. In this study, we shed the light on this route by testing the inhibitory effect of Ocimum basilicum
extract on the enzymes α-glucosidase and α-amylase in vitro and in silico. Experimental procedures were performed to test the
effect of the O. basilicum methanol extract from aerial parts followed by the in silico docking. 500 μg/mL of the extract led to
70.2%± 8.6 and 25.4%± 3.3 inhibition on α-glucosidase and α-amylase activity, respectively. Similarly, the effect of caffeic acid, a
major extract ingredient, was also tested, and it caused 42.7%± 3.0 and 47.1%± 4.0 inhibition for α-amylase and α-glucosidase,
respectively. Docking experiments were performed to predict the phytochemicals responsible for this robust inhibitory activity in
the O. basilicum extracts. Several compounds have shown variable levels of inhibition, e.g., caffeic acid, pyroglutamic acid, and
uvasol. +e results indicated that O. basilicum can be a potent antidiabetic drug.

1. Introduction

Diabetes mellitus (DM) is a metabolic disorder. It results from
the resistance to insulin or the reduced secretion of insulin. A
major consequence of this disorder is the distorted carbohy-
drate, fat, and protein metabolism and the increased levels of
serum glucose. +is would result in hyperglycemia and ele-
vated plasma LDL [1], which would cause damage in blood
vessels and consequently microvascular and macrovascular
disorders, including atherosclerosis, retinopathy, and ne-
phropathy. Weight loss, polyphagia, blurred vision, polyuria,
and polydipsia are additional complications [2]. +ese com-
plications are the major causes of mortality in patients with
diabetes [3]. Twomajor forms of diabetes predominate. In type
I diabetes, which has a low prevalence, the pancreatic β-cells
are labeled for destruction by the immune system, and insulin

levels are distorted [4, 5]. +e more common form, type II
diabetes mellitus (T2DM), mainly results from insulin re-
sistance in the target tissues [6]. A major consequence of this
insulin disorder is an imbalance in carbohydrate, fat, and
protein metabolism. Fasting plasma glucose levels, the
postprandial levels of plasma glucose, and hemoglobin A1C
levels are elevated to ≥7mM, ≥11mM, and 6.5%, respectively
[7]. Prolonged hyperglycemia leads to the destruction of
blood vessels and destruction in the heart, eyes, kidneys, and
nervous system [3].

To treat type I DM, several routes can be followed. +ese
include insulin replacement therapy and the transplantation of
pancreatic islets [8]. Type II DM can be treated with drugs that
act via different modes of actions. Some drugs target hepatic
enzymes involved in gluconeogenesis and glycogenolysis for
inhibition. Other drugs induce an increased production and
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secretion of insulin in the β-pancreatic cells. Even more, some
drugs act on enzymes of skeletal muscles and adipose tissues
and stimulate the two organs to increase blood glucose uptake
[9, 10]. Another route of action is via drugs that target the
inhibition of lipolysis, where imbalanced lipolysis is known to
induce the reduced secretion of insulin and consequently
hyperglycemia. Furthermore, abnormal lipolysis can result in
lipotoxicity, with the accumulation of toxic lipid metabolites
(ceramide, diacylglycerol, and fatty acyl CoA) in the liver,
muscle, adipose tissues, and pancreas [11]. Drugs that target
this side effect can relieve the injury and reduce the inflam-
mation [12]. Anti-inflammatory drugs can treat the compli-
cations of diabetes, including the inflammatory responses [13].
+e route for glycemic control under amicroscope in this work
introduces the inhibition of intestinal enzymes responsible for
intestinal polysaccharide digestion and consequently the ab-
sorption of absorbable sugar monomers through the intestinal
walls [14]. Examples include the mammalian α-glucosidase
and α-amylase competitive inhibitors [15]. Digestive enzymes
in the small intestine hydrolyze complex polysaccharides and
disaccharides into smaller fragments of monosaccharides. +e
inhibition of these enzymes directly prevents the escape of the
resulting monosaccharides to the bloodstream and the con-
sequent utilization by the liver, muscle, and fat tissues.

Several antidiabetic drugs are confined by their limited
action and pharmacokinetic influence and have side effects,
e.g., biguanides and sulfonylurea. Traditional medicine
utilizes herbal-based remedies by about 80% of the world’s
population. Herbal-derived active compounds or chemically
modified herbal phytochemicals are used to produce safer
pharmaceutically active drugs [16, 17]. Indeed, many plant
extracts have shown antidiabetic effects in in vitro experi-
ments, in animal test models, and in clinical trials. [17].

Ocimum basilicum is among one of the antidiabetic
herbs [18]. +e genus Ocimum belongs to the family
Lamiaceae [19]. A number of species of Ocimum are used to
treat different types of diseases, mainly the species Ocimum
basilicum, also known as sweet basil—an herbaceous, pe-
rennial plant used in traditional medicine and also an or-
namental plant [20, 21]. A number of virulent metabolites
exist in this species that have strong action against diseases
[22, 23]. It has a wide range of pharmacological activities,
much as the antimicrobial effect. +is was seen against
Aspergillus ochraceus [24] for extracts from the hairy root of
O. basilicum against species such as P. aeruginosa strains,
A. rhizogenes, P. fluorescens, X. campestris, and E. carotovora
[25] and for the leaf extract against E. coli and Staphylococcus
aureus [26].+e essential oil extract fromO. basilicum leaves
showed an insecticidal activity against larval stages of Culex
tritaeniorhynchus, Aedes albopictus, and Anopheles subpictus
[27, 28]. O. basilicum contains several active antioxidant
compounds, e.g., polyphenoid rosmarinic acid, a derivative
of cinnamic acid [29]. Extracts from Ocimum basilicum
aerial parts have robust anti-inflammatory activity against
macrophages and human primary chondrocytes [30]. Ex-
tracts of Ocimum basilicum aerial parts have also shown
antiplatelet activity through inhibiting ADP-induced platelet
aggregation [31], anticonvulsant activity [32], and antith-
rombotic activity [33]. O. basilicum extract significantly

showed antihyperlipidemic effects and could lower both
plasma triglycerides (TG) and cholesterol in rats [31].
Ocimum basilicum aerial extracts (methanol, hexane, and
dichloromethane) reported recently to augment glucose
transporter-4 (GLUT4) translocation to the muscle plasma
membrane in vitro and thus enhance glucose uptake [18].

α-Glucosidase (α-glucosidase, EC 3.2.1.20) is a carbo-
hydrate hydrolase that breaks down terminal nonreducing
(alpha-1⟶ 4)-linkage to release α-glucose residues. Two
families of α-glucosidase are examined so far according to
the primary structure [34]. +e gene coding for human
lysosomal α-glucosidase is about 20 kb long, and the
structure for the protein it codes for has been resolved [35].
+e Trp-516 and Asp-518 residues are crucial for the en-
zyme’s catalytic functionality [36]. It was found that the
conformation of the enzyme’s active site is less stable than
the whole enzyme conformation [37]. Deficiency in α-glu-
cosidase may result in several disorders, e.g., Pompe disease
or glycogen storage disease type II [38].

α-Amylase (α-amylase, EC 3.2.1.1) is an enzyme that hy-
drolyses alpha bonds of polysaccharides, such as starch and
glycogen, to produce glucose and maltose. At least, two major
forms of amylase are found in humans. Salivary α-amylase
breaks starch into maltose and dextrin. +e pancreatic α-am-
ylase digests sugars in the diet to small saccharides such as
maltose for the uptake in the small intestine on reaching the
duodenum. Pancreatic α-amylase was discovered to bind with
N-linked oligosaccharides of glycoproteins, which regulates the
activities of glycoproteins related to the blood glucose level
[39, 40]. +ree α-amylase genes, AMY1 (the salivary α-amylase
gene), AMY2A, and AMY2B (pancreatic α-amylase genes),
form a cluster on chromosome 1 P21, with a pairwise sequence
homology of 93%–94% [41, 42].

A number of distinct protein domains make up α-am-
ylases: +e catalytic domain has an eight-stranded alpha/
beta barrel containing the active site, an ∼70-amino acid
calcium-binding domain protrudes in the catalytic domain
between alpha helix 3 and beta strand 3, and a Greek key
beta-barrel domain is the carboxyl terminal. [43–46].
Acarbose is a complex oligosaccharide that serves as an oral
inhibitor of α-glucosidase and α-amylase in the treatment of
T2DM [47].

+e progress in drug discovery has bloomed hugely now-
adays. Chemoinformatics is used to scan hundreds of plausible
protein ligands. One method for screening is the ligand-based
approach.With the escalating number of resolved crystal
structures, modeling for the binding of ligands to the target
proteins can be configured. Docking is a structure-based
method that acts at the atomic resolution for the screening of
robust ligand-protein interactions, including the calculation for
ligand position, orientation, inhibition constants, and binding
affinities. In this study, we examined the inhibitory effect of
methanol O. basilicum extract on α-glucosidase and α-amylase
in vitro and in silico.

2. Materials and Methods

2.1. Preparation of Plant Material. +e selected plants were
extracted according to Kadan et al. [18] with methanol. 10 g

2 Evidence-Based Complementary and Alternative Medicine



of grounded OB was packed in the thimble of the Soxhlet
apparatus and were extracted with 150mL of methanol
(MeOH) and then refluxed for 24 h to give a dark green
extract. +e yield of the extract was 1.05 g (10.5%). Super-
natants obtained from the extract were passed through a
0.2 μm filter and stored in aliquots at −80°C for further
experimental work.

2.2. α-Amylase InhibitoryMethod. +e pancreatic α-amylase
inhibition assay was performed according to Adisakwattana
et al. [48] using acarbose as a positive control. Porcine
pancreatic α-amylase (4 units/mL) was dissolved in 0.1M
sodium phosphate buffer, pH 6.9.

+e plant extract, caffeic acid, or acarbose as a positive
control of different dilutions was preincubated with 250 μL
of the enzyme solution at 37°C for 10min. +e reaction was
initiated by adding 500 μL of the substrate solution (1%
starch in 0.1M sodium phosphate buffer, pH 6.9). After
5min of incubation, the reaction was stopped by adding
1mL of 96mM 3,5-dinitrosalicylic acid solution to the re-
action mixture. +e mixtures were heated at 100°C for
10min in order to stop the reaction and then cooled to room
temperature in a cold water bath. Subsequently, the reaction
mixtures were diluted 10 times with distilled water. +e
absorbance was recorded at 540 nm using a spectropho-
tometer. +e α-amylase inhibitory potential was calculated
utilizing the following equation:

I(%) �
ABSblank − ABStest􏼂 􏼃

ABSblank􏼂 􏼃
∗ 100%, (1)

where I (%) is the α-amylase inhibitory percentage.

2.3. Intestinal α-Glucosidase Inhibitory Method. +e as-
sessment of intestinal α-glucosidase inhibitory activity was
performed according to Kim et al. [49], with a slight
modification. +e reaction mixture consisting of plant ex-
tract, caffeic acid, or acarbose as a positive control at varying
concentrations was premixed with 100 μL of 0.1M sodium
phosphate buffer, pH 6.9. 15 μL of α-glucosidase (0.1 unit/
μL) was added and preincubated at 37°C for 10min. +e
reaction mixture was set to 750 μL with distilled water. +e
reaction was initiated by adding 250 μL of 20mM p-nitro-
phenyl α-D-glucopyranoside and further incubated for
10min. +e reaction was terminated by the addition of
100 μL of 0.1MNa2CO3.+e amount of released product (p-
nitrophenol) was measured at 405 nm using a spectrometer.

+e intestinal α-glucosidase enzyme inhibitory potential
was measured utilizing the following equation:

I(%) �
ABSblank − ABStest􏼂 􏼃

ABSblank􏼂 􏼃
∗ 100%, (2)

where I (%) is the α-glucosidase inhibitory percentage.

2.4. Docking Experiments. Input PDB files were prepared for
the natural compounds that were extracted fromO. basilicum,
including caffeic acid. +e SMILES structures of the

compounds were retrieved from the systemic IUPAC struc-
tures [50] and then converted to the PDB form using theOpen
Babel server [51]. +ese compounds were docked against the
apo forms for the structures of the α-glucosidase enzyme
(PDB: 5KZW) and the α-amylase enzyme (PDB: 1C8Q) with
the AutoDock program, version 4.2 [52]. In each docking
experiment, the receptor protein was kept rigid. Protein polar
hydrogen atoms were added, and the input files were prepared
using AutoDock tools [52]. Docking was performed within
parallel rectangular boxes of 126×126×126 Å dimensions.
+e center of the grid was placed at the center of the mass of
the original protein receptor in its apo form in crystal
structures. A total of 20 independent docking runs were
carried out for each compound against each of the enzymes
starting from random positions. +e PDB files were extracted
and evaluated for the best-ranked fit of the enzyme-ligand
interaction for each of the ligands.

3. Results

We have recently reported the phytochemical analysis of
O. basilicum [18] with the objective to identify more po-
tential antidiabetic active compounds (and test their po-
tency in inhibiting carbohydrates digestive enzymes); the
methanol O. basilicum extract from dried aerial parts was
tested herein in vitro and in situ. +e potential inhibitory
effect of the extract on α-amylase and α-glucosidase was
examined as described in the Materials and Methods
section. Similarly, caffeic acid (as a major compound in the
extract and one that displayed in situ inhibition) inhibitory
effect was also tested.

+e in vitro antidiabetic activities of O. basilicum
methanol extract and for caffeic acid were investigated by the
assessment of their pancreatic α-amylase and intestinal
α-glucosidase inhibitory effects. Acarbose was used as a
standard inhibitory drug. +e results revealed that
O. basilicum extract inhibited α-glucosidase in a dose-de-
pendent manner and the IC50 value was 160± 10 μg/mL
(Figure 1(a) and Table 1). Caffeic acid also inhibited
α-glucosidase in a dose-dependent manner, and the IC50
value was 1.05± 0.25mM (Figure 1(b) and Table 1).

O. basilicum inhibited also α-amylase yet at less potency
compared with its inhibition to α-glucosidase. 500 μg/mL of
O. basilicum extract inhibited α-amylase by only 25.4%± 3.3
(Figure 2(a)). Caffeic acid inhibited α-amylase in a dose-
dependent manner and led to 42.7%± 3.0 inhibition at 1mM
(Figure 2(b)).

Results for the docking experiments met well with the in
vitro evaluation. Phytochemicals screened in the extract
from OB were tested for their binding affinities, inhibition
constants, and the root mean square deviation (RMSD)
values for the ligand structure upon docking from the
reference one. +ree compounds showed potent inhibition
to both α-glucosidase and α-amylase: beta-sitosterol fol-
lowed by 4,7-dimethoxyindan-1-one and then caffeic acid
(Tables 2 and 3). Weak nonpolar contacts accounted for
most of the interactions at the binding interface, with few
polar contacts seen as hydrogen bonding between the ligand
and the indicated amino acid residues (Figure 3).
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Other potent inhibitors also existed that showed only an
inhibitory effect against α-glucosidase but not α-amylase:
E-isoeugenol (Ki � 22.33 μM) followed by linalool
(Ki � 78.91 μM), beta-D-glucopyranoside,5-methyl-2-1-
methylethyl-phenyl (Ki � 86.74 μM), and finally uvasol
(Ki � 118.93 μM) in a descending order with respect to their
inhibition constants (Figure 4). +is might explain why the
extract had more potent effect on the enzyme α-glucosidase
than the α-amylase enzyme in the in vitro experiments.
Indeed, the inhibition constants for the common inhibitory
phytochemicals had very similar effects.

Pyroglutamic acid existed in both inhibitor lists for
α-glucosidase and α-amylase, but the inhibition was pre-
dicted to be weak when compared with other phytochem-
icals (Ki � 298.88 μM, 276.50 μM for α-glucosidase and
α-amylase, respectively, see Figure 3).

4. Discussion

O. basilicum has been reported as a potential antidiabetic
herb, yet the action mechanisms and the potential antidi-
abetic compounds in O. basilicum that inhibit intestinal

digestive enzymes were not discussed and some were not
identified. Here, O. basilicum methanol extract and one of
the major compounds, i.e., caffeic acid inhibited α-amylase
and α-glucosidase in a dose-dependent manner. Docking
experiments were undertaken to understand the mechanism
by which the O. basilicum extracts would inhibit the two
enzymes. Phytochemicals in the O. basilicum extract were
screened for their inhibitory potency, binding interface, and
structural fluctuations. +e number of inhibitors that were
predicted to work against α-glucosidase was twofold more
than those inhibiting α-amylase (8 active phytochemicals for
α-glucosidase vs 4 active phytochemicals for α-amylase).
Still, the inhibition level of the four common phytochemicals
was comparable for the two enzymes. +is would justify the
higher inhibition levels for α-glucosidase when compared
with α-amylase in vitro. +e deviations from the reference
structure (the RMSD values) were highly reasonable for all
plausible inhibitors. Of the four common inhibitors, the
binding interface for caffeic acid and pyroglutamic acid
showed more polar contacts than beta-sitosterol and 4,7-
dimethoxyindan-1-one. +us, more polarity did not con-
tribute to a more stable binding interface and the binding
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Figure 1: Effects ofO. basilicum (a) and caffeic acid (b) on intestinal α-glucosidase. Values represent the mean± SEM of three experiments.
+e t-test of statistical calculations was conducted using SPSS, version 23.0. ∗p< 0.05, which is considered significant as compared with
controls.

Table 1: +e IC50 values of O. basilicum and caffeic acid for intestinal α-glucosidase and α-amylase.

O. basilicum Caffeic acid
α-Glucosidase 160± 10 μg/mL 1.05± 0.25mM
α-Amylase >500 μg/mL >1mM
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Figure 2: Effects of Ocimum basilicum (a) and caffeic acid (b) on pancreatic α-amylase. Values represent the mean± SEM of three
experiments. +e t-test of statistical calculations was conducted using SPSS, version 23.0. ∗p< 0.05, which is considered significant as
compared with controls.
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Table 2: Binding free energies, inhibition constants, and the RMSD values calculated by AutoDock for ligand binding to α-glucosidase.

OB phytochemical AutoDock binding free energy
(kcal/mol)

AutoDock inhibition
constant (Ki)

RMSD for the ligand from the
reference structure (Å)

2-Hydroxymethyl-6-3,4,5-trihydroxy-2-
hydroxymethyl −3.37 3.36mM 11.463

3,3-Dihydroxyacrylic acid −3.33 3.61mM 15.571
4,7-Dimethoxyindan-1-one −5.79 56.88 μM 8.094
Alpha-hydroxyhydrocaffeic acid −4.29 721.41 μM 7.700
Alpha-linolenic acid −4.74 337.32 μM 9.710
Arabinitol −1.35 102.52mM 49.393
Beta-D-galactofuranose −4.19 853.24 μM 6.313
Beta-D-glucopyranoside,5-methyl-2-1-
methylethyl-phenyl −5.54 86.74 μM 12.272

Beta-D-ribofuranose −3.64 2.16mM 26.731
Beta-sitosterol −7.93 1.53 μM 30.109
Caffeic acid −5.45 100.99 μM 10.935
Cyanuric acid −4.66 382.74 μM 14.773
D-Xylopyranose −3.88 1.42mM 28.285
D-Xylose −2.26 22.04mM 23.337
E-but-2-ene-1-4-diol −3.79 1.67mM 9.428
E-Isoeugenol −6.35 22.33 μM 10.075
Glucopyranose −2.97 6.70mM 6.426
Hydroquinone −4.55 461.18 μM 8.566
Inositol −4.48 520.07 μM 38.863
Linalool −5.60 78.91 μM 48.561
Linoleic acid −3.46 2.91mM 17.302
Mannitol −3.26 4.05mM 9.698
Palmitic acid −3.91 1.35mM 59.142
Pentane-1,2,5-triol −3.23 4.26mM 49.447
Pyroglutamic acid −4.81 298.88 μM 16.630
Talose −2.91 7.34mM 6.730
Uvasol −5.35 118.93 μM 45.174
Glycerol −1.11 152.58mM —
L-Valine −2.93 7.10mM —
Succinate −3.77 1.71mM —
1reitol −1.58 69.02mM —
Urea −2.96 6.82mM —

Table 3: Binding free energies, inhibition constants, and the RMSD values calculated by AutoDock for ligand binding to α-amylase.

OB phytochemical AutoDock binding free
energy (kcal/mol)

AutoDock inhibition
constant (Ki)

RMSD for the ligand from the
reference structure (Å)

2-Hydroxymethyl-6-3,4,5-trihydroxy-2-
hydroxymethyl −3.26 4.09mM 45.065

3,3-Dihydroxyacrylic acid −3.99 1.20mM 56.124
4,7-Dimethoxyindan-1-one −5.77 59.10 μM 44.384
Alpha-hydroxyhydrocaffeic acid −4.67 379.57 μM 64.753
Alpha-linolenic acid −4.03 1.11mM 50.314
Arabinitol −2.05 31.56mM 41.922
Beta-D-galactofuranose −3.52 2.61mM 48.439
Beta-D-glucopyranoside,5-methyl-2-1-
methylethyl-phenyl −4.02 1.14mM 44.414

Beta-D-ribofuranose −3.35 3.48mM 44.547
Beta-sitosterol −8.38 719.79 nm 48.783
Caffeic acid −5.25 140.92 μM 68.360
Cyanuric acid −4.79 310.58 μM 81.408
D-Xylopyranose −3.48 2.83mM 45.736
D-Xylose −2.48 15.29mM 70.312
E-but-2-ene-1-4-diol −4.30 708.76 μM 39.448
E-Isoeugenol −4.64 397.34 μM 48.923
Glucopyranose −3.80 1.65mM 46.170
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Table 3: Continued.

OB phytochemical AutoDock binding free
energy (kcal/mol)

AutoDock inhibition
constant (Ki)

RMSD for the ligand from the
reference structure (Å)

Hydroquinone −4.13 933.22 μM 44.919
Inositol −3.78 1.68mM 90.688
Linalool −4.13 933.83 μM 53.531
Linoleic acid −3.75 1.77mM 79.184
Mannitol −2.41 17.08mM 44.479
Palmitic acid −4.02 1.13mM 57.625
Pentane-1,2,5-triol −2.99 6.45mM 36.675
Pyroglutamic acid −4.85 276.50 μM 58.241
Talose −2.43 16.69mM 64.498
Uvasol −4.39 603.30 μM 45.065
Glycerol −1.35 102.76mM —
L-Valine −2.47 15.48mM —
Succinate −4.00 1.16mM —
1reitol −0.80 259.66mM —
Urea −2.68 10.78mM —

(1) (2)

(3) (4)

(a)

(2)

(3) (4)

(1)

(b)

Figure 3: Binding interface between plausible inhibitors and (a) the α-glucosidase enzymes: (1) beta-sitosterol, (2) 4,7-dimethoxyindan-1-
one, (3) caffeic acid, and (4) pyroglutamic acid; and (b) the α-amylase enzymes: (1) beta-sitosterol, (2) 4,7-dimethoxyindan-1-one, (3) caffeic
acid, and (4) pyroglutamic acid. All amino acids that are within 5Ǻ from the ligand are shown as sticks.+e rest of the protein is shown in an
80% transparent cartoon model. Polar contacts are shown in yellow, whereas other possible contacts are in blue.+e green ball in label (1) of
subpart 3(b) refers to a chloride ion near the active site.
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free energy as the hydrophobic contacts did. On the other
hand, the four inhibitors unique to α-glucosidase (E iso-
eugenol, linalool, beta-D-glucopyranoside,5-methyl-2-1-
methylethyl-phenyl, and uvasol) showed a good hydrophilic
interface with the surrounding amino acid residues and the
coordinating water molecules.

Previous works suggested that glucosidase inhibitors and
amylase inhibitors are a class of compounds that help
controlling diabetes by diminishing the absorption of glu-
cose from the intestine [53]. Some research also suggested
that the water/methanol extract of food materials displayed
the antidiabetic activity against amylase and glucosidase
[54, 55].+ese results provide intense rationale for further in
vivo study and drug identification.
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Two new stilbene derivatives, named strebluses C and D, were isolated from the EtOAc-soluble fraction of the stems of Streblus
ilicifolius (Moraceae). Its absolute configuration was elucidated based on NMR spectroscopic data interpretation and optical
rotation calculation. Streblus C possesses strong tyrosinase inhibitory activity with an IC50 value of 0.01 μM. Docking studies of 1
and 2with oxy-tyrosinase were carried out to analyze their interactions.(e analysis of the docked poses confirmed that 1 showed
better binding affinity for oxy-tyrosinase than that of 2.

1. Introduction

Tyrosinase (EC 1.14.18.1), which is a binuclear copper-
containing monooxygenase, is a key enzyme in the oxidation
of phenol to the corresponding o-quinone [1, 2]. It plays a
main factor causing freckles, brown age spots, and melasma.
Some commercial compounds, such as hydroquinone,
arbutin, kojic acid, azelaic acid, L-ascorbic acid, ellagic acid,
and tranexamic acid, were reported as the well-known ty-
rosinase inhibitors.(ese compounds have been used as skin
whitening agents in cosmetic products, but they have certain
drawbacks [3]. (us, the finding of the new efficient and safe
tyrosinase inhibitors is necessary for antihyperpigmentation
product development.

Streblus ilicifolius (Vidal) Corner, which belongs to
Moraceae family, was found and cultivated in Vietnam. Its
barks have been traditionally used as an antipimple medi-
cine. In a few published studies, some phenolic compounds
have been reported in this plant [4–7]. In our continued
studies on the screening of medicinal plants for tyrosinase
inhibitory activity [8–12], it was found that a MeOH-soluble
extract of the stems of Streblus ilicifolius showed a strong
inhibitory effect, with an IC50 value of 0.63 μg·mL−1. (us,

our study on chemical constituents of the stems of
S. ilicifolius was carried out, leading to the isolation of two
undescribed stilbene derivatives, strebluses C (1) and D (2).
Compound 1 showed a strong tyrosinase inhibitory activity
with an IC50 value of 0.01 μM, which makes it 4400 times
more potent than that of kojic acid (IC50, 44.6 μM). In
addition, molecular docking studies of 1 and 2 with the oxy-
form of the copper-bound Streptomyces castaneoglobisporus
tyrosinase were performed.

2. Materials and Methods

2.1. General Experimental Procedures. Optical values were
measured on a Shimadzu UV-1800 spectrophotometer
(Shimadzu Pte., Ltd., Singapore). IR spectra were measured
with a Shimadzu IR-408 infrared spectrometer (Shimadzu
Pte., Ltd., Singapore). NMR spectra were acquired on a
Bruker Avance III 500 spectrometer (Bruker BioSpin AG,
Bangkok, (ailand). Chemical shifts are expressed as δ
values. HRESIMS data were acquired on Bruker micrOTOF-
QII mass spectrometer (Bruker Singapore Pte., Ltd., Sin-
gapore). Column chromatography was carried out using
silica gel 60, 0.06–0.2mm (Scharlau, Barcelona, Spain), and

Hindawi
Evidence-Based Complementary and Alternative Medicine
Volume 2021, Article ID 5561176, 7 pages
https://doi.org/10.1155/2021/5561176

mailto:nttmai@hcmus.edu.vn
https://orcid.org/0000-0001-5142-4573
https://orcid.org/0000-0002-4989-9315
https://orcid.org/0000-0001-8447-8367
https://orcid.org/0000-0001-8538-7539
https://orcid.org/0000-0001-9623-2858
https://orcid.org/0000-0002-1106-9287
https://orcid.org/0000-0001-8006-4028
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5561176


LiChroprep RP-18, 40−63 μm (Merck KGaA, Darmstadt,
Germany). Kieselgel 60 F254 or RP-18 F254 plates for TLC
were purchased from Merck (Merck KGaA, Darmstadt,
Germany). Tyrosinase (EC 1.14.18.1) from mushroom
(3933U·mL−1) and L-dihydroxyphenylalanine (L-DOPA)
were obtained from Sigma-Aldrich (Sigma-Aldrich Pte Ltd,
Singapore). Other chemicals were of the highest grade
available.

2.2. Plant Material. (e stems of Streblus ilicifolius were
collected at Hoai Nhon District, Binh Dinh Province,
Vietnam, in October 2017. (e plant was identified by Dr.
rer. nat. Anh Tuan Dang-Le, Faculty of Biology and Bio-
technology, University of Science, Ho Chi Minh City,
Vietnam. A voucher sample (MCE0052) has been deposited
at the Department of Medicinal Chemistry, Faculty of
Chemistry, University of Science, Ho Chi Minh City,
Vietnam.

2.2.1. Extraction and Isolation. (e dried powdered stems of
S. ilicifolius (7.0 kg) were exhaustively extracted in a Soxhlet
extractor with n-hexane, EtOAc, and MeOH to yield n-
hexane-(64.8 g), EtOAc-(117.2 g), and MeOH-(378.0 g)
soluble fractions, respectively. (e EtOAc-soluble fraction
was chromatographed by silica gel column chromatography
(15×150 cm) and eluted with MeOH–CHCl3 (v/v, 0 :
100⟶100 : 0) mixtures to afford 18 fractions (Fr.1−Fr.18).
Fraction Fr.8 (0.8 g) was separated by silica gel column
chromatography with MeOH–CHCl3 (v/v, 0 :100⟶ 30 :
70) mixtures to obtain six subfractions (Fr.8.1−Fr.8.6).
Subfraction Fr.8.1 (34.8mg) was loaded onto a silica gel
column and eluted with EtOAc−CHCl3 mixtures (v/v, 0 :
100⟶100 : 0) and then purified by preparative TLC with
an EtOAc−CHCl3 mixture (v/v, 15 : 85) to afford compound
2 (2.0mg). Fraction Fr.14 (19.6 g) was subjected to further
silica gel column chromatography and was eluted with
CHCl3–n-hexane (v/v, 0 :100⟶100 : 0) mixtures to yield
11 subfractions (Fr.14.1−Fr.14.11). Subfraction Fr.14.2
(69.0mg) was chromatographed over a silica gel column
with CHCl3–n-hexane (v/v, 0 :100⟶100 : 0) mixtures to
obtain two subfractions (Fr.14.2.1 and Fr.14.2.2). Subfraction
Fr.14.2.2 (28.1mg) was again chromatographed with
CHCl3–n-hexane (v/v, 0 :100⟶100 : 0) mixtures to give
four subfractions (Fr.14.2.2.1−Fr.14.2.2.4). Subfraction
Fr.14.2.2.3 (8.5mg) was purified by preparative TLC with
EtOAc−n-hexane (v/v, 20 : 80) mixture to afford 1 (3.9mg).

2.2.2. Streblus C (1). Yellow, amorphous powder; 1H and
13C NMR (500MHz, acetone-d6, see Table 1 and
Figures S2–S7); HRESIMS m/z 393.1704 [M+Na]+
(Figure S8) (calcd for C22H26O5Na, 393.1678).

2.2.3. Streblus D (2) (Figures S9–S15). Yellow, amorphous
powder; 1H and 13C NMR (500MHz, acetone-d6, see Table 1
and Figures S8–S14); HRESIMS m/z 351.1224 [M+Na]+
(Figure S15) (calcd for C19H20O5Na, 351.1208).

2.3. Tyrosinase Inhibitory Assay. All pure compounds were
dissolved in DMSO and tested at concentrations ranging
from 0.01 to 100 μM. Assay mixtures in 0.1M phosphate
buffer pH 6.8 were prepared immediately before use, con-
sisting of 100 μL of tyrosinase solution (15U/mL) and
1900 μL of test solution. (ese mixtures were preincubated
at 32°C for 30min, followed by addition of 1000 μL of L-
DOPA 1.5mM in pH 6.8 phosphate buffer, and incubated at
32°C for 7min. (e absorbance (A) at 475 nm was acquired
on Shimadzu UV-1800 spectrophotometer. (e inhibitory
percentage (I%) was calculated according to the formula: I
%� [(Acontrol −Asample)/Acontrol]× 100%. Data were repre-
sented as means± standard error (n� 3). (e IC50 values
were determined by using GraphPad Prism software with
multivariate nonlinear regression and R2> 0.9. Kojic acid
was used as positive control.

2.4. HPLC Data of the EtOAc-Soluble Fraction from
S. ilicifolius. (e concentrations of the EtOAc-soluble
fraction and streblus C (1) were approximately 12,000 ppm
and 200 ppm, respectively. (e detection wavelength was set
at 385 nm. An Agilent Zorbax SB-C18 column
(150× 4.6× 5mm) was used with a flow rate of 1mL/min.
(e injection volume was 10Μl, and the column temper-
ature was maintained at 30°C. (e mixtures of water and
ACN were used as the mobile phase with gradient elution
(20⟶ 40% ACN for 30min).

2.5. Optical Rotation Calculation. (e conformational
searches were performed on Spartan’18 (Wave function,
Inc., Irvine, USA) by using Merck molecular force field
(MMFF). All conformers with Boltzmann weight ˃10% were
optimized using DFTmethod at the B3LYP/6-31G∗ level in
the gas phase, to give the preferred conformers with the
Boltzmann weight >90%.(e optical rotation calculations at
sodium D line frequency were carried out using the B3LYP
functional and the 6-311++G(2d, 2p) basis set in IEFPCM
solvation model for methanol. (ese calculations were
performed on Gaussian 09 (Gaussian, Inc., Wallingford,
USA). (e calculated optical rotation values were expressed
as Boltzmann-weighted average of all output data.

2.6.Molecular Docking. Docking studies of 1 and 2, positive
reference (kojic acid), and decoy (hypoxanthine) were
performed with Molecular Operating Environment 2019
(MOE 2019.0102) suite (Chemical Computing Group ULC,
Montreal, Canada). (e structures of these compounds were
constructed by using the Builder module. Subsequently, all
compounds were minimized up to 0.0001 gradients using
the Amber12: EHT force field. (e crystal structure of the
oxy-tyrosinase was taken from the Protein Data Bank (PDB
ID :1WX2). (e caddie protein (ORF378) and water mol-
ecules were removed. (e enzyme structure was prepared
using the QuickPrep module. (e binding site was deter-
mined based on the Propensity for Ligand Binding (PLB)
score in the Site Finder module. (e molecular docking was
performed by Dock Module, using Triangle Matcher
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Placement, Induced Fit Refinement, London Dg, and GBVI/
WSA dG scoring methods. Five top poses showed up based
on the negative binding free energy value (S value). (e best
pose was selected to analyze the receptor–ligand interactions
by using BIOVIA Discovery Studio Visualizer 2016 (Das-
sault Systèmes Americas Corp., Waltham, USA).

3. Results and Discussion

3.1. Extraction and Isolation. (e dried powdered stems of
S. ilicifolius were exhaustively extracted in a Soxhlet ex-
tractor with n-hexane, EtOAc, and MeOH to yield the
corresponding fractions. (e EtOAc-soluble fraction was
repeatedly chromatographed using silica gel CC and pre-
parative TLC to obtain two undescribed stilbene derivatives,
strebluses C (1) and D (2) (Figure 1).

3.2. Structural Elucidation of Two New Isolated Compounds
from S. ilicifolius. Compound 1, streblus C, showed a mo-
lecular formula to be C22H26O5 based on the HRESIMS
sodium adduct ion at m/z 393.1704 [M+Na]+ (calcd for
C22H26O5Na, 393.1678). (e 1H NMR spectrum showed
signals for a 1,2,4-trisubstituted aromatic ring [δH 7.48 (d,
J� 8.5Hz, H-6), 6.46 (d, J� 2.4Hz, H-3), 6.42 (dd, J� 8.5,
2.4Hz, H-5), two trans-coupling olefinic protons [δH 7.40 (d,
J� 16.4Hz, H-α), 7.01 (d, J� 16.4Hz, H-β)], an α-olefinic
proton of α, β-unsaturated carbonyl group [δH 5.97 (d,
J� 2.0Hz, H-2′)], an oxymethine proton [δH 4.48 (dd,

J� 4.3, 1.6Hz, H-5′)], a prenyl group [δH 2.54 (dd, J� 14.4,
8.0Hz, H-1″a), 2.39 (dd, J� 14.4, 7.2Hz, H-1″b), 5.18 (brs,
H-2″), 1.68 (s, H3-4″), 1.63 (s, H3-5″)], two methyl groups
[δH 1.32 (s, H3-2‴), 1.18 (s, H3-3‴)], and a methylene group
[δH 3.19 (dd, J� 18.8, 1.6Hz, H2-6′a), 2.82 (ddd, J� 18.8, 4.3,
2.0Hz, H2-6′b)]. (e 13C NMR data (Table 1) exhibited
resonances for a keto-carbonyl (δC 199.2), six aromatic
carbons and six olefinic carbons [δC 103.6–160.8], an ace-
tonide group [δC 108.0, 27.8, 26.8], two oxygenated carbons
[δC 82.8, 77.3], two methylene carbons [δC 33.0, 27.4], and
two methyl carbons [δC 26.0, 18.1]. (e HMBC correlations
(Figure 2) from H-3 to C-1, C-2, and C-4, from H-5 to C-1
and C-4, fromH-6 to C-2 and C-4, fromH-α to C-2 and C-6,
and fromH-β to C-1, indicated that two hydroxy groups and
Cα-Cβ double bond located at C-2, C-4, and C-1, respec-
tively, of the 1,2,4-trisubstituted aromatic ring. (e presence
of the cyclohex-2-en-1-one 5,6-acetonide moiety in 1 was
established based on the observed HMBC correlations. (e
HMBC correlations from H-α to C-1′ and from H-β to C-1′
and C-2′ were supportive of the Cβ-C1′ linkage. In addition,
the prenyl group was determined to be located at C-4′ by the
HMBC correlations from H-1″ to C�O, C-4′, and C-5′ and
from H-5′ to C-1″. (erefore, 1 was suggested to be a
prenylated stilbene-like compound. (e difference in
chemical shifts of the methyl groups of the dimethylace-
tonide moiety in 1 is 0.14 ppm, which established the
presence of the cis-acetonide [13]. Moreover, it was un-
ambiguously confirmed based on the NOESY correlation
between H-5′ and H2-1″ (Figure 2). (e preferred

Table 1: 1H (500MHz) and 13C (125MHz) NMR data (acetone-d6) for compounds 1 and 2.

Position
1 2

δC, type C δH (J, Hz) δC, type C δH (J, Hz)
1 116.3, C 122.0, C
2 158.3, C 158.0, C
3 103.6, CH 6.46, d (2.4) 98.3, CH 7.00, d (2.1)
4 160.8, C 158.9, C
5 108.9, CH 6.42, dd (8.5, 2.4) 114.3, CH 6.87, dd (8.5, 2.1)
6 129.6, CH 7.48, d (8.5) 123.4, CH 7.52, d (8.5)
1′ 153.9, C 143.6, C
2′ 125.0, CH 5.97, d (2.0) 118.7, CH 6.48, d (2.1)
3′ 199.2, C�O 200.6, C�O
4′ 82.8, C 79.6, C
5′ 77.3, CH 4.48, dd (4.3, 1.6) 73.0, CH 4.27, dd (5.9, 2.7)

6′ 27.4, CH2
3.19, dd (18.8, 1.6)

2.82, ddd (18.8, 4.3, 2.0) 32.0, CH2
3.15, ddd (18.5, 5.9, 2.1)

3.08, dd (18.5, 2.7)
α 132.3, CH 7.40, d (16.4) 110.7, CH 7.31, s
β 126.4, CH 7.01, d (16.4) 153.2, C

1″ 33.0, CH2
2.54, dd (14.4, 8.0)
2.39, dd (14.4, 7.2) 35.3, CH2

2.47, dd (14.9, 7.7)
2.40, dd (14.9, 7.0)

2″ 118.1, CH 5.18, brs 118.8, CH 5.22, brt (7.3)
3″ 136.0, C 135.0, C
4″ 26.0, CH3 1.68, s 26.1, CH3 1.67, s
5″ 18.1, CH3 1.63, s 18.1, CH3 1.58, s
1‴ 108.0, C
2‴ 27.8, CH3 1.32, s
3‴ 26.8, CH3 1.18, s
4-OH 8.88, s
4′-OH 4.18, s
5′-OH 3.83, s
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conformations of the cis-(R, R)-acetonide 1 were generated
by the MM2 calculation using MMFF94 force field [14].
(ese conformers were reoptimized by DFT-B3LYP
method using basis set 6-31G∗, to obtain the most pre-
ferred conformer with 92.8% Boltzmann distribution
(Table S1). (e optical rotation value at sodium D line
frequency was computed using B3LYP/6-311++G(2d, 2p)
level with IEFPCM solvent model for methanol. (e large
basis set with diffuse functions such as 6-311++G(2d, 2p)
was applied to give very consistent results [15, 16]. (e
calculated [α]D value of (R,R)-acetonide 1 was −102.36,
compared with its experimental value [α]D: −101.7 (c 0.023,
MeOH). (us, a (R, R) absolute configuration was con-
cluded for streblus C (1).

A careful HPLC analysis of the EtOAc-soluble fraction
was accomplished, which revealed a peak at tR 20.766min in
the chromatogram in accord with that of 1 (tR 20.800min)
(Figure S1). (us, the presence of 1 in the EtOAc-soluble
fraction from S. ilicifolius was confirmed, and the possibility
of 1 being artifact could be ignored.

Compound 2, streblus D, showed a molecular formula
to be C19H20O5 based on the HRESIMS sodium adduct ion
at m/z 351.1224 [M+Na]+ (calcd for C19H20O5Na,
351.1208). (e 1H and 13C NMR data of 2 (Table 1) re-
sembled those of 1, except for the presence of the singlet
olefinic proton at δH 7.31 instead of two trans-coupling
olefinic protons in 1 and disappearance of the acetonide
group. Based on the 13C NMR data and observed HMBC
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correlations for 2 (Figure 2), the structure of 2 was
assigned as a benzofuran-type stilbene. (e NOESY
correlations between H-5′ and H2-1″ indicated the
presence of the cis-diol configuration. (e 3JH-5′/H-6′
coupling constants were 5.9 and 2.7 Hz, to suggest the
equatorial configuration of H-5′ [17], which was sup-
portive of the (R,R) or (S,S) absolute configurations for 2.
(e conformational search for (R,R)-2 was generated and
optimized to obtain six conformers with total Boltzmann
weight >90% (Table S1). (e Boltzmann-weighted cal-
culated [α]D value of (R,R)-2 was +301.74, compared with
its experimental value [α]D: −228.9 (c 0.002, MeOH).
(us, a (S, S) absolute configuration was concluded for
streblus D (2).

3.3.Tyrosinase InhibitoryActivityof IsolatedCompounds from
S. ilicifolius. Compounds 1 and 2 were tested for their ty-
rosinase inhibitory activities [18]. Kojic acid, a purported
skin lightening agent, was used as a positive control. Streblus
C (1) exhibited remarkable inhibitory effect with an IC50
value of 0.01 μM, which was 4400 times more potent than
that of kojic acid (IC50, 44.6 μM). Meanwhile, streblus D (2)
was inactive with an IC50 value> 100 μM.(ese results were
consistent with a previous report on the structure–activity
relationships of stilbene derivatives. Compound 1 having
2,4-resorcinol subunit contributed the most to inhibitory
activity [19]. In addition, the 2-arylbenzofuran derivatives
showed lower tyrosinase inhibitory activities than the cor-
responding stilbene derivatives, suggesting that the forma-
tion of the five-membered ring led to the loss of inhibitory
activity [20].

3.4.Docking Studies of Compounds 1 and 2. Tyrosinase is an
oxidase, which is represented as one of four possible
forms (deoxy-, oxy-, met-, and deact- forms) [21]. Oxy-
tyrosinase form oxidizes both phenols and catechols to

o-quinones. Herein, mushroom tyrosinase (EC 1.14.18.1)
plays the same role with respect to oxy-tyrosinase form.
Two bound Cu2+ ions bind to six histidine residues, and
the peroxide group is in the binding site of oxy-tyrosi-
nase, which has a role in the catalytic oxidation [22]. To
explore the strong inhibitory activity of 1 against ty-
rosinase, the molecular docking studies of 1 and 2, re-
spectively, with oxy-tyrosinase (PDB ID : 1WX2) were
carried out [23].

(e docking studies were performedwithMOE.(e top-
ranked pose with the highest negative binding free energy
value (S value) was selected for further interaction analysis
with Discovery Studio Visualizer. Following our previous in
silico study on tyrosinase inhibition, this docking procedure
was already validated based on the docking results of the
positive control (kojic acid) and the decoy (hypoxanthine)
[12].

In the binding site, compound 1 showed the H-donor
interaction between the C-4 hydroxy group and peroxide
bridge PER404, presenting the distances of 1.85 Å. (e
C-3′ carbonyl group formed the H-acceptor interaction
with ASN188 residue (Figure 3). (e aromatic ring
exhibited the π-π stacking interaction with HIS194 resi-
due localized in the active pocket. In addition, two
methyls of the acetonide group showed the π-σ interac-
tions with TRP184 residue. Compound 2 did not show any
interaction with the catalytic site (i.e., Cu2+ ions and
peroxide bridge), whereas kojic acid showed the inter-
actions with a Cu2+ ion, HIS194, and THR203 residues in
the binding site. (ree hydroxy groups of 2 interacted
with ASP45, ALA202, and MET201 residues via the
H-donor bonding. (e furan ring formed the π-π and π-σ
interactions with TRP184 and ILE42 residues, respec-
tively. (e S values and these interactions suggested that 1
showed high binding affinity for oxy-tyrosinase than that
of 2 (Table 2). (is result confirmed that the formation of
furan ring in 2 led to the loss of inhibitory activity.

(a) (b)

Figure 3: Docked pose of best ranked docking score of compounds 1 (a) and 2 (b).
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4. Conclusions

Two new stilbene derivatives were isolated from the stems of
S. ilicifolius. (eir structures were elucidated based on the
NMR spectroscopic interpretation and optical rotation cal-
culation. Compound 1 was found to possess strong tyrosinase
inhibitory activity with an IC50 value of 0.01 μM. Binding
interaction analyses between the isolated compounds (1 and
2) and oxy-tyrosinase active site have been performed.
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Although traditional Chinese medicine is effective and safe for the treatment of angiogenesis, the in vivo intervention mechanism
is diverse, complex, and largely unknown. ,erefore, we aimed to explore the active ingredients of traditional Chinese medicine
and their mechanisms of action against angiogenesis. Data on angiogenesis-related targets were collected from GeneCards,
,erapeutic Target Database, Online Mendelian Inheritance in Man, DrugBank, and DisGeNET. ,ese were matched to related
molecular compounds and ingredients in the traditional Chinese medicine system pharmacology platform. ,e data were
integrated and based on the condition of degree > 1, and relevant literature, target-compound, compound-medicine, and target-
compound-medicine networks were constructed using Cytoscape. Molecular docking was used to predict the predominant
binding combination of core targets and components. We obtained 79 targets for angiogenesis; 41 targets were matched to 3839
compounds, of which 110 compounds were selected owing to their high correlation with angiogenesis. Fifty-five combinations in
the network were obtained by molecular docking, among which PTGS2-astragalin (−9.18 kcal/mol), KDR-astragalin (−7.94 kcal/
mol), PTGS2-quercetin (−7.41 kcal/mol), and PTGS2-myricetin (−7.21 kcal/mol) were top. ,ese results indicated that the
selected potential core compounds have good binding activity with the core targets. Eighty new combinations were obtained from
the network, and the top combinations based on affinity were KDR-beta-carotene (−10.13 kcal/mol), MMP9-beta-sitosterol
(−8.04 kcal/mol), MMP9-astragalin (−7.82 kcal/mol), and MMP9-diosgenin (−7.51 kcal/mol). ,e core targets included PTGS2,
KDR, VEGFA, and MMP9. ,e essential components identified were astragalin, kaempferol, myricetin, quercetin, and
β-sitosterol. ,e crucial Chinese medicines identified included Polygoni Cuspidati Rhizoma et Radix,Morus alba Root Bark, and
Forsythiae Fructus. By systematically analysing the ingredients of traditional Chinese medicine and their targets, it is possible to
determine their potential mechanisms of action against pathological angiogenesis. Our study provides a basis for further research
and the development of new therapeutics for angiogenesis.

1. Introduction

John Hunter provided the first recorded scientific insights
into angiogenesis and coined the term angiogenesis in 1787
[1]. Folkman [2–6] proposed the role of angiogenesis in
tumour growth in 1971. He hypothesised that tumour
growth depends on angiogenesis to increase blood supply
and proposed stopping the blood supply from inhibiting

tumour growth, which subsequently initiated the field of
research on the relationship between angiogenesis and
diseases. Angiogenesis is the process of capillary sprouting
from preexisting vasculature, and it is highly induced by
hypoxia and other biological processes [5, 7]. ,e mecha-
nisms underlying angiogenesis can be divided into two
types. ,e first is sprouting angiogenesis, wherein vascular
endothelial cell growth factor (VEGF) stimulates tip cells in
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the original blood vessel network to induce vascular
sprouting [8, 9]. ,e second is intussusceptive angiogenesis,
which proceeds through transluminal tissue pillar formation
and subsequent vascular splitting to the expansion and
remodelling of microvascular networks [9–11].

Under normal circumstances, angiogenesis is a balance
between inhibiting and growth factors. If the functions of
either the inhibiting or growth factors are abnormal, it
presents as overgrowth, defect, or malformation. Angio-
genesis is essential for the growth and development of tu-
mour cells. Under hypoxic conditions, tumours stimulate
neovascularisation via the expression of growth factors such
as VEGF [12]. ,us, exploring the inhibition of angiogenesis
for the treatment of tumours has gained increased attention.
However, some studies have shown that using anti-
angiogenic agents can induce potential resistance mecha-
nisms such as autophagy, VEGF-dependent alterations,
non-VEGF pathways, and stromal cell interactions [13–17].
Tumour cells may become accustomed to hypoxia or nu-
trient deprivation or induce angiogenesis via other growth
factors [18, 19]. Such events can lead to higher survival levels
of the tumour cells. Moreover, some antiangiogenic agents
can cause side effects such as acne-like rash, hypertension,
and diarrhoea [20, 21].

Traditional Chinese medicine is valuable for the treatment
of various diseases, especially refractory diseases. More im-
portantly, some studies proved that traditional Chinese
medicine inhibits endothelial progenitor cells migration and
tube formation without any cytotoxic activity [22]. Coad-
ministration of traditional Chinese medicine and chemo-
therapy drugs could regulate angiogenesis, favour the delivery
of chemotherapy drugs to the tumour lesion, promote apo-
ptosis of tumour cells, enhance the effective treatment per-
formance of chemotherapy drugs, andminimize the toxic side
effects caused by chemotherapy drugs [23, 24]. ,erefore,
traditional Chinese medicine is more effective and safer in
treating diseases. Previously, we found that many herbal
extracts such as Epimedium brevicornu Maxim, Dalbergia
odorifera T. Chen, and Trichosanthes kirilowii Maxim can
regulate angiogenesis [25]. Cucurbitacin E, a compound in
herbal extracts, can inhibit tumour angiogenesis by inhibiting
vascular endothelial growth factor receptor 2- (KDR/
VEGFR2-) mediated Jak-STAT3 and mitogen-activated
protein kinase (MAPK) signalling pathways [26]. Astraga-
loside IV and curcumin can suppress the expression of fi-
broblast growth factor-2, matrix metalloproteinase 2, VEGF,
hepatocyte growth factor, thrombosis-related factor tissue
factor, and coagulation factor VII, thereby reducing the
microvessel count [27]. ,e above herbal studies focused on
single or several compounds related to angiogenesis. Nev-
ertheless, during treatment, multiple herbal compounds in-
teract or cross-react to regulate different targets and pathways.
,us, even though traditional Chinese medicine is safe for
clinical treatment, the in vivo intervention mechanism is
diverse, complex, and largely unknown.

Network pharmacology is a combination of pharma-
cology, biomedicine, systems biology, and network biology.
,rough various methods such as data mining, statistics, and
modelling information visualization to recognize

multicomponent synergy and assess each specific agent
combinations’ synergistic relationship [28–30], the mecha-
nism of drugs in the biological network was analysed as well
as determining which pathophysiological mechanisms are
involved in the disease [28]. In this study, the angiogenesis
targets were explored through network pharmacology, and
the corresponding compounds and herbs were matched.
Furthermore, the effect of herbal compounds on angio-
genesis and the intervention mechanism was demonstrated.
,e findings of this study are expected to provide insights
into the development of novel therapeutics for angiogenesis.
,e detailed workflow of the investigation is shown in
Figure 1.

2. Materials and Methods

2.1.Collection ofData regardingAngiogenesis-RelatedTargets.
Data were collected from GeneCards (https://www.
genecards.org/) [31], ,erapeutic Target Database (TTD;
http://db.idrblab.net/ttd/) [32], Online Mendelian Inheri-
tance in Man (OMIM, https://omim.org) [33], DrugBank
(http://www.drugbank.ca) [34], and DisGeNET (http://
www.disgenet.org) [35]. ,e keyword used to search these
databases was “angiogenesis.” After sorting and removing
repeated targets, matching targets’ full name was established
using the UniProt database (https://www.uniprot.org/) [36].

2.2. Screening of Related Herbal Compounds. ,e targets
were used to match the compounds related to angiogenesis
in the Traditional Chinese Medicine Systems Pharmacology
Database and Analysis Platform (TCMSP; http://tcmspw.
com/) [37] and Encyclopedia of Traditional Chinese Med-
icine (ETCM; http://www.tcmip.cn/ETCM/index.php/
Home/Index/) [38]. ,e compounds and targets were im-
ported to Cytoscape version 3.8.1 (Institute for Systems
Biology, Seattle, WA, USA) [39] to construct a “target-
compound” network. After preliminary screening, the re-
lated compounds were verified through a literature review,
and the compounds closely related to diseases were screened
as related compounds.

2.3. Collection of Related Traditional Chinese Medicines and
Construction of a Target-Compound-Traditional Chinese
Medicine Network. By collecting the traditional Chinese
medicines related to compounds and constructing the
“compound-traditional Chinese medicine” network com-
bined with the “compound-target” network, the “target-
compound-traditional Chinese medicine” network was
constructed using Cytoscape 3.8.1 to explore and mine the
relationships within the network. Key nodes were found by
calculating the topological parameters of each node in the
network using NetworkAnalyzer to preliminarily evaluate
the effectiveness of traditional Chinese medicine and the
compounds on angiogenesis.

2.4. Statistics and Frequency Analysis of Traditional Chinese
Medicine Information. Information related to traditional
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Chinese medicine, including the four natures, five flavours,
and meridians, was collected from the Chinese Pharmaco-
poeia (2020 edition) [40], the 13th five-year plan textbook of
Traditional Chinese Medicine Pharmacy [41], and the
Chinese Dictionary of Clinical Drugs [42]. If the information
did not exist in these three documents, that medicine was
excluded. IBM SPSS Statistics 26.0 was used to perform
statistical tests and frequency analysis.

2.5.MolecularDocking forTargets andCompounds. To define
the reliability of the interaction relationship between the
core targets and core components in the “target-compound-
traditional Chinese medicine network” and explore the new
drug–target combinations, the top five targets with a
moderate value for target-compound-traditional Chinese
medicine were selected as receptors.,e crystal structures of
these proteins were selected and preserved in PDB format
from Biological Macromolecular Structures Enabling
Breakthroughs in Research and Education (RCSB; http://
www.rcsb.org/pdb/). ,e 3D structures of the candidate
compounds were downloaded and saved in SDF format
from PubChem (https://pubchem.ncbi.nlm.nih.gov/). ,ese
SDF files were converted to the PDB format using Open
Babel. ,e water molecules in the ligands were removed
using AutoDock Tools 1.5.6 (Molecular Graphics Lab, La
Jolla, CA, USA). After dispersing the ligands and receptors,
nonpolar hydrogen bonds were added, and Gasteiger
charges were calibrated and stored as pdbqt files. ,e se-
lected potential core ligands were treated with energy
minimisation, and the ligand atom type and calculated
charge were saved in the pdbqt format. AutoDock Vina 1.1.2
[43] was used to calculate the docking score between the

target and ligand to evaluate its matching degree and
docking activity. A docking score of less than −4.25 indi-
cated binding between the ligand and target. A score of less
than −5.0 indicated better binding activity, and a score of less
than −7.0 indicated vigorous docking activity. ,e ideal
combinations were selected according to the affinity value,
and the molecular docking pattern was displayed by
MOE2019.

3. Results

3.1. Target Acquisition. We obtained 4609 targets related to
angiogenesis from the GeneCards database. We identified
the targets with strong correlation by calculating the median
of their correlation coefficients because of the large number
of targets. After six calculations, the medians were 0.65, 1.39,
3.25, 4.96, 7.47, and 10.52, and 74 targets with higher
correlation coefficients were obtained. Furthermore, 5, 1, 0,
and 0 related targets were separately obtained from the TTD,
OMIM, DrugBank, and DisGeNET databases, respectively.
After removing duplicate values and standardising them
using the UniProt database, 79 angiogenesis targets were
finally acquired. Containing the target information from
TCMSP and ETCM databases were 49 and 4 target infor-
mation, respectively. However, four were duplicate targets,
and eight targets did not match any compound because the
databases did not have information on related ingredients.
,us, only 41 targets were matched with small-molecule
compounds and became potential targets. Table 1 shows the
targets with over ten corresponding compounds.

A total of 3839 small-molecule compounds were
matched with 41 potential targets to construct a target-
compound network consisting of 3440 nodes and 3839

Molecular docking mode

Potential core 
compounds

Target-compound-traditional 
Chinese medicine network

Target-compound 
network

Molecular docking

Angiogenesis

Figure 1: ,e workflow of the investigation.
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edges. Althoughmany small-molecule compounds showed a
match, some were less related to the target or were associated
with fewer studies. Hence, under the “Degree >1” condition,
the targets and compounds with a greater degree of inter-
action were screened out, resulting in 28 targets and 264
candidate compounds. ,ese were then screened through a
literature review for in vivo and in vitro activities. Finally,
110 compounds with research significance and 26 related
targets were determined; these were used to construct the
“target-compound” network (Figure 2), which contained
136 nodes and 370 edges.

3.2. Identification of Traditional Chinese Medicines and
Target-Compound-Chinese Medicine Network Construction.
A total of 447 Chinese medicines were obtained from 110
candidate compounds through database and literature
matching. A compound-Chinese medicine network was first
constructed according to the relationship between the
compounds and Chinese medicines, and it contained 594
nodes and 2240 edges. Based on the connections of the node,
the top nine Chinese medicines were Puerariae Flos (Ge
Hua), Ephedra Herba (Ma Huang), Ginkgo Folium (Yin
Xing Ye), Scutellariae Barbatae Herba (Ban Zhi Lian), Mori
Folium (Sang Ye), Forsythiae Fructus (Lian Qiao), Morus
alba Root Bark (Sang Bai Pi), Rosae Chinensis Flos (Yue Ji
Hua), and Oroxyli Semen (Mu Hu Die), which contain the
candidate compounds 15, 14, 14, 14, 13, 13, 13, 13, and 13,
respectively. ,rough the bridging effect of candidate
compounds, the targets of various Chinese medicines were
obtained. ,e top six Chinese medicines were Polygoni
Cuspidati Rhizoma et Radix (Hu Zhang), Morus alba Root
Bark (Sang Bai Pi), Smilacis Glabrae Rhizoma (Tu Fu Ling),
Rosae Chinensis Flos (Yue Ji Hua), Hippophae fructus (Sha
Ji), and Perilla frutescens (Zi Su), which contain compounds
22, 21, 21, 21, 20, and 20, respectively. ,erefore, it can be
inferred that these six Chinese medicines have a strong
regulatory effect on the development of angiogenesis. Fig-
ure 3 shows the top 15 candidate compounds of traditional
Chinese medicines based on the number of related targets
and the degree of a node in the compound-Chinesemedicine

network. According to a previous study, the median com-
pound degree value of the network was seven [44].
According to the three conditions of closeness centrality,
betweenness centrality, and compound degree value greater
than 20, there were 27 potential core compounds. ,e top
five ingredients were quercetin, ββ-sitosterol, kaempferol,
luteolin, and ursolic acid. ,e remaining potential core
compounds are shown in Table 2.

,e target-compound-traditional Chinese medicine
network was reconstructed by selecting traditional Chinese
medicines with a degree> 4. ,eir associated compounds
and targets were organised to display the relationships
among angiogenesis-related targets, compounds, and tra-
ditional Chinese medicines more intuitively (Figure 4).

3.3. Statistics and Frequency Analysis of Chinese Medicine
Information. Information regarding flavour, natures, and
meridian was collected and analysed for 413 traditional
Chinese medicines. ,e highest frequencies of the four
natures were warm and cold, accounting for 25.5% and
24.5%, respectively. Flavour analysis revealed that the most
predominant flavours were acrid and bitter, accounting for
28.9% and 27.6%, respectively. ,e highest-ranked merid-
ians related to angiogenesis were the liver, lungs, and
stomach, accounting for 20.8%, 16.7%, and 14.2%, respec-
tively. ,e results of the statistical analyses are shown in
Table 3 and Figure 5.

3.4. Molecular Docking. ,e 27 core potential compounds
were molecularly docked with five core targets, namely,
matrix metallopeptidase 9 (MMP9), VEGFR2, prostaglan-
din-endoperoxide synthase 2 (PTGS2), TP53, and vascular
endothelial growth factor A (VEGFA), and 135 sets of re-
ceptor-ligand docking results were obtained. Among the 135
receptor-ligand groups, 94 groups (69.63%) showed affinity
<−5, and 22 groups (16.30%) showed affinity <−7.

Among the 135 combinations, 55 combinations were
present in the target-compound network. Among these 55
combinations, the highest score for docking was observed
for PTGS2-astragalin (−9.18 kcal/mol), and the lowest

Table 1: Target’s information.

Number Gene UniProt number Protein
1 PTGS2 P35354 Prostaglandin G/H synthase 2
2 KDR P35968 Vascular endothelial growth factor receptor 2
3 VEGFA P15692 Vascular endothelial growth factor A
4 FGF1 P05230 Acidic fibroblast growth factor
5 TP53 P04637 Cellular tumour antigen p53
6 MMP9 P14780 Matrix metalloproteinase-9
7 AKT1 P31749 RAC-alpha serine/threonine-protein kinase
8 MMP2 P08253 72 kDa type IV collagenase
9 CXCL8 P10145 Interleukin-8
10 FGF2 P09038 Basic fibroblast growth factor
11 HIF1A Q16665 Hypoxia-inducible factor 1-alpha
12 TGFB1 P01137 Transforming growth factor beta-1
13 CCL2 P13500 C-C motif chemokine 2
14 NOS3 P29474 Nitric oxide synthase, endothelial
Identification of candidate compounds and target-compound network construction.
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docking score was observed for PTGS2-ursolic acid
(4.20 kcal/mol). ,e average of the above combinations was
−5.56 kcal/mol. ,is result indicates that the screened po-
tential core compounds may have better binding activity
with the core target and supports the reliability of drug-
target interactions in the target-compound network to a
certain extent.

Molecular docking results revealed 80 new combinations
outside the target-compound network. ,e more ideal
combinations outside the target-compound network were
KDR-beta-carotene (-10.13 kcal/mol), MMP9-beta-sitosterol
(−8.04 kcal/mol), MMP9-astragalin (−7.82 kcal/mol), and
MMP9-diosgenin (−7.51 kcal/mol). ,ere were 52 new
combinations with affinity <−5 kcal/mol, suggesting that they
all have good docking activity. ,e docking activity of these

four combinations exceeded that of most combinations in the
target-compound network; therefore, these are more likely to
have a strong drug-target relationship. ,ese docking results
can provide data for the experimental screening and design of
related Chinese medicines and ingredients in the future. ,e
results are shown in Figure 6.

Considering the ideal combination of the affinity value
of molecular docking and degree value of the target-
compound-drug network, nine more ideal combinations
were selected. ,eir docking conditions are displayed in
three-dimensional and two-dimensional molecular docking
patterns. Each ligand was embedded in the active pocket of
the target and interacted with multiple residues of the target
through hydrophobic interaction and hydrogen bond for-
mation (Figure 7).

GE HUA
MA HUANG

YIN XING YE
BAN ZHI LIAN

SANG YE
LIAN QIAO

SANG BAI PI
YUE JI HUA
MU HU DIE

SHA JI
HONG HUA

ZI SU
YIN YANG HUO

BO HE

0 3 6 9 12 15

15
14
14
14

13
13
13
13
13

12
12
12

11
11

Top 15 Chinese medicines based on the
degree of a node

0 2 4 6 8 10 12 14 16 18 20 22

HU ZHANG
SANG BAI PI
TU FU LING
YUE JI HUA

SHA JI
ZI SU

GE HUA
SHAN DOU GEN

BAI GUO DU
ZHONG JI

XUE TENG PI
PA YE YU

GAN ZI GOU
GU YE

22
21
21
21

20
20

19
19

18
18
18
18
18

17

Top 15 Chinese medicines based on the
number of targets

Figure 3: Number of candidate compounds and targets related to traditional Chinese medicines.

Figure 2: Target-compound network.

Evidence-Based Complementary and Alternative Medicine 5



4. Discussion

Angiogenesis is a complex process that requires the coor-
dinated regulation of several activating and inhibitory
pathways. It participates in developing many diseases, such
as cancers, atherosclerosis, rheumatoid arthritis, hepatitis,
and inflammation. ,ere are many factors involved in the

regulation of angiogenesis. As traditional Chinese medi-
cines, which have a curative effect in clinical treatment, are
applied in combination, they contain multiple components
and targets. ,erefore, elucidating the mechanism and ex-
ploring the potential components of traditional Chinese
medicines are of great significance in developing novel
drugs.

Table 2: Candidate compounds and targets information (degree> 20).

MolID CAS MolName Degree OB DL
MOL000098 117-39-5 Quercetin 201 46.43 0.28
MOL000358 83-46-5 Beta-sitosterol 192 36.91 0.75
MOL000422 520-18-3 Kaempferol 136 41.88 0.24
MOL000675 112-80-1 Oleic acid 120 33.13 0.14
MOL000006 491-70-3 Luteolin 99 36.16 0.25
MOL000511 77-52-1 Ursolic acid 88 16.77 0.75
MOL000008 520-36-5 Apigenin 87 23.06 0.21
MOL000114 121-34-6 Vanillic acid 86 35.47 0.04
MOL000305 143-07-7 Lauric acid 69 23.59 0.04
MOL000513 149-91-7 3,4,5-Trihydroxybenzoic acid (Gallic acid) 57 31.69 0.04
MOL000908 515-13-9 Beta-elemene 51 25.63 0.06
MOL000771 501-98-4 p-Coumaric acid 48 43.29 0.04
MOL000635 121-33-5 Vanillin 48 52.00 0.03
MOL000561 480-10-4 Astragalin 39 14.03 0.74
MOL000472 518-82-1 Emodin 37 24.40 0.24
MOL002850 128-37-0 Butylated hydroxytoluene 35 40.0 0.07
MOL002773 7235-40-7 Beta-carotene 34 37.18 0.58
MOL001801 69-72-7 Salicylic acid 30 32.13 0.03
MOL000874 552-41-0 Paeonol 30 28.79 0.04
MOL000481 446-72-0 Genistein 26 17.93 0.21
MOL000421 59-67-6 Nicotinic acid 25 47.65 0.02
MOL002008 529-44-2 Myricetin 25 13.75 0.31
MOL004328 67604-48-2 Naringenin 24 59.29 0.21
MOL001689 480-44-4 Acacetin 23 34.97 0.24
MOL012744 501-36-0 Resveratrol 23 19.07 0.11
MOL001002 476-66-4 Ellagic acid 21 43.06 0.43
MOL000546 512-04-9 Diosgenin 20 80.88 0.81

Figure 4: Target-compound-traditional Chinese medicine network.,e diamond-shaped nodes represent Chinese medicine, the triangular
nodes represent the ingredients, and the V-shaped nodes represent the target. ,e icon size of each node is positively correlated with its
degree value.
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4.1. Target. According to the target-compound network
screening results, the top scores were obtained for PTGS2,
KDR, VEGFA, and MMP9. ,e primary role of PTGS2 in
angiogenesis is to induce the synthesis of individual pros-
tanoids such as PGD2, PGE2, PGF2a, PGI2, and TXA2.
Prostaglandin (PG) can boost VEGF production in a
paracrine, intracrine, or autocrine manner. Moreover,
VEGF stimulates PTGS2 expression, thereby triggering PG
production. ,is, in turn, increases the levels of PGs and
stimulates the expression of angiogenic factors such as
VEGF and bFGF [45]. VEGF expression is regulated by
many factors such as epidermal growth factor, hypoxia-
inducible factor (HIF), and platelet-derived growth factor

(PDGF). During angiogenesis, VEGF signalling regulates the
activities of several kinases through VEGFR2 and guides the
proliferation, migration, and survival of cells.

An increased number of endothelial cells, both tip and
stalk cells, is a significant feature of vascular proliferation.
Endothelial tip cells are induced by VEGF gradients and
promote the formation of filopodia. ,e molecular regula-
tion of these events occurs via the activation of Notch
signalling and increased expression of Notch ligands on
endothelial cells. A high level of Notch signalling can de-
crease VEGFR2 expression. Physiological homeostasis re-
quires this negative feedback loop [46]. One crucial event
implicated in the migration and proliferation of vascular
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Figure 5: Channel entry of traditional Chinese medicine regulating angiogenesis.

Table 3: Natures and flavours of traditional Chinese medicine regulating angiogenesis.

Four natures Frequency Percentage Five flavours Frequency Percentage
Warm 103 25.5 Acrid 160 28.9
Cold 99 24.5 Bitter 153 27.6
Neutral 84 20.8 Sweet 139 25.1
Slightly cold 49 12.1 Sour 27 4.9
Cool 34 8.4 Astringent 25 4.5
Slightly warm 23 5.7 Slightly bitter 22 4
Hot 10 2.5 Salty 12 2.2
Great cold 1 0.2 Bland 9 1.6
Great hot 1 0.2 Slightly acrid 3 0.5

Slightly sweet 3 0.5
Slightly sour 1 0.2
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endothelial cells is the proteolytic degradation of basement
membranes and extracellular matrix (ECM) components by
matrix metalloproteinases (MMPs) [47]. ,e secretion of
MMPs allows endothelial cells to penetrate their underlying
basement membrane and eliminate the contact inhibition
that blocks endothelial cell proliferation [48]. ,e gene
expression of MMPs may stimulate the production and
secretion of major proangiogenic factors such as VEGF and
fibroblast growth factor-2, which promote angiogenesis
[48–50]. MMP9 cleaves ECM proteins and activates cyto-
kines and chemokines to regulate tissue remodelling [51]. In
the intracardiac injection experiment, the injected ECM-
derived substance promoted cell attachment, migration, and
proliferation, induced extracellular signal-regulated kinase
(ERK) 1/2 activation, and promoted arteriogenesis [50]. In
summary, the above targets play an essential role in regu-
lating angiogenesis, and they are the preferred targets for
traditional Chinese medicine intervention in angiogenesis.

4.2. Ingredients. Molecular docking showed that the com-
ponents that bind well to the targets are astragaloside,
kaempferol, myricetin, quercetin, and β-sitosterol. Astragalin
suppresses interleukin-1β- (IL-1β-) induced inflammatory
mediators by activating peroxisome proliferator-activated
receptor-c, which subsequently inhibits IL-1β-induced
nuclear factor- (NF-) κB and MAPK activation [52]. NF-
κB subunit p65 activates the transcription of HIF-1α and
its target gene VEGF-A. Regulating HIF-1α via NF-κB
activation can contribute to angiogenesis [53]. Kaemp-
ferol is an antioxidant that reduces reactive oxygen species
(ROS) metabolism by inhibiting the NF-κB pathway and

upregulation of the associated transcriptional pathway [54].
ROS regulate angiogenesis via two different mechanisms: the
HIF-VEGF/VEGFR2 signalling pathway and the VEGF-
independent mechanism involving the generation of lipid
oxidation products [55]. Endothelial nitric oxide synthase
(eNOS) plays an essential role in regulating cell migration
activities and vascular permeability [56]. Myricetin and
quercetin inhibit thioredoxin reductase (TrxR) in an
NADPH- and concentration-dependent manner [57]. TrxR
is a part of the thioredoxin (Trx) system, including Trx and
NADPH [58]. ,is system plays essential roles in regulating
cellular redox signalling and contributes to the regulation of
VEGF-mediated signalling [59–61]. For example, Trx1, in
endothelial cells, prevents von Hippel-Lindau-mediated
degradation of the transcription factor HIF1, leading to the
induction of VEGF expression [62]. ,e action mechanism
of myricetin and quercetin in angiogenesis is not yet well
understood, but it may be related to the Trx system. β-si-
tosterol administration was reported to reduce the expres-
sion of chemokines and the activity of MMP2 and MMP9
[63]. In summary, the above components of traditional
Chinese medicine can be investigated for intervention in
angiogenesis.

4.3. Chinese Medicine. An experiment using umbilical vein
endothelial cells demonstrated that angiogenesis could be
regulated by the extract of Polygoni Cuspidati Rhizoma et
Radix via the inhibition of the phosphorylation of down-
stream signalling molecules such as ERK, Akt, and eNOS by
VEGF/VEGFR2 [64]. ,ese molecules can regulate endo-
thelial cell survival, proliferation, andmigration [65, 66].,e
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Figure 6: Molecular docking results.

8 Evidence-Based Complementary and Alternative Medicine



c1

c2

f1

f2

i1

i2

b1

b2

e1

e2

h1

h2

a1

a2

d1

d2

g1

g2
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extract of Morus alba Root Bark inhibits the proliferation
and migration of vascular smooth muscle cells induced by
PDGF. It stimulates the formation of nitric oxide (NO) in
endothelial cells [67]. NO is a vital gaseous signalling
molecule that participates in the growth and remodelling of
essential biochemical and molecular reactions necessary for
regulating angiogenesis. ,e NO-induced activation of
soluble guanylate cyclase increases cyclic guanosine
monophosphate formation and protein kinase G activity to
modulate signalling cascades by phosphorylation MAPKs,
which successively phosphorylate and activate downstream
proteins such as ERK1/2 [68,69]. ,ese events regulate the
proliferation and migration of endothelial cells, resulting in
angiogenesis. Forsythiae Fructus aqueous extract triggers the
inhibition of oxidative stress and inflammation via the
MAPKs/Nrf2/HO-1 signalling pathway and inhibits cancer
cell proliferation and angiogenesis [70].

Traditional Chinese medicines can be classified based on
the four natures, five flavours, and meridians. Information
about these factors can be related to efficacy and utility in a
clinical setting [71]. In this study, the most prevalent natures
were found to be warm and cold. According to Chapter 74 of
the Zhizhenyao Dalunpian: Discussion on the Most Im-
portant and Abstruse ,eory - Plain Questions, which de-
scribes the rules of using traditional Chinese medicine in
treatment, diseases caused by cold are treated with warm-
natured therapy, and heat syndromes are treated with cold-
natured therapy.

,e core function of warm is to activate blood, replenish
qi, and prevent the inhibition of water. It is usually used in
treating yang deficiency or problems in fluid transformation
such as heart failure. In some studies, it is shown that the
extract of the warm-natured drugs such as Allicin [72] and
astragaloside IV [73], through regulating sarcoplasmic re-
ticulum Ca2+ pump, improved the distribution and ex-
pression of PECAM-1, enhanced the migration and
angiogenesis ability of cardiac microvascular endothelial
cells, promoted angiogenesis, protected myocardial ische-
mia, inhibited cardiac hypertrophy and fibrosis, and reduced
myocardial cell apoptosis. ,e primary function of cold is
heat-clearing, detoxicating, and draining fire. It inhibited the
release of inflammatory factors to treat the diseases caused
by inflammation [74] such as cancer. Some extracts of the
cold-natured drugs such as tetrandrine [75], artemisinin
[76], and andrographolide [77] inhibited endothelial cell
proliferation, adhesion, invasion, and tube formation by
targeting vascular endothelial growth factor and blocking
angiogenesis and invasion of cancer cells

Moreover, the highest-ranked flavours were acrid, bitter,
and sweet. Acrid promotes diffusion and outthrust with
dissipation—it is favourable for treating blood-stasis,
blockage, and accumulations, such as ischemic stroke and
cancer. Galangin and tetramethylpyrazine were extracted
and isolated from traditional Chinese medicine with acrid
flavours. Galangin ameliorated neurological scores, cerebral
infarct volume, and cerebral edema through improving the
neurovascular microenvironment [78]. Tetramethylpyrazine
restrains angiogenesis by suppressing the ERK1/2 and Akt
pathways and promotes apoptosis of tumour cells [24].

Furthermore, the bitter flavour and cold-natured drugs
exerted a similar effect on draining fire, but the bitterness
was better to dry dampness and drain fire downward. It also
has an excellent therapeutic effect on diseases caused by
inflammation. ,e primary function of sweet is to supple-
ment and harmonize the centre and relax tension. It is
appropriate for patients who are in pain and asthenia. Under
the Chinese medicine theory, diabetic retinopathy was often
classified as the pattern of dual vacuity of qi and yin and was
influential in treating diabetic retinopathy by boosting qi
and nourishing, clearing heat, and breeding body fluids [79].
Plantaginis semen belongs to the extract of sweet medicinals,
which ameliorated diabetic retinopathy through increasing
vascular permeability and retinal vessel diameter and re-
strained retinal vascular dilation [80].

,e theory of channel tropism posits that medicines have
selective therapeutic effects in different Zang-fu organs. ,is
study shows that the top twomeridians related to the studied
traditional medicines were the liver and lungs. ,e liver is a
crucial organ that regulates blood, including its storage,
filtration, and bleeding. In contrast, the lungs control the qi
and are intimately related to the qi of the chest. ,ey also
play an essential role in the blood and qi movement in
circulation in the body. ,us, the liver and lungs closely
collaborate in regulating the qi and blood. Because of the
above, it can be presumed that impaired angiogenesis,
according to the basic theory of Chinese medicine, is as-
sociated with the failure of the liver and lungs to perform
their functions. Qi stagnation and blood stasis cause poor
circulation of blood, which leads to the collection of water-
humour, with the stagnant qi being transformed into heat.
,erefore, traditional Chinese medicine’s fundamental
treatment principles are to warm the yang, rectify the qi, and
activate the blood. In cases of long-time ailment, efforts
should be made to eliminate dampness and clear heat.

5. Conclusions

In this study, we used network pharmacology to identify
proteins related to angiogenesis through databases and
documentation. Also, we constructed a target-compound-
traditional Chinese medicine network, which was explored
and analysed for the potential compounds and mechanisms
of traditional Chinese medicine that participated in an-
giogenesis. ,e findings of this study can effectively narrow
the scope of screening, improve scientific research efficiency,
and reduce economic costs in the research of therapeutic
agents to treat angiogenesis. However, this study is pre-
liminary and is based on database analysis; therefore, it does
not fully demonstrate the actual situation or verify the
participation of traditional Chinese medicine in angiogen-
esis in vivo. ,e specific molecular mechanism still needs to
be explored through subsequent experimental research.
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Parkinson’s disease is a common neurodegenerative disorder marked by the accumulation of the protein alpha synuclein. Studies
have indicated the role of prolyl oligopeptidase (POP), a serine protease, in alpha synuclein accumulation. -erefore, POP
emerges as an attractive medicinal target. Traditionally, most of the early medicines have been plant-based owing to their ready
availability and negligible side effects. Alkaloids owing to their neurotransmitter modulatory, anti-amyloid, anti-oxidant, and
anti-inflammatory activities have shown potential in neurodegenerative disease. In this work, we computationally evaluated
alkaloid class of phytochemicals for their therapeutic efficacy against POP. Alkaloids were retrieved from the publically available
database, Chemical Entities of Biological Interest (ChEBI), and screened for their drug likeness (Lipinski’s rule of 5) and ab-
sorption, distribution, metabolism, and excretion, and toxicity (ADMET) in Discovery Studio by ensuring parameters suitable for
a central nervous system disease such as blood-brain barrier (BBB) level set to ≤2, absorption level set to 0 and solubility level
permitted set to 2, 3, or 4. Next, molecular docking was performed to learn about the affinity of the filtered alkaloids with the POP.
Subsequently, molecular dynamic simulations were conducted to assess the reliability and stability of the alkaloid-protein
complex. Our study identified metergoline, pipercallosine, celacinnine, lobeline, cystodytin G, lycoperine A, hookerianamide J,
and martefragin A as putative lead compounds against POP. Among these, metergoline, pipercallosine, hookerianamide J, and
lobeline showed the most promising results. -ese compounds demonstrated better or equivalent molecular docking scores in
comparison to three POP inhibitors that had reached clinical trials, i.e., Z-321, S-17092, and JTP-4819. MD simulations indicated
that these compounds remained intact at the active site while adhering to the binding mode and interaction patterns as that of the
reported inhibitors. -e research conducted here, therefore, provides evidence for conducting in vitro POP inhibitory studies of
these newly identified plant-based POP inhibitors.

1. Introduction

Parkinson’s disease (PD) is a chronic and progressive neuro-
degenerative central nervous system (CNS) disorder. Affected
individuals experience difficulty in walking, tremors, stiffness
in limbs, or impaired balance (https://www.ninds.nih.gov/
disorders/patient-caregiver-education/hope-through-research/
parkinsons-disease-hope-through-research, last accessed De-
cember 20, 2019). Largely an age-related disease, PD can be
either sporadic or genetic. It is characterized by the presence of
Lewy bodies which are clusters of alpha synuclein and other

proteins [1]. In 2008, research done by Brandt et al. indicated
that prolyl oligopeptidase (POP) stimulates the aggregation of
alpha synuclein [2]. Also, Hannula and colleagues identified
that POP generally co-localizes with alpha synuclein and this
interaction is stronger in PD brains [3]. -erefore, POP
emerges as an attractive pharmacological target.

POP (also known as PREP or prolyl endopeptidase; EC
3.4.21.26) is a large 80KDa intracellular enzyme belonging
to serine protease family. It is capable of cleaving peptides
shorter than 30 amino acids after a proline residue [4]. POP
is majorly expressed in brain areas populated with
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neuropeptide receptors [5] and influences CNS-related ac-
tivities like memory, learning, and mood responses [6, 7].

POP in entirety assumes a cylindrical shape and is
comprised of two domains: peptidase or catalytic domain
(residues 1–72 and 428–710) containing the alpha/beta
hydrolase fold, and a 7-bladed β-propeller domain (residues
73–427) containing seven-fold repeat of four stranded an-
tiparallel β sheets. -e catalytic triad consisting of Ser554,
His680, and Asp641 is found at the interface of these do-
mains. Several sub-sites form part of active site: the S1
specificity pocket comprises Phe476, Asn555, Val580,
Trp595, Tyr599, and Val644 residues thus forming a hy-
drophobic environment for the ease of accommodating the
proline or aromatic rings present in inhibitors, the less
specific S2 pocket containing the guanidium ring of Arg643,
and the hydrophobic S3 pocket comprising non-polar res-
idues such as Phe173, Met235, Cys255, Ile591, and Ala594.
Hydrogen bonds interactions of the residues Trp595 and
Arg643 with the POP inhibitors have been shown to be of
vital importance [8].

Although several research groups have focused on POP
inhibition [9–11], three inhibitors Z-321, S-17092, and JTP-
4819 were considered for clinical trials [12]. Crossing of blood
brain barrier (BBB) poses a major concern for POP inhibitors
[13]. Besides this, safety is a perennial question in drug
discovery projects. In this regard, plant-based therapeutics are
alluring as they have been used long in history without any
adverse side effects. Berbirine and baicalein were identified as
natural product inhibitors of POP with IC50 values of
145± 19 μM and 12± 3 μM [14, 15]. Cyclotide psysol 2 iso-
lated from Psychotria solitudinum was found to inhibit POP
[16]. Despite the identification of these natural product POP
inhibitors, no advancement has been done and there are
currently no clinically approved POP inhibitors in themarket.
-is urges for identification of safe and novel therapeutics
effective against POP. -ere have been reports on activity of
various alkaloids in PD and other neurodegenerative diseases
[17–19]. -erefore, here we have computationally evaluated
alkaloids to screen for the best prospective drug candidate
against POP and elucidate their mechanism of action.

2. Materials and Methods

In brief, structures of the alkaloids and target protein (POP)
were retrieved. Alkaloids were screened for their drug
likeness and ADMETproperties, following which molecular
docking was performed in order to access their binding to
POP. Lastly, molecular dynamics simulations were con-
ducted to evaluate the stability of the prospective drug
candidates when bound to POP.

2.1. Structure Retrieval and Preparation of Target Protein.
Structure of POP bearing PDB id: 3DDU [20] was down-
loaded from Protein Data Bank (PDB). Using Discovery
studio v18 (DS) [21], the protein structure was cleaned by
deleting heteroatoms and water molecules. Hydrogen atoms
were added. Missing loops were added based on the se-
quence obtained from Uniprot identifier P48147 [22].

2.2. Alkaloids Retrieval, Drug Likeness, and ADMET
Prediction. -e list of alkaloid compounds was downloaded
from ChEBI (Chemical Entities of Biological Interest)
(https://www.ebi.ac.uk/chebi/init.do) by using the search
term “alkaloid.” Retrieved compounds were first subjected to
absorption, distribution, metabolism, and excretion, and
toxicity (ADMET) studies. For this, DS’s ADMET tool was
used with a value of 0 as cutoff for ADME-
T_ABSORPTION_LEVEL and a value of 2, 3, or 4 as cutoff
for ADMET_SOLUBILITY_LEVEL and a cutoff value of 0,
1, or 2 was used for ADMET_BBB_LEVEL. Compounds that
passed ADMET were subjected to “Filter by Lipinski and
Veber Rules” using the default parameters. After this, the
alkaloids were minimized using “full minimization tool” in
DS for carrying out the molecular docking studies with the
target protein.

2.3.MolecularDocking. To predict the binding affinity of the
filtered alkaloids with POP, molecular docking was per-
formed using Genetic Optimisation for Ligand Docking
(GOLD) version 5.2.2 [23]. -e ligand binding co-ordinates
were calculated by inbound co-crystal (GSK552) using
“Define and edit binding site” module of DS. GoldScore
fitness was used as the default scoring function. GoldScore
fitness comprises hydrogen bond and van der Waals energy
of protein ligand, ligand internal van der Waals energy, and
ligand torsional strain energy. -e best docked pose of the
alkaloid with the protein was selected based on the following:
it should be part of the largest cluster that obeys the co-
crystal’s binding mode, should have a better GoldScore
fitness value than reference compounds, and should dem-
onstrate interactions with key residues in the active site. In
order to validate our docking parameters, GSK552 from
PDB structure was docked and root mean square deviation
(RMSD) was checked for.

2.4. Molecular Dynamics Simulations. To determine the
reliability and consistency of the binding of the prospective
drug candidates to the target protein, molecular dynamics
(MD) simulations were performed using GROningen
MAchine for Chemical Simulations (GROMACS) v5.0.6
package [24] and using CHARMm27 [25] as desired force
field. Ligand topology was generated using SwissParam
[26]. Dodecahedron system solvated with TIP3P water
model was utilized for solvation. Na+ ions were added to
neutralize the negative charge of the system. Steepest
Descent was used for energy minimization. Equilibration
of the system was carried out in two phases: constant
number N, volume V, and temperature T (NVT) and
constant number N, pressure P, and temperature T (NPT).
NVT ensemble was performed at 300 K for 1 ns and NPT
ensemble at 1 bar pressure for 1 ns with a Parri-
nello–Rahman barostat [27]. Once the system was well
equilibrated, MD was carried out for 50 ns (metergoline)
or 20 ns (other identified alkaloid inhibitors). MD analysis
was performed using Visual Molecular Dynamics (VMD)
and DS.
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3. Results

3.1. Drug Likeness and ADMET. ChEBI search resulted in
the retrieval of 565 alkaloid compounds (accessed on 14th
August 2019). To ensure a good pharmacokinetic profile of
the potential drug candidates, ADMETtests were carried out
in DS. By setting 0 as cutoff value for ADME-
T_ABSORPTION_LEVEL, it was ensured that potential
inhibitors had a good intestinal absorption. Filtering of
compounds where ADMET_SOLUBILITY_LEVEL was ei-
ther 2, 3, or 4 ensured that the potential inhibitors were
neither too soluble nor insoluble in water. -e most im-
portant factor in identifying drug for neurological diseases is
their ability to penetrate blood brain barrier. Usage of 0, 1, or
2 as cutoff for ADMET_BBB_LEVEL ensured only the
compounds that could pass blood brain barrier would be
retained. 190 of the initial 565 compounds passed the
ADMET test. Drug likeness of these 190 compounds was
accessed using “Filter by Lipinski and Veber Rules” with
default parameters. Lipinski’s rule states that a drug-like
molecule should not have more than 5 hydrogen bond
donors and 10 hydrogen bond acceptors, molecular weight
should not exceed 500 daltons, and LogP should not be more
than 5 [28]. 189 compounds that passed drug-likeness cri-
teria were retained and were subjected to further study.

3.2. Molecular Docking to Access Binding Affinity with POP.
In order to determine whether the candidate inhibitors bind
to POP, molecular docking was performed by employing
Z-321and S-17092 as reference 1 (Ref1) and reference 2
(Ref2), respectively.

RMSDmeasures the average distance between the atoms
of superimposed proteins and is used to measure the quality
of reproduction of a known binding pose. -erefore, the
lower the RMSD, the lesser the deviation from the known
binding pose. -e docked pose of co-crystal, i.e., GSK552
with POP resulted in an RMSD of 0.094 nm. -e low RMSD
ensured the credibility of our docking protocol. Using the
affirmed docking parameters of GSK552, 189 candidate
inhibitors were docked at the active site of POP. From the
largest cluster obeying the binding mode of the co-crystal,
best pose was selected based on higher score than that of
reference compounds and interaction with key residues.
GoldScore fitness for Ref1 and Ref2 was 70.5265 and
68.4808, respectively. Metergoline with a GoldScore fitness
of 72.6547 was the only compound to score better than both
Ref1 and Ref2. Pipercallosine with a GoldScore fitness of
68.6628 attained a slightly higher docking score than that of
Ref2 (68.4808). Additionally, since JTP-4819 was also
considered in clinical trials as POP inhibitor, we also docked
it against POP. -e GoldScore fitness value for JTP-4819
against POP was 60.0431. Apart from metergoline and
pipercallosine, six other alkaloids, celacinnine, lobeline,
cystodytin G, lycoperine A, hookerianamide J, and marte-
fragin A, fared better than JTP-4819. -ese collectively will
be referred to as hit candidates from now on. -e docking

scores of all these compounds are tabulated in Supple-
mentary Table 1.

After gaining knowledge on binding affinity via docking
scores, we explored the interaction pattern of the hit can-
didates and reference compounds with POP. Because of its
high docking score, we were mainly interested in learning
about metergoline’s interaction with POP active site resi-
dues. “Show 2d diagram” of DS was utilized to inspect the
molecular interactions with POP. Ref1, Ref2, and meter-
goline all interacted with the active site residues. Ref1
formed hydrogen bond with Trp595 and Arg643 and Ref2
formed hydrogen bond with Trp595, Tyr599, and Arg643.
Metergoline like Ref1 and Ref2 was involved in hydrogen
bond formation with Arg643 and Trp595, thus maintaining
the necessary hydrogen bond interactions. -ese hydrogen
bond interactions are depicted in Figures 1(a)–1(c). Ref1 and
Ref2 demonstrated non-covalent π interactions with
Phe173, Met235, Cys255, Phe476, Val580, Ala594, Trp595,
and Val644 with Ref1 showing an additional interaction with
Ile591. Metergoline formed π interactions with Phe173,
Met235, Arg252, Cys255, Phe476, Val580, Ile591, Ala594,
and Trp595. van derWaals interactions were formed by both
Ref1 and Ref2 with Arg252, Gly254, Tyr473, Ile478, Asn555,
and His680 residues of POP. Ref1 and Ref2 developed an
additional van derWaals interaction with Tyr599 and Ile591,
respectively. Both Ref1 and Ref2 displayed a carbon-hy-
drogen bond with Ser554. Additionally, Ref2 formed a
carbon-hydrogen bond with Arg643 also. Metergoline
established van der Waals bonds with Ser174, Cys175,
Asn188, Gln208, Gly236, Gly237, Ser250, Gly254, Tyr473,
Ser554, Asn555, Tyr599, Val644, and His680 residues.
Metergoline also formed a carbon-hydrogen bond with
Met235. All these interactions are presented in Figures 1(d)–
1(f ).

We also performed interaction analysis of JTP-4819 and
other hit compounds (pipercallosine, celacinnine, lobeline,
cystodytin G, lycoperine A, hookerianamide J, and marte-
fragin A) with POP. JTP-4819 demonstrated four hydrogen
bonds: one each with Arg128 and Cys255 and two with
Arg643. π interactions were seen between Phe173, Phe476,
Ile591, Ala594, Trp595, and JTP-4819. With the other active
site residues such as Met235, Asn555, Val580, Tyr599, and
Val644, JTP-4819 established van der Waals interactions.
Pipercallosine established one hydrogen bond with Arg643.
Cystodytin G demonstrated a total of three hydrogen bonds,
two with Cys255 and one with Tyr473. Lobeline, lycoperine
A, and hookerianamide J established two hydrogen bonds.
Lobeline and hookerianamide J established hydrogen bonds,
one each with Cys255 and Arg643, whereas lycoperine A
established hydrogen bonds, one each with Cys255 and
Tyr473. Interestingly, martefragin A demonstrated 5 hy-
drogen bonds: a bifurcated hydrogen bond with Ser554 and
His680 and one each with Cys255, Tyr473, and Arg643.
However, celacinnine did not display any hydrogen bonds.
All the hit compounds interacted with all the active site
residues except for cystodytin G which did not demonstrate
any interaction with the active site residue Ala594. It
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however displayed interactions with all the other active site
residues. -ese interactions are demonstrated in Supple-
mentary Figure 1.

3.3. Molecular Dynamic Simulations for Binding Stability.
We performed a 50 ns MD simulation using GROMACS in
order to access the binding stability of POP when bound to
Ref1, Ref2, and metergoline. RMSD for backbone atoms and
potential energy calculations were executed to determine the
stability of protein-ligand complex. As illustrated in
Figure 2(a), very low average backbone RMSDs of 0.12 nm,
0.13 nm, and 0.13 nm for Ref1, Ref2, and metergoline, re-
spectively, indicated that the protein-ligand complexes were
stable. Also, the potential energy profile for all the three
systems remained largely unvaried throughout the simula-
tion as depicted in Figure 2(b).

As the RMSD and potential energy profiles were
reflecting stability of protein-ligand complexes, reference
structures for all the three systems from last 5 ns were
extracted and superimposed to check if the binding mode
was retained. -is analysis, as depicted in Figure 3, revealed
that metergoline was retained at the active site while holding
onto the binding mode of the reference molecules.

Further, hydrogen bond interactions sustained for Ref1
and Ref2 with Trp595 and Arg643. In case of metergoline,
hydrogen bond with Trp595 was persistent and a new π
interaction was established with Arg643. Additionally,
metergoline also formed a carbon-hydrogen bond with
Phe173. Ref1 and Ref2 interacted with all the active site
residues. Apart from the interactions with Asn555, Val580,
and Tyr599, interactions with all the other active site
residues were maintained in case of metergoline. However,
metergoline additionally formed van der Waals interac-
tions with other residues. Figure 4 displays all these
interactions.

For JTP-4819 and other hit compounds, we performed
20 ns MD simulation with POP. -e average RMSD for
pipercallosine, lobeline, martefragin A, lycoperine A, cys-
todytin G, and celacinnine was observed to be 0.11 nm and
for JTP-4819 and hookerianamide J, the average RMSD
value was 0.12 nm. -e RMSD profiles of all these systems
were below the accepted value of 0.15 nm thus indicating
stability when bound to POP. Potential energy profiles of
these compounds with POP also strengthened and sup-
ported the stability observation. -e RMSD and potential
energy profiles are depicted in Supplementary Figure 2.
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Tyr599

Arg643
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(b)

Metergoline

Arg643

Trp595

(c)
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(d)

Ref2

(e)

Metergoline

(f )

Figure 1: Molecular docking based intermolecular interactions. Upper panel (a–c) demonstrates hydrogen bond interactions of POP
residues (blue) with (a) Ref1, (b) Ref2, and (c) metergoline. Lower panel (d–f) is the 2D representation of all the molecular interactions
between POP and (d) Ref1, (e) Ref2, and (f) metergoline. Green dashed lines in upper and lower panel represent hydrogen bond. All the
other dashed lines represent various types of π bonds. Light green colored spheres indicate the residues participating in van der Waals
interactions.
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Owing to the stability conferred by the protein-ligands
complexes, the representative structure was picked from the
last 5 ns. -ese representative structures were aligned and
superimposed. All the hit molecules remained at the active
site. Althoughmartefragin A, lycoperine A, and cystodytin G
largely remained at the active site, compared to other
molecules, a slight drift was observed. -e aligned and
superimposed representative structures of JTP-4819 along

with other hit compounds are shown in Supplementary
Figure 3. Upon checking for the hydrogen bond interactions
after MD simulations, it was learnt that JTP-4819 lost hy-
drogen bond interactions with Arg128 and Arg643. How-
ever, hydrogen bond interaction with Cys255 persisted.
Interestingly, pipercallosine which had demonstrated only
one hydrogen bond interaction with Arg643 prior to MD
formed an additional hydrogen bond with Trp595.

Ref1
Ref2
Metergoline

Figure 3: Binding mode analysis of POP with Ref1, Ref2, and metergoline. (a) Superimposed image of representative structures;
(b) enlarged view. Protein is shown in grey wire model and compounds are depicted in stick models.
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Figure 2: Stability analysis fromMD insights. (a) RMSD profiles for POP with Ref1, Ref2, and metergoline; (b) potential energy profiles for
POP with Ref1, Ref2, and metergoline.

Evidence-Based Complementary and Alternative Medicine 5



Hookerianamide J retained its hydrogen bond with Arg643.
Although its interaction with Cys255 was lost, hooker-
ianamide J formed a new hydrogen bond interaction with
Trp595. Lobeline maintained its hydrogen bond interaction
with Arg643. Surprisingly, all the hydrogen bond interac-
tions observed in the docked pose of martefragin A were lost
after MD and a new hydrogen bond was formed with
Gly254. Cystodytin G and lycoperine A did not demonstrate
any hydrogen bond. Similar to the interactions before MD,
celacinnine failed to show any hydrogen bond interaction.
-ese hydrogen bonds along with the other π and van der
Waals interactions formed by the hit compounds with POP
are detailed in Supplementary Figure 4.

4. Discussion

Due to POP’s ability to alter several aspects and function of
CNS such as learning, memory, mood, and hypertension
[29] and its involvement in alpha synuclein accumulation,
POP surfaces out as an appealing target for PD. Although the
initial clinical trials results were promising for Z-321, S
17092, and JTP-4819, these were discontinued [12]. JTP-
4819 had demonstrated poor BBB permeability [30].
Moreover, safety-related concerns always exist in drug
discovery processes. Plants harbor a major reserve of
pharmaceutically active compounds and accordingly, in-
terest in natural products based drugs discovery is on the

rise. Owing to the therapeutic ability of alkaloids in PD
mentioned in the introduction, our work was aimed at
exploiting them against POP, computationally. -e results
demonstrate the POP inhibitory ability of certain alkaloids
with metergoline, pipercallosine, hookerianamide J, and
lobeline emerging out as notable potential POP inhibitors.

Metergoline is an ergoline alkaloid obtained from taxa
such as fungi and some higher plants [31]. -ere are studies
reporting the various therapeutic roles of metergoline: for
anti-microbial activity [32, 33] and as antidepressant in
seasonal affective disorders [34]. Of interest in relation to
Parkinson’s disease where the dopamine receptor level is
seen to be imbalanced [35], metergoline has been shown to
have high affinity for D1 and D4 dopamine receptors [36]. In
addition to this, it has been shown that voltage-gated sodium
channels have a role in cognitive impairments of PD in rats
[37] and Lee and colleagues have recently identified the role
of metergoline in inhibiting neural Na+ channels [38].
Pipercallosine is an alkaloid enamide isolated from various
Piper species [39–41]. It is an active apoptosis inducer [41].
Hookerianamide J is a steroid alkaloid obtained from Sar-
cococca hookeriana. It is shown to possess antileishmanial
and antibacterial activity and is an effective cholinesterase
inhibitor [42]. Lobeline is an optically active piperidine
alkaloid obtained from plants particularly in Genus lobelia.
It binds to and activates a nicotinic acetylcholine receptor
and has been shown to be useful in protection of
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Arg643 Ref1
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Figure 4: Post-MD intermolecular interactions. Upper panel (a–c) demonstrates hydrogen bond interactions of POP residues (blue) with
(a) Ref1, (b) Ref2, and (c) metergoline. Lower panel (d–f) is the 2D representation of all the molecular interactions between POP and
(d) Ref1, (e) Ref2, and (f) metergoline. Green dashed lines in upper and lower panel represent hydrogen bonds. All the other dashed lines
represent various types of π bonds. Light green colored spheres indicate the residues participating in van der Waals interactions.
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dopaminergic neurons and in reducing the symptoms of
parkinsons disease [17, 43].

Upon performing molecular docking of POP with
prospective compounds, the GoldScore fitness of Z-321,
S-17092, and JTP-4819 was 70.5265, 68.4808, and 60.0431,
respectively. Metergoline with a GoldScore fitness of 72.6547
surpassed all the above mentioned inhibitors, while piper-
callosine showed a slightly higher GoldScore fitness value of
68.6628 as compared to S-17092. Celacinnine, lobeline,
cystodytin G, lycoperine A, hookerianamide J, and marte-
fragin A showed higher GoldScore fitness as compared to
JTP-4819 (Supplementary Table 1). Additionally, we also
docked berberine against POP which resulted in Goldscore
fitness value of 49.319. It was observed that berberine formed
interactions with fewer active site residues (Cys255, Phe476,
Asn555, Val580, Trp595, Arg643, and Val644) as compared
to our hit molecules (data not shown). All our identified
alkaloid hits have achieved much higher score than ber-
berine and because berberine has already been tested in vitro
for POP inhibitory activity, we believe our compounds will
have a greater edge over demonstrating in vitro POP
inhibition.

Phe476, Asn555, Val580, Trp595, Tyr599, and Val644
form the S1 Subsite of active site, Arg643 forms the S2
subsite and S3 subsite is formed by Phe173, Met235,
Cys255, Ile591, and Ala594.-e best docked poses of all our
hits molecules demonstrated interactions with all these
residues, except only for cystodytin G which apart from
Ala594 interacted with all the residues. Interaction mon-
itoring after MD analysis of these hit compounds with POP
revealed that metergoline, pipercallosine, hookerianamide
J, and lobeline demonstrated crucial hydrogen bond in-
teraction with either Trp595 or Arg643 or with both.
Pipercallosine and hookerianamide J both showed both
Trp595 and Arg643 hydrogen bond interactions. Meter-
goline and lobeline demonstrated hydrogen bond inter-
action with Trp595 and Arg643, respectively. All these
compounds were retained at the active site as was observed
from the aligned and superimposed MD poses (Figure 3
and Supplementary Figure 3). Because metergoline has
demonstrated the best molecular docking scores and
docked pose had indicated hydrogen bond interactions
with Arg643, which was lost after MD, we looked for
reasons behind this loss. It was learnt that this hydrogen
bond was formed by HH11 (hydrogen) of Arg643 from
POP with O25 (oxygen) of metergoline. We compared the
metergoline-POP complex profiles at 0, 25, and 49 ns as
depicted in Figure 5. Firstly, it was learnt that Arg643 was
part of a loop; therefore, it had freedom to move. Secondly,
it was observed that the benzene ring in metergoline had
moved during the course of simulation. Owing to these
reasons, the distance between HH11 of Arg643 and O25 of
metergoline had moved from an initial distance of 3.005 Å

at 0 ns to 3.188 Å at 25 ns and to 3.450 Å by the end of
simulation, thus resulting in loss of the hydrogen bond.
However, interaction with Arg643 was pursued in the form
of π -cation interaction.

GSK552 docking with POP resulted in a GoldScore
fitness value of 73.88. Additionally, interaction analysis of
docked pose of GSK552 also demonstrated hydrogen bonds
with Trp595 and Arg643. We also performed a 20 ns MD for
GSK552 in complex with POP. -e average RMSD was
observed to be 0.09 nm (Supplementary Figure 2). Trp595
and Arg643 hydrogen bonds were preserved and interac-
tions with all the other active site residues were also ob-
served. -e 2D representation of the docked pose and MD
representative structure of GSK552 are indicated in Sup-
plementary Figures 1 and 4, respectively.

It has been reported that, for a drug to efficiently cross
BBB, its molecular weight should be in the range of
314–420Da, it should be highly lipophilic, i.e., logP should
be in the range of 0.66–6, PSA less than 60–70 Å2, H-bond
donors should be <2, H-bond acceptors should be less than
<6, and total number of nitrogen + oxygen atoms should be
less than 6 [30, 44].

Literature survey indicated that while Ref1, Ref2 [30],
and berberine [45] were capable of crossing BBB, JTP-4819
demonstrated poor BBB permeability [30]. Table 1 com-
pares the properties of Ref1, Ref2, and JTP4819 with
metergoline, pipercallosine, hookerianamide J, and lobe-
line. While Ref1 and Ref2 satisfied the conditions of
crossing BBB, with a logP of 0.527, PSA of 89.94, and total
number of N +O atoms exceeding 6, JTP-4819 did not
satisfy the conditions of BBB permeability, probably which
is why it was not able to cross the BBB in clinical trials.
Metergoline, pipercallosine, and lobeline satisfied all these
conditions of crossing BBB. While hookerianamide J sat-
isfied all the other conditions, its molecular weight is
slightly higher (442.677Da) than the accepted range of
efficient BBB crossers, i.e., 314–420Da. -ese results fur-
ther strengthen our proposal for testing them as pro-
spective CNS drugs. Properties pertaining to effective BBB
crossing for GSK552, berberine, and other compounds are
given in Supplementary Table 2.

Although this research was started keeping Parkinson’s
disease in mind, literature survey during the process
highlighted the role of POP inhibitors not just in PD but in
various other disorders such as schizophrenia [30], autism
[46], Huntington disease [47], hepatocyte steatosis [48],
and acute myeloid leukemia [49]. -e role of POP in
Alzheimer’s disease is contradictory, where certain studies
have reported increased POP activity in AD [50] and others
have reported decreased POP activity [51, 52]. Based on
this, we speculate that the identified hit compounds might
be potential pharmaceutical candidates in host of other
diseases as well.
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5. Conclusion

Safety of potential drug candidates is of utmost importance
in development of new drugs. Due to their abundance and
relative low toxicity, research in identifying plant-based
drugs has seen an uptrend. Additionally, crossing of BBB is
a major roadblock but an absolute necessary requirement
for development of CNS drugs. Using in silico approaches,
this work unravels the likely ability of alkaloids in inhib-
iting prolyl oligopeptidase, which has been indicated as
therapeutic target in many diseases. By comparing POP
inhibitors that had reached clinical trials, our work

displayed better affinity of metergoline, pipercallosine,
hookerianamide J, and lobeline for POP. Finally, MD
simulations confirmed their stability in complex with POP.
-erefore, the research conducted here provides promising
results for further investigation of metergoline, pipercal-
losine, hookerianamide J, and lobeline as effective POP
inhibitors.

Data Availability

-e datasets generated or analyzed in the current study are
available from the corresponding author upon request.

Table 1: Comparison of BBB permeability properties.

Properties Ref1 Ref2 JTP-4819 Metergoline Pipercallosine Hookerianamide J Lobeline
Molecular weight (Da) 344.5 384.5 359.185 403.517 329.433 442.677 337.455
logP 2.378 3.203 0.527 4.249 4.758 4.935 3.933
Polar surface area (Å2) 65.92 65.92 89.94 46.5 47.56 52.57 40.54
Hydrogen bond donor 0 0 2 1 1 2 1
Hydrogen bond acceptor 3 3 4 3 3 3 3
N+O atoms 4 4 7 5 4 4 3

(a)

(b)

(c)
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Figure 5: Left image displays superimposed metergoline-POP complex at 0, 25, and 49 ns. Right panel displays the enlarged view of Arg643
and metergoline while highlighting the distance between HH11 of Arg643 with O25 of metergoline at (a) 0 ns, (b) 25 ns, and (c) 49 ns.
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In this study, the role of traditional Chinese medicine (TCM) in relieving epidermal growth factor receptor-tyrosine kinase
inhibitor- (EGFR-TKI-) associated diarrhea was discussed by network pharmacology and data mining. Prediction of drug targets
by introducing the EGFR-TKI molecular structures into the SwissTargetPrediction platform and diarrhea-related targets in the
DrugBank, GeneCards, DisGeNET, and OMIM databases were obtained. Compounds in the drug-disease target intersection were
screened by absorption, distribution, metabolism, and excretion parameters and Lipinski’s rule in Traditional Chinese Medicine
Systems Pharmacology. TCM-containing compounds were selected, and information on the property, taste, andmeridian tropism
of these TCMs was summarized and analyzed. A target-compound-TCM network diagram was constructed, and core targets,
compounds, and TCMswere selected.-e core targets and components were docked by AutoDock Vina (Version 1.1.2) to explore
the target combinations of related compounds and evaluate the docking activity of related targets and compounds. Twenty-three
potential therapeutic TCM targets for the treatment of EGFR-TKI-related diarrhea were obtained. -ere were 339 compounds
acting on potential therapeutic targets, involving a total of 402 TCMs. -e results of molecular docking showed good binding
between the core targets and compounds, and the binding between the core targets and compounds was similar to that of the core
target and the recommended drug loperamide. TCMs have multitarget characteristics and are present in a variety of compounds
used for relieving EGFR-TKI-associated diarrhea. Antitumor activity and the efficacy of alleviating diarrhea are the pharma-
cological basis of combining TCMs with EGFR-TKI in the treatment of non-small-cell lung cancer. -e core targets, compounds,
and TCMs can provide data to support experimental and clinical studies on the relief of EGFR-TKI-associated diarrhea in
the future.

1. Background

Primary bronchial lung cancer is the most common ma-
lignant tumor in the world, of which approximately 80–85%
are non-small-cell lung cancer (NSCLC), and nearly 70% of
NSCLC patients are in the locally advanced stage or have
metastatic lesions at the primary diagnosis [1]. Although
chemotherapy was once considered the first-line treatment
for NSCLC, advancements in targeted gene research have

given rise to epidermal growth factor receptor-tyrosine
kinase inhibitors (EGFR-TKIs), such as erlotinib and gefi-
tinib, to replace chemotherapy as the first-line therapy for
NSCLC patients who are positive for the relevant driver
genes [2, 3].-e adverse reactions to EGFR-TKI are different
from those to chemotherapy, which include myelosup-
pression, nausea, and vomiting; the administration of EGFR-
TKI is prone to causing rashes, diarrhea, and other adverse
reactions, which have a negative impact on the patients’
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quality of life and can even lead to drug discontinuation.
-erefore, it is essential to prevent and control adverse
reactions during targeted therapy.

In clinical practice, common EGFR-TKI drugs are di-
vided into three generations: the first generation includes
gefitinib, erlotinib, and icotinib; the second includes afatinib;
the third includes osimertinib. All these drugs can cause
varying degrees of adverse reactions, and these common
adverse reactions to EGFR-TKI treatment limit the appli-
cation of EGFR-TKI; the mechanism by which these adverse
reactions occur is not clear, but studies have shown that it is
related to the secretion of chloride [4]. According to a
previously published EGFR-TKI phase III clinical study, the
overall incidence of diarrhea is 9.5–95.2%. EGFR-TKI
treatment should be suspended if Grade 2 diarrhea lasts
more than 48 hours, and for Grade 3 or higher diarrhea,
EGFR-TKI treatment should be stopped until the grade of
diarrhea is reduced to 1 or below. If symptoms are not
relieved in 14 days, the administration of EGFR-TKI should
be discontinued. Loperamide is often used in the clinical
treatment of severe diarrhea, but there are few studies on the
corresponding precautionary measures [5].

TCM has a long history of use for the treatment of
diarrhea and has advantages in treating EGFR-TKI-related
diarrhea, because besides relieving diarrhea, it can regulate
the gastrointestinal function of patients, increase appetite,
and prevent the reoccurrence of diarrhea [6]. TCM com-
bined with targeted drugs can enhance efficacy, reduce
toxicity, and reverse drug resistance, improving the quality
of life for patients.-emechanism of action for TCMmainly
involves the regulation of the immune function of lung
cancer patients, thereby enhancing the migration of T cells.
At the same time, it can inhibit the proliferation of tumor
cells and induce tumor cell apoptosis [7, 8].

-e synergistic effect of drugs on the human body can be
explored through the analysis of network topology and
nodes. Andrew Hopkins combined systems biology, phar-
macology, information networks, and computer science to
put forward network pharmacology, which demonstrates
mutual complex disease-gene-target-drug relationships by
applying a professional visual network analysis software in
the form of network signals, allowing these relationships to
be analyzed through the topology of the network and nodes
[9]. Due to the pharmacodynamicmaterial basis of TCM, the
mechanisms and toxicological effects of compounds con-
taining TCM are still not clear; as the quality of medicinal
materials is difficult to control, it is different to study them
on an integral level compared to a molecular level [10]. As
TCM is characterized by “multiple components, multiple
targets, low affinity, low selectivity”, and its effective con-
stituents can be applied to various targeted diseases, it has
obvious advantages in the treatment of multiple factors of a
polygenic disease. -erefore, using network pharmacology
to study multiple ways of regulating signaling pathways and
to explain and explore how to effectively improve the efficacy
of drugs is more in line with the ideals of TCM compounds.
In this study, by screening drug and disease targets and using
a variety of databases to screen compounds containing
TCM, a target-compound-TCM relationship network was

constructed.-is network was then used to explore potential
therapeutic targets and related compounds and identify
TCMs that can relieve EGFR-TKI-associated diarrhea and
have certain antitumor effects. -ese results can provide a
scientific molecular basis for the clinical application of TCM
in combination with EGFR-TKI. -e specific process of the
study is shown in Figure 1.

2. Materials and Methods

2.1. Screening of Drugs and Targets of the Disease.
-rough a literature search, the molecular formulae of
gefitinib, erlotinib, icotinib, afatinib, and osimertinib were
obtained. -eir molecular structures were downloaded
separately in SDF format using the PubChem database
(pubchem.ncbi.nlm.nih.gov) and uploaded onto the
SwissTargetPrediction (http://www.swisstargetprediction.
ch) platform [11, 12], with species set to “Homo sapi-
ens”, to predict the target of drug action. -e results from
the SwissTargetPrediction platform were supplemented by
consulting the literature.

To obtain the targets of diseases related to diarrhea, a
search through the GeneCards (http://www.genecards.org)
[13], OMIM (omim.org) [14], DisGeNET (http://www.
disgenet.org) [15], and DrugBank (http://www.drugbank.
ca) [16] databases was performed using “diarrhea”, “diar-
rhoea”, and “diarrheas” as keywords. Drug and disease
targets were converted into standard gene names through
the UniProt database (https://www.uniprot.org/) [17]. -e
targets from the intersection of drug prediction targets and
disease targets were obtained.

2.2. Screening Target-Related Compounds and Potential
0erapeutic Targets. A search was conducted for the com-
pounds related to the intersection targets through the data-
base of Traditional Chinese Medicine Systems Pharmacology
(TCMSP; http://tcmspw.com/index.php) [18] and filtered by
absorption, distribution, metabolism, and excretion (ADME)
parameters and Lipinski’s rule [19–22]: oral bioavailability:
≥30%; drug-likeness: ≥0.18; the number of bonds which allow
free rotation around themselves≤ 10; topological polar sur-
face area ≤60 Å2; and molecular weight: 180–500Da.

As some of the data provided by the TCMSP database
may be inconsistent with actual applications, compounds
that were filtered out were checked one by one to supple-
ment the related compounds.-e screened compounds were
mapped to the intersection targets of diseases and drugs,
with targets not containing active ingredients excluded and
potential therapeutic targets screened out, and a potential
therapeutic target-compound network diagram was drawn
using Cytoscape 3.7.2 [23]. Core therapeutic targets were
screened out after performing an analysis of the charac-
teristics of the network using a network analyzer.

2.3. Screening and Analysis of TCMs. -e TCMSP database
provided a list of TCMs that corresponded to the com-
pounds, and the corresponding TCMs were screened out
through the relevant compounds. To make the research
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results standardized and practical, TCMs not listed in the
“Pharmacopoeia of the People’s Republic of China 2015
Edition” [24] were excluded. According to the “Pharma-
copoeia of the People’s Republic of China 2015 Edition” and
the textbook “Chinese Pharmacy” in the “-irteenth Five-
Year Plan” [25], this study carried out frequency analysis on
the components containing TCM.

2.4. Construction of Target-Compound-TCM Network. A
target-compound-TCM network from the potential thera-
peutic targets and the corresponding compounds, as well as
the TCMs contained in the candidate compound, was
constructed using the software Cytoscape 3.7.2, and the
network characteristics were analyzed by a network analyzer.
-e degree value indicates the number of connections a
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Figure 1: Framework of network pharmacology and data mining.
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particular target has. -e more related compounds there are
in a single TCM and the more related targets the related
compounds act on, the higher the degree value, based on the
core compounds and TCMs selected [26].

2.5. Molecular Docking between Target and Compound.
To confirm the credibility of the interaction between the core
targets and the core components in the target-compound-
TCM network and obtain a new drug-target combination,
we selected five targets with a high median degree value in
the target-compound-TCM network as receptors and used
the recommended therapeutic drug, loperamide, as the li-
gand for molecular docking [6].

-e crystal structures of the five selected targets were
obtained from the Protein Data Bank (http://www.rcsb.org),
a protein crystal database, and saved in PDB format. -e 3D
chemical structures of the candidate compounds were
downloaded from the PubChem database and saved in SDF
format; the output documents were converted to PDB
format for subsequent molecular docking. -e coordinate
documents of the receptor and ligand were prepared using
AutoDock Tools 1.5.6, with the water molecules deleted
from the ligand, the ligand and receptor separated, nonpolar
hydrogen added, and the Gasteiger charge calculated after it
was saved in PDBQT format. -e potential core ligand was
subjected to the treatment of energy minimization,
obtaining the ligand atom type after calculation, and finally
saved in PDBQT format. -e AutoDock Vina software was
used for the calculation of docking of semisoft molecules.
Compared with AutoDock4, AutoDock Vina 1.1.2 adopts a
complex gradient algorithm and multithreading technology
and performs molecular docking scoring to evaluate the
matching degree and activity between the target and the
ligand. A docking score of<−4.25 indicates binding activity
between the ligand and the target, a score of< -5.0 indicates
better binding activity, and a score of<−7.0 indicates strong
docking activity [27].

3. Results

3.1. Drug-Disease Target Intersection. -e probability value
obtained from the SwissTargetPrediction platform to predict
drug effect targets represents the probability that the query
molecule targets the protein. From a total of 239 drug
targets, the top 100, as ranked by probability, were selected
after those with a probability of 0 were removed, and 5 drug
targets were obtained after eliminating duplicates.

A total of 5245 diarrhea-related disease targets were
obtained by searching the disease databases, merging the
data, and removing duplicate values. A total of 67 targets
were obtained from the intersection of drug and disease
targets, as shown in Figure 2.

3.2. Screening of Target-Related Compounds and Potential
0erapeuticTargets. A total of 67 targets were obtained from
the intersection of EGFR-TKI and diarrhea and imported
into the TCMSP database; 29 targets and 834 compounds of
relevance were retrieved. After the selection of the ADME

parameters and Lipinski’s rule, 293 compounds were ob-
tained. -e compounds excluded by the ADME parameters
and Lipinski’s rule were checked individually for the purpose
of rigor, and 46 compounds associated with tumor treatment
and adverse diarrhea effects were added, leading to a total of
339 compounds. -ere were 23 targets that met the 339
compounds at the intersection of EGFR-TKI and diarrhea;
these were identified as the potential therapeutic targets for
the treatment of adverse reactions of EGFR-TKI diarrhea
with TCM (Table 1).

A network diagram of the final 339 compounds included
with 23 potential therapeutic targets was constructed (Fig-
ure 3). To ensure a clear network diagram, the prefixes
“MOL” and “0” of the compound name were deleted, leaving
only the compound number. -e network feature analysis
was performed through a network analyzer plug-in, where
the degree value determines the number of node connec-
tions and the role of the reaction nodes in the network is
positively correlated with the target size in the diagram.
Sodium channel protein type 5 subunit alpha (SCN5A),
OPRM1, OPRD1, ESR1, ACHE, and ESR2 were core targets
with large degree values of 280, 158, 128, 121, 90, and 55,
respectively.-e compounds with large degree values all had
multiple potential therapeutic targets, suggesting that the
selection of the compounds corresponded to the ideals of
TCM and had extensive therapeutic value.

3.3. Compounds Corresponding to TCM. -e final 339
compounds included in the network diagram were imported
into the TCMSP platform to obtain 432 kinds of TCMs
contained in the compounds. Following the deletion of 30
kinds of TCMs that were not recorded in the “Pharmaco-
poeia of the People’s Republic of China 2015 Edition”, a total
of 402 kinds of TCMs were incorporated.

-e property, taste, and meridian tropism of the 402
TCMs were summarized and their frequency was analyzed.
Acrid and bitter drugs had the highest frequencies, ac-
counting for 35.51% and 33.56% of the selected TCMs,
respectively. Drugs that were warm in property were the
most frequently occurring, accounting for 44.67% of the
selected TCMs, followed by those cold in property, which
accounted for 31.47%. -e frequency analysis of meridian
tropism showed that the frequency of liver, spleen, and
stomach was the highest in the included TCMs, accounting
for 52.71% of the total, while 14.3% were attributed to the
lungs. It is evident that most of the TCMs included were

Drug targets

Diarrhea-related
targets

5178 67 172

Figure 2: Intersection targets of EGFR-TKI and diarrhea.

4 Evidence-Based Complementary and Alternative Medicine

http://www.rcsb.org


closely related to the liver, spleen, and stomach, followed by
the lungs.-ese findings are consistent with the TCM theory
of treating diarrhea and are related to the TCM theory of the
digestive system (Figures 4 and 5).

3.4. Construction of the Target-Compound-TCMNetwork and
Selection of Core Components. A network diagram of 23
potential therapeutic targets, 339 compounds, and 402 kinds
of TCMs was constructed, with 764 nodes and 2707 edges.

Table 1: Potential therapeutic targets of TCM for the treatment of EGFR-TKI-related diarrhea.

ID GeneSymbol Uniprot ID Protein name
1 SCN5A Q14524 Sodium channel protein type 5 subunit alpha
2 PARP1 P09874 Poly [ADP-ribose] polymerase 1
3 OPRM1 P35372 Mu-type opioid receptor
4 OPRK1 P41145 Kappa-type opioid receptor
5 OPRD1 P41143 Delta-type opioid receptor
6 MMP1 P03956 Interstitial collagenase
7 MET P08581 Hepatocyte growth factor receptor
8 MDM2 Q00987 E3 ubiquitin-protein ligase Mdm2
9 MAPK14 Q16539 Mitogen-activated protein kinase 14
10 KDR P35968 Vascular endothelial growth factor receptor 2
11 IGF1R P08069 Insulin-like growth factor 1 receptor
12 HTR3A P46098 5-Hydroxytryptamine receptor 3A
13 GSK3B P49841 Glycogen synthase kinase-3 beta
14 FYN P06241 Tyrosine-protein kinase fyn
15 FLT1 P17948 Vascular endothelial growth factor receptor 1
16 ESR2 Q92731 Estrogen receptor beta
17 ESR1 P03372 Estrogen receptor
18 ERBB3 P21860 Receptor tyrosine-protein kinase erbB-3
19 ERBB2 P04626 Receptor tyrosine-protein kinase erbB-2
20 EGFR P00533 Epidermal growth factor receptor
21 CHEK2 O96017 Serine/threonine-protein kinase Chk2
22 BAD Q92934 Bcl2-associated agonist of cell death
23 ACHE P22303 Acetylcholinesterase

Figure 3: Target-compound network. (-e network diagram consisted of 362 points and 1022 edges, with the potential therapeutic targets
shown in blue and the compound targets shown in green.)

Evidence-Based Complementary and Alternative Medicine 5



For a clearer visual representation of the network rela-
tionships, only compounds and TCMs with degree values
higher than the median (degree≥ 4) were kept in the net-
work (Figure 6).

-e top 10 TCMs based on degree value in the target-
compounds-TCM network diagram were Yanhusuo,
Danshen, Gancao, Wuzhuyu, Huangbo, Guanhuangbo,
Leigongteng, Baiqvcai, Gouteng, and Huangqi, as candidate
compounds 38, 28, 26, 16, 16, 13, 13, 12, 12, and 11, re-
spectively. Using the connection relationship between the

related compounds and the targets in TCM, the potential
targets of the TCMs for the treatment of EGFR-TKI-related
diarrhea were collected. It was indicated that Yinyanghuo,
Gaoliangjiang, Huangqi, Huzhang, Ziwan, Gancao, Jin-
qiaomai, Juhua, Yinxingye, and Heye were related to more
targets, acting on 20, 18, 18, 18, 18, 17, 17, 17, 17, and 16
targets, respectively, showing that these TCMs had a strong
modulating function on diarrhea as an adverse effect of
EGFR-TKI. -e core compounds were selected with a
median degree value of 4 and a standard of 8, which was
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Figure 4: Analysis of four properties and five tastes.
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greater than twice the median of the degree value.-e top 10
compounds based on the degree value of the compounds
were β-sitosterol, quercetin, kaempferol, stigmasterol,
luteolin, apigenin, ursolic acid, isorhamnetin, astragalin, and
emodin (Table 2).

3.5. Molecular Docking Results. -e molecular docking of
five core targets, OPRM1 (PDBID: 4DKL), OPRD1 (PDBID:
4N6H), ESR1 (PDBID: 1A52), ACHE (PDBID: 1ODC), and
ESR2 (PDBID: 1L2J), with 31 core compounds and the
commonly used therapeutic drug loperamide, resulted in a
total of 186 receptor-ligand docking results (Figure 7). -ere
were 38 combinations in the target-compound network with
the highest docking score of −9.9424 kcal/mol from
MOL005828(nobiletin)-ESR2 and the lowest docking score
of −6.0104 kcal/mol from MOL000785(astragalin)-ESR1.
-e average score of −7.0956 kcal/mol for the intranetwork
combination implies good binding activity between the core
targets and the core compounds, further proving the reli-
ability of the therapeutic relationship between the com-
pounds and the targets. Meanwhile, there were 117 new
combinations outside the target-compound network. -e
top 3 combinations ranked according to affinity were
MOL000561 (palmatine)-ESR2 with a score of −9.7507 kcal/
mol, MOL001460(berberine)-ESR2 with a score of
-8.9064 kcal/mol, and MOL000561(palmatine)-ACHE with
a score of −8.7397. -e average score of the off-net com-
bination was −6.7672 kcal/mol. -e docking results showed
that there were still drug-target combinations that were not
included in the TCMSP, and the effects of the compounds in
TCM on the adverse reactions to EGFR-TKI in the form of
diarrhea need to be further studied. -e core targets and
docking of loperamide can be summarized as follows:
−8.2166 kcal/mol with OPRM1, −7.8025 kcal/mol with
OPRD1, −9.3023 kcal/mol with ESR2, −8.1334 kcal/mol with
ESR1, and −8.1402 kcal/mol with ACHE. -is research has
demonstrated that the potential therapeutic targets and
drugs have good binding activity and have verified that the
core targets selected in this study are of great significance for

the treatment of diarrhea. -e above-mentioned docking
results offer reliable data support for further exploration of
effective TCM ingredients and can serve as the theoretical
reference for selecting effective targets and ingredients in
future tests.

Taking into account the affinity values for molecular
docking and the degree values of the target-compound-TCM
network, the docking patterns with affinity <−10 in the
target-compound-TCM network and the top 4 ranked by
affinity values outside the network were presented as 2D and
3D molecular docking pattern plots. As shown in Figure 8,
each ligand was inserted into the active pocket of the target
and reacted with a number of residues of the target via
hydrophobic interaction and hydrogen bond formation.

4. Discussion

At present, for NSCLC patients who are positive for EGFR
gene mutations, using EGFR-TKI as the first-line treatment
leads to better progression-free survival, especially in the
Asia-Pacific region and Russia, where EGFR gene mutations
are present in 49.3% of the total number of patients with
NSCLC [28, 29]. However, diarrhea is a common adverse
event of EGFR-TKI drug use; if not taken correctly, it may
lead to dehydration, forced reduction in drug dose, or even
the interruption of treatment. -e mechanism leading to
such adverse reactions is not yet clear. It may involve im-
balances in the ion transport system and abnormal secretion
of chlorides, leading to secretory diarrhea [30], which lack
effective preventive drugs. Although diarrhea is a common
adverse reaction to all EGFR-TKIs, data show that second-
generation inhibitors with a wider range of activities and
targets cause a higher incidence of diarrhea [31]. -erefore,
it is particularly important to explore the therapeutic targets
related to EGFR-TKI and the drug-target relationship to
investigate how EGFR-TKI may lead to adverse reactions
such as diarrhea and to find effective therapeutic targets and
drugs. Many studies have confirmed that TCM combined
with EGFR-TKI treatment can improve the therapeutic
effects and reduce toxicity by decreasing the incidence of

Figure 6: Target-compound-TCM network (compound degree≥ 4; TCM degree≥ 4; the network diagram consisted of 362 points and 1022
edges, with the potential therapeutic targets being shown in blue and the compound targets being shown in green).
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diarrhea as an adverse reaction [32–34], indicating that
TCM has certain advantages in the treatment of diarrhea. It
can also enhance the therapeutic effects, but the research on
related drugs and molecular mechanisms is still insufficient
and lacks specific TCM intervention in studies of EGFR-TKI
use with diarrhea as an adverse reaction. -erefore, it is of
great clinical significance to assess effective therapeutic in-
gredients and targets in TCM. -is research used network
pharmacology to explore the mechanisms behind multi-
component and multitarget TCMs, to identify effective
therapeutic targets, related compounds, and related TCMs,
and to provide data support for using TCM to further
improve the therapeutic effect of EGFR-TKI and reduce the
incidence of diarrhea.

4.1. Core Targets. After screening the potential therapeutic
targets, those with a high degree 294 value were screened for
certain antitumor and antidiarrhea effects, such as OPRM1

and OPRD1. Opioids that act through such targets can
reduce gastrointestinal propulsive peristaltic contractions
and increase circular muscle tension and intraluminal
pressure [35]. Endogenous opioids maintain gastrointestinal
homeostasis. -e activation of intestinal opioid receptors
such as μ receptors and δ receptors reduces epithelial se-
cretion and increases water/electrolyte absorption, pro-
ducing an antidiarrheal effect [36]. As a synthetic opioid
receptor agonist, loperamide, a recommended drug for the
treatment of diarrhea as an adverse reaction to EGFR-TKI,
not only acts through μ receptors in the muscular plexus of
the intestinal wall but also inhibits the release of acetyl-
choline, thus reducing intestinal peristaltic activity [37].
Antidiarrheal drugs based on such targets are under con-
tinuous development [38, 39]. -e neurotransmitter ace-
tylcholine participates in various activities mainly through
nicotinic and muscarinic receptors, of which M3 receptors
are widely distributed in the gastrointestinal tract. It plays an

Table 2: Core compounds (degree≥ 8).

MolID MolName CAS Degree
MOL000358 Beta-sitosterol 83-46-5 234
MOL000098 Quercetin 117-39-5 185
MOL000422 Kaempferol 520-18-3 128
MOL000449 Stigmasterol 83-48-7 124
MOL000006 Luteolin 491-70-3 91
MOL000008 Apigenin 520-36-5 78
MOL000511 Ursolic acid 77-52-1 77
MOL000354 Isorhamnetin 480-19-3 43
MOL000561 Astragalin 480-10-4 36
MOL000472 Emodin 518-82-1 32
MOL000476 Physcion 521-61-9 30
MOL003837 Esculetin 305-01-1 26
MOL000392 Formononetin 485-72-3 23
MOL004328 Naringenin 153-18-4 23
MOL002008 Myricetin 529-44-2 22
MOL000269 Elemicin 487-11-6 20
MOL001002 Ellagic acid 476-66-4 18
MOL000296 Hederagenin 465-99-6 17
MOL000173 Wogonin 632-85-9 15
MOL001789 Isoliquiritigenin 961-29-5 15
MOL000787 Fumarine 130-86-9 14
MOL000390 Daidzein 486-66-8 14
MOL001458 Coptisine 3486-66-6 13
MOL000785 Palmatine 3486-67-7 12
MOL001454 Berberine 633-66-9 12
MOL005828 Nobiletin 478-01-3 11
MOL005889 Rhamnetin 90-19-7 11

MOL000417 Calycosin 20575-57-
9 11

MOL003896 7-Methoxy-2-methyl isoflavone 19725-44-
1 10

MOL001460 Cryptopin 482-74-6 9

MOL004891 Shinpterocarpin 157414-04-
5 9

MOL007918 2-Hydroxy-7-methoxy-1,8-dimethyl-5-ethenyl-9,10-dihydrophenanthrene — 9

MOL008468 Methyl (E)-2-[(2S, 3Z, 12bS)-3-ethylidene-2,4,6,7,12,12b-hexahydro-1h-indolo[3,2-h]quinolizin-2-
yl]-3-methoxyprop-2-enoate — 9

MOL000500 Vestitol 20879-05-
4 8

MOL001461 Dihydrochelerythrine 6880-91-7 8
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important role in maintaining the contraction of gastroin-
testinal smooth muscle [40]. ACHE, which is one of the core
therapeutic targets identified in this study, can convert
acetylcholine to choline and acetic acid, thereby preventing
the contraction effect of acetylcholine on the smooth
muscles of the gastrointestinal tract and producing a specific
antidiarrheal effect. -is feature has the same effect as
loperamide in inhibiting the release of acetylcholine.

ESR1 and ESR2 are estrogen receptors, and studies
have confirmed that there is a significant correlation be-
tween ESR1 expression and the overall survival of patients
with NSCLC. Estrogen-induced growth of transplanted
cells in vitro correlated closely with acute hormonal ac-
tivation of mitogen-activated protein kinase signaling, and
treatment with the antiestrogen drug Faslodex can reduce
its growth. ESR1 expression is considered an independent
prognostic factor for metastatic NSCLC [41, 42]. -e single
nucleotide polymorphisms of ESR2 are closely related to
lung cancer in nonsmoking women [43], and studies have
shown that nonsmoking women in Asia have a higher
mutation rate of the EGFR gene [44]. We believe that ESR2
is correlated with EGFR’s effect on metabolism during the
treatment of NSCLC. However, at present, there are few
studies on this kind of research, and its mechanism is not
clear.

SCN5A is mainly responsible for the initiation and
propagation of cardiac action potentials, thereby generating
cardiac excitability and electrical stimulation to the cardiac
muscles. Dysfunction of this target will cause excess sodium

to enter the cardiomyocytes through abnormal channels,
which leads to long QT syndrome [45]. Related studies have
shown that QT interval prolongation is a relatively rare
adverse event of several TKIs such as osimertinib and cri-
zotinib, and it is believed that the heart should be monitored
during the treatment of axitinib in patients with a previous
family history of heart disease [46].

Mok et al. observed advanced NSCLC patients with the
EGFR T790M mutation after an EGFR-TKI treatment of
oral axitinib plus cisplatin or carboplatin. Among them, 4%
of patients taking osimertinib experienced QT interval
prolongation, with 1% classified as having grade III adverse
events [47]. At present, there are few studies on car-
diotoxicity caused by TKIs. -e SCN5A target identified in
this study was predicted from the molecular structure of
osimertinib on the SwissTargetPrediction platform. -ere
were no such targets identified from other drug structures,
so it is speculated that the adverse reaction of axitinib in
prolonging QT interval may be related to this target, which
provides new research ideas for the future exploration of
TKI leading to adverse cardiac reactions.

4.2. Core Compounds. To better synergize with EGFR-TKI
treatment, the selected compounds should not only alleviate
the adverse reaction of diarrhea but also have an antitumor
effect.-rough topological analysis of the target-compound-
TCM network, core compounds with higher degree values
were identified and included β-sitosterol, quercetin,
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Figure 7: Results of molecular docking.
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kaempferol, stigmasterol, luteolin, and apigenin. All of them
have antitumor effects and can relieve the adverse reaction of
diarrhea to a certain extent.

β-Sitosterol, which is widely present in various plants
[48], can interfere with various cell signaling pathways and
affect the cell cycle, thereby inhibiting tumor cell prolifer-
ation. It has anticancer properties against breast, prostate,

colon, lung, and gastric cancers [49]. β-Sitosterol can also
inhibit the growth of A549 cells in a dose- and time-de-
pendent manner, arresting the cell cycle of the tumor cells in
the G2/M phase. In vivo toxicity experiments show that
β-sitosterol is nontoxic and reduces the absorption of
cholesterol in the intestinal tract. It is a potential drug for the
treatment of lung cancer [50].
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Figure 8: Molecular docking structure. (A) -e overall 3D structure of the ligand-protein complex. -e backbone of the protein was
rendered as tubes and colored by chains. -e ligands were rendered as sticks and colored in blue. (B) -e 2D protein-ligand
interaction diagrams of ligand-protein complexes. Protein residues were rendered as circles and colored based on their properties:
green, hydrophobic residue; purple, polar residue (a: ESR2-nobiletin; b: ESR2-astragalin; c: ESR2-formononetin; d: ESR1-nobiletin;
e: OPRM1-daidzein; f: ESR2-palmatine; g: ESR2-berberine; h: ACHE-palmatine; i: ESR1-palmatine).
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Quercetin has various pharmacological properties such
as having antitumor effects, conveying protection to the
blood vessels, having anti-inflammatory and antioxidative
properties, and being involved in immune regulation. Its
main antitumor mechanism is related to the induction of
apoptosis by inhibiting the cellular signal proteins regulated
by antiapoptotic proteins, such as B-cell lymphoma-2 (Bcl-
2), and upregulating proapoptotic proteins. It also inhibits
cell proliferation by blocking the progression of the cell cycle
from G0/G1 to G2/M and inhibits angiogenesis and me-
tastasis [51]. A study has shown that quercetin promotes the
apoptosis of A549 cells by downregulating the expression of
matrix metallopeptidase 9 (MMP-9) and transforming
growth factor-β (TGF-β) [52]. Li et al. [53] used various
concentrations of quercetin and gemcitabine to treat lung
cancer alone or in combination and found that quercetin,
when combined with gemcitabine treatment, could act as a
chemosensitizer by downregulating heat shock protein 70
(HSP70). However, its poor water solubility and low bio-
availability limit further clinical use [54]. Phycophyllin also
has good antitumor activity, and as the most active anti-
diarrheal ingredient in guava, it can inhibit the invasion of
gastrointestinal diseases caused by Escherichia coli and
Shigella flexneri in HEp-2 cells. Its anti-inflammatory and
antioxidative effects can eliminate oxygen free radicals in the
intestinal tract, reduce the loss of intestinal water and
electrolytes, inhibit intestinal peristalsis caused by inflam-
mation, and restore normal intestinal mechanical activity
[55, 56].

Kaempferol can block the cell cycle through a variety of
mechanisms, thus inhibiting the proliferation of cancer cells.
It can inhibit the concentration of cyclin-dependent kinase
(CDK), arresting cells in the G2/M phase [57]. -e over-
expression of the cell myelomatosis virus oncogene (cMyc)
in most cancers leads to excessive cell proliferation.
Kaempferol can reduce the level of the cMyc mRNA and
increase the level of the CDKN1AmRNA in cancer cells.-e
combination of cyclin-dependent kinase inhibitor 1A
(CDKN1A) and the CDK complex inactivates CDK and
blocks the cell cycle [58]. Kaempferol inhibits the secretion
of vascular endothelial growth factor (VEGF) and inhibits
angiogenesis [59]. Kaempferol and quercetin have syner-
gistic antiproliferation effects on cancer cells through the
decrease of the nuclear proliferating antigen Ki67 [60].
Inflammation is closely related to the occurrence and de-
velopment of acute and chronic diarrhea. Kaempferol can
regulate the activity of proinflammatory enzymes and inhibit
transcription factors, adhesion molecules, and inhibit the
expression of proliferation-related genes. At present, as the
mechanisms behind diarrhea caused by EGFR-TKI are not
clear, kaempferol, with the antitumor and anti-inflamma-
tory properties, can provide a reference for the development
of new drugs to alleviate the adverse reaction of diarrhea and
strengthen EGFR-TKI therapy [61].

-e other core components, such as stigmasterol,
luteolin, apigenin, and ursolic acid, also have antitumor and
anti-inflammatory effects. Stigmasterol inhibits cancer cell
metastasis and arrests cell cycle in the G2/M phase [62]. It
has also been shown to significantly decrease the expression

of cyclooxygenase-2 (COX-2) and colony-stimulating fac-
tor-1, which could reduce the severity of colitis [63]. Luteolin
can effectively inhibit the proliferation of NSCLC A549 cells
by inducing apoptosis and inhibiting proinflammatory cy-
tokines (IL-1β, IL-6, IL-8, and TNF-α) and VEGF, thus
inhibiting angiogenesis [64]. A study has shown that luteolin
has significant antitumor effects on EGFR with the L858R/
T790M mutation and erlotinib-corrected NSCLC at the
organism and cellular levels [65]. Luteolin is also a good
antioxidant, scavenging free radicals and producing an anti-
inflammatory effect [66]. Apigenin and ursolic acid are also
good anti-inflammatory and antitumor drugs. Ursolic acid
and its derivatives can induce tumor cell apoptosis, inhibit
angiogenesis, tumor cell invasion, and metastasis, and can
exert an anti-inflammatory effect by inhibiting COX-2 [67].
Apigenin can block the cell cycle in the G1/S and G2/M
phases, induce apoptosis, and has anti-inflammation and
antioxidation properties [68]. It can inhibit the proliferation
of A549 lung cancer cells and the transcriptional activation
of VEGF, thus inhibiting tumor neovascularization [69].

At present, the mechanism behind diarrhea as an adverse
reaction to EGFR-TKI is not clear. However, some studies
have suggested that diarrhea is caused by the decrease of
intestinal epithelial growth and repair due to the inhibition
of signal transduction in intestinal epithelial cells by EGFR-
TKI [70]; EGFR-TKI causes the toxicity of the intestinal
epithelium and intestinal inflammation, which in turn can
increase the exfoliation and apoptosis of the intestinal ep-
ithelium [71]. -e core compounds identified in this study
include several flavonoids, such as quercetin, kaempferol,
luteolin, and apigenin. As effective antioxidants, flavonoids
have good anti-inflammatory and anticancer activities. Some
studies have confirmed a correlation between the intake of
flavonoids and lung cancer [72]. -erefore, the core com-
pounds identified in this study can be used as potential
therapeutic drugs for lung cancer, and their anti-inflam-
matory activities can provide a pharmacological reference
for alleviating the adverse reaction of diarrhea to EGFR-TKI.

4.3. Molecular Docking. -e results of molecular docking
activity showed that in the target-compound-TCM network,
the highest binding activity was between nobiletin and ESR2.
Nobiletin, as a flavonoid compound contained in the TCM
citrus peel, has good anticancer and antioxidant pharma-
cological effects. Nobiletin and its main metabolites, such as
4′-demethylnobiletin and 3′-desmethylnobiletin, can sig-
nificantly inhibit the occurrence of lung cancer in mice by
blocking the cell cycle and inducing apoptosis [73]. Nobi-
letin combined with paclitaxel, carboplatin, and other
chemotherapeutic drugs can significantly inhibit the growth
of subcutaneous A549 tumor xenotransplants in mice and
enhance the sensitivity of A549 cells to chemotherapeutic
drugs by regulating various signaling pathways such as the
Akt/GSK3β/MYCN pathway [74, 75]. Nobiletin’s good anti-
inflammatory activity can alleviate the occurrence of diar-
rhea. Related studies have shown that nobiletin can protect
the intestinal epithelium barrier by reducing inflammatory
cytokines and can reduce duodenal retraction to treat
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inflammatory bowel disease by inhibiting tumor necrosis
factor-α (TNF-α) and the expression of COX-2. It thus has
potential intestinal protective function [76, 77].

In the past, there were few studies on the relationship
between ESR2 and lung cancer. It is also widely believed that
ESR2 is closely related to the occurrence and development of
breast cancer [78]. However, studies have also found that
ESR2 may be a new therapeutic target for lung adenocar-
cinoma in the future, as its downregulation reduces matrix
metallopeptidase 2 (MMP-2) and MMP-9 expression,
inhibiting the progression of lung adenocarcinoma through
the MEK/ERK signaling pathway [79]. From the above, it
can be seen that the targets and related compounds iden-
tified in this study have antitumor effects and can relieve the
adverse reaction of diarrhea.

-e target-compound-TCM network contains 117 target
and compound docking combinations, including many
compounds with good pharmacological activity, such as
palmatine and berberine, which have high docking scores.
Palmatine has anticancer, antioxidant, anti-inflammatory,
neuroprotective, antibacterial, antiviral, and other phar-
macological effects [80]. Berberine is used clinically to treat a
variety of diseases with good pharmacological activity; it not
only inhibits the proliferation, invasion, and metastasis of
cancer cells but also has an excellent inhibitory effect on
toxins and bacteria, including Helicobacter pylori. Its ability
to protect the intestinal epithelial barrier from injury is used
in the treatment of a variety of digestive system diseases [81].
-e results of molecular docking showed that the selected
compounds and the drug loperamide had good docking
activity with their targets, with many compounds having a
docking score higher than that of loperamide. It showed that
the compounds selected in this study have good medicinal
reference value, and the results of molecular docking can
provide related compound and target references for the
future study of good therapeutic drugs that can be combined
with EGFR-TKI treatment.

4.4. Core Chinese Medicine. -e core Chinese medicines
identified through network pharmacology and data mining
were mainly acrid and warm, and their meridian tropism
mostly covered the liver, spleen, stomach, and lungs. -e
characteristics of these core Chinese medicines reflect the
characteristics of the TCM theory for treating diarrhea by
“warming yang and transforming dampness”. -e theory of
TCM believes that diarrhea originates in the spleen, and the
transportation of the water in one’s diet cannot be separated
from the rise and fall of the spleen and stomach and the
adjustment of liver gas. -e location of lung cancer is mainly
the lungs, and the meridian tropism of these core Chinese
medicines aligns with the treatment theory of TCM, which
provides a theoretical reference for clinical treatment with
TCM.

-e core TCMs obtained in this study were Yanhusuo,
Danshen, Gancao, Wuzhuyu, Huangbo, Yinyanghuo,
Gaoliangjiang, and Huangqi. Modern pharmacology has
shown that Yanhusuo extracts contain 13-methyl-palma-
trubine, which has antitumor activities and can inhibit the

proliferation of lung cancer A549 cells by blocking the ac-
tivation of the EGFR and MAPK signaling pathways [82].
Studies have confirmed that Yanhusuo alkaloid extracts can
inhibit the VEGF signaling pathways, thereby producing
antiangiogenic effects, and are expected to be used as
antiangiogenic drugs [83]. Yanhusuo extracts also contain
berberine, which not only inhibits the proliferation of cancer
cells [84] but also can be used in the treatment of inflam-
matory bowel disease by protecting the intestinal epithelial
barrier, regulating the transcription of intestinal inflam-
matory cytokines, and reducing proinflammatory cytokines
such as TNF-α, IL-13, IL-6, IL-8, and IFN-c [85]. -erefore,
the core Chinese medicine Yanhusuo, when combined with
EGFR-TKI treatment, not only has an antitumor effect but
also reduces the incidence of diarrhea.

Other selected Chinese medicines also have such effects.
-e extract of Danshen contains cryptotanshinone, which
can inhibit the proliferation of NSCLC cells through the
miR-146a-5p/EGFR axis, block the G0/G1 phase of the cell
cycle, and promote apoptosis [86, 87]. Tanshinone IIA
combined with cisplatin treatment for NSCLC can prevent
cancer cell migration and invasion, block the cell cycle in the
S phase, and induce A549 cell apoptosis [88]. Gancao, as a
widely used TCM, contains a variety of flavonoid com-
pounds and has a variety of pharmaceutical effects, such as
antioxidative, anti-inflammatory, antibacterial, antitussive,
antiviral, anticancer, and antimutagenic effects [89]. Evo-
diamine, found in the extract of Wuzhuyu, can inhibit the
proliferation of cancer cells through various methods, such
as blocking the cell cycle and inhibiting the proliferation of
A549 cells. It can induce protective autophagy inf Lewis lung
carcinoma cells and has good anticancer activity against
many kinds of cancer cells [90]. Evodiamine can also ef-
fectively inhibit excessive gastrointestinal motility, provid-
ing a basis for the treatment of adverse reactions of diarrhea
[91]. In summary, the core Chinese medicines screened in
this study are closely related to antitumor effects and can
alleviate adverse reactions. -eir good pharmacological
activity provides a reference for the mining and utilization of
related TCMs and provides a theoretical basis for related
experimental research and the better use of TCM combined
with EGFR-TKI in the treatment of NSCLC in the future.

5. Conclusion

In this study, using network pharmacology and data mining,
the role of TCM in alleviating EGFR-TKI-associated diar-
rhea was explored; core targets, compounds, and TCMswere
screened using the relevant topological analysis parameters,
and the pharmacological activities of the included targets
and compounds were further evaluated by molecular
docking. Core targets such as OPRM1, OPRD1, and ESR1
were screened, and the related targets of rare adverse re-
actions such as SCN5A were identified. -e core compo-
nents selected included β-sitosterol, quercetin, kaempferol,
and stigmasterol. -e core TCMs selected included Yan-
husuo, Danshen, Gancao, and Wuzhuyu. Not only were the
relevant targets and compounds consistent with existing
research, but also the meridian tropism covered by the core
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TCMs selected was consistent with the theory of TCM.-ese
results can provide data support for the study of the anti-
tumor effect of TCMs and their potential in alleviating
diarrhea as an adverse reaction to EGFR-TKI treatment in
the future and provide a basis for exploring TCM combined
with EGFR-TKI in the treatment of NSCLC.

-e advantage of this study is that the relevant data were
obtained from an authoritative database. However, a dis-
advantage is that some of the data may be outdated. Another
disadvantage is that the research results depend on the
calculation of the software used. -ere are also certain
limitations as the contents of each component of the TCMs
are not exactly defined.-e results still need to be verified by
subsequent animal and clinical trials.

Data Availability

-e datasets supporting the conclusions of this study are
included within the article.

Conflicts of Interest

All authors declare no conflicts of interest.

Authors’ Contributions

HSH and DWC were involved in the design of the study.
Data collection and analysis are done by HSH and DWC
together, and the pictures in this article are drawn. -e
article was jointly drafted by HSH and DWC. ZT and GXY
review the data of the article one by one to make sure the
data is correct. HW,HP, and LJL provided critical comments
and revised the manuscript. All the authors read and ap-
proved the final version of the manuscript.

Acknowledgments

-e authors sincerely thank Zheng Li (China Academy of
Chinese Medical Sciences) for his contribution to the data
analysis of this study. -is study was supported by the
project Priority-eme Setting and Evidence-Based Research
Scheme Design of Traditional Chinese Medicine for Ma-
lignant Tumor (K858).

References

[1] J. R. Molina, P. Yang, S. D. Cassivi, S. E. Schild, and
A. A. Adjei, “Non-small cell lung cancer: epidemiology, risk
factors, treatment, and survivorship,” Mayo Clinic Proceed-
ings, vol. 83, no. 5, pp. 584–594, 2008.

[2] R. S. Herbst, D. Morgensztern, and C. Boshoff, “-e biology
and management of non-small cell lung cancer,” Nature,
vol. 553, no. 7689, pp. 446–454, 2018.

[3] O. Kawano, H. Sasaki, K. Endo et al., “PIK3CA mutation
status in Japanese lung cancer patients,” Lung Cancer, vol. 54,
no. 2, pp. 209–215, 2006.

[4] A. Harandi, A. S. Zaidi, A. M. Stocker, and D. A. Laber,
“Clinical efficacy and toxicity of anti-EGFR therapy in
common cancers,” Journal of Oncology, vol. 2009, Article ID
567486, , 2009.

[5] R. Califano, N. Tariq, and S. Compton, “Expert consensus on
the management of adverse events from EGFR tyrosine kinase
inhibitors in the UK,” 2015.

[6] Chinese Society, “EGFR-TKI ADR management Chinese
expert consensus,” Chinese Journal of Lung Cancer, vol. 22,
no. 2, pp. 57–81, 2019.

[7] S. Chen, A. Flower, A. Ritchie et al., “Oral Chinese herbal
medicine (CHM) as an adjuvant treatment during chemo-
therapy for non-small cell lung cancer: a systematic review,”
Lung Cancer, vol. 68, no. 2, pp. 137–145, 2010.

[8] J. Gao, W. A. Morgan, A. Sanchez-Medina, and O. Corcoran,
“-e ethanol extract of Scutellaria baicalensis and the active
compounds induce cell cycle arrest and apoptosis including
upregulation of p53 and Bax in human lung cancer cells,”
2011.

[9] A. L. Hopkins, “Network pharmacology: the next paradigm in
drug discovery,” Nature Chemical Biology, vol. 4, no. 11,
pp. 682–690, 2008.

[10] D. Yan and X. Xiao, “Investigation on pattern and methods of
quality control for Chinese materia medica based on dao-di
herbs and bioassay-bioassay for Coptis chinensis,” 2011.

[11] D. Gfeller, O. Michielin, and V. Zoete, “Shaping the inter-
action landscape of bioactive molecules,” Bioinformatics,
vol. 29, no. 23, pp. 3073–3079, 2013.

[12] A. Daina, O. Michielin, and V. Zoete, “Swiss target prediction:
updated data and new features for efficient prediction of
protein targets of small molecules,” Nucleic Acids Research,
vol. 47, no. W1, pp. W357–W364, 2019.

[13] M. Safran, I. Dalah, J. Alexander et al., “GeneCards Version 3:
the human gene integrator,” Database, vol. 2010, p. baq020,
2010.

[14] J. S. Amberger, C. A. Bocchini, F. Schiettecatte, A. F. Scott, and
A. Hamosh, “OMIM.org: online Mendelian Inheritance in
Man (OMIM), an online catalog of human genes and genetic
disorders,” Nucleic Acids Research, vol. 43, no. D1,
pp. D789–D798, 2015.

[15] J. Piñero, J. M. Ramı́rez-Anguita, J. Saüch-Pitarch et al., “-e
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Heat-related diseases have long been known to damage the structure and function of essential macromolecules such as proteins,
lipids, and nucleic acids, thereby compromising the integrity of cells and tissues and the physiological functions of the entire
organism. Heat stress is the physical discomfort caused by overheating the body and is also the initial manifestation of heat-related
diseases. Cablin patchouli herb (CPB) has been used in China for two thousand years and has been used to treat heat stress, but to
date, no related mechanistic research is available. In this study, KEGG and PPI networks and the TCMSP and GEO databases were
used to explore the components of CPB in relation to heat stress: quercetin, genkwanin, irisolidone, 3,23-dihydroxy-12-oleanen-
28-oic acid, and quercetin 7-O-β-D-glucoside. 2e targets identified were EGFR, NCOA1, FOS, HIF1A, NFKBIA, and NCOA2;
these proteins were verified by molecular docking and experimental verification. In short, our research represents the first report
on the use of the traditional Chinese medicine CPB to treat heat stress and thus has pioneering significance.

1. Introduction

As global warming intensifies, heat-related diseases have
become a major public health issue during heat waves
around the world, even in areas traditionally considered to
be temperate and cold. In July 1995, a heat wave in the
United States killed more than 700 people in less than 7 days,
and more than 3,000 people visited the emergency room [1].
In 2003 and 2010, two severe heat waves affected Western
Europe and Russia, respectively, causing 70,000 deaths and
55,000 deaths [2, 3]. More seriously, children account for
almost half of the total population suffering from heat-re-
lated diseases (47.6%) [4].

Heat-related diseases have been known since ancient
times; they reflect the relationship between the human body
and heat imbalance [5], and long-term exposure to excessive
heat or certain drugs that cause fever are the main drivers of
heat-related diseases [6]. Heat can damage the structure and
function of essential macromolecules such as proteins,

lipids, and nucleic acids, thereby compromising the integrity
of cells and tissues and the physiological functions of the
entire organism, especially the central nervous system
[7–10]. Heat-related conditions can be categorized into heat
rash, heat cramps, heat stress, heat exhaustion, and heat
stroke according to their severity; all these conditions have
fever in common [4, 6]. In this study, we focused on ex-
ploring heat stress, an early manifestation of heat-related
diseases. 2e symptoms of heat stress include prolonged
fever, excess sweating or thirst, tiredness, and cramps;
however, tachycardia and nervous system damage do not
manifest.

Cablin patchouli herb (CPB) was first published in
“Mingyi Bielu,” a medical book of the Han Dynasty, more
than 2,000 years ago. It has the effect of “dispelling heat and
dampness” and is recognized as a cure for heat stress. 2e
Chinese patent medicine Huoxiang Zhengqi water, which
uses CPB as its mainmedicinal material, was described in the
textbook “Internal Medicine of Traditional Chinese
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Medicine” in China, and it is also considered to exhibit
excellent effects in treating heat stress (yin-related heat-
related diseases). It should be noted that according to the
Chinese Yin-Yang2eory, the scope of heat-related diseases
is broad and can be divided into Yin and Yang. Heat stress is
usually biased towards yin-related heat-related diseases that
is relatively less harmful to the human body. Heat ex-
haustion and heat stroke are generally regarded as yang-
related heat-related diseases that are more harmful to the
human body. CPB is usually used to treat heat stress (i.e.,
yin-related heat-related diseases). At present, reports on
CPB treatment of heat stress are concentrated in the Chinese
literature. Fusen used scraping therapy combined with
Huoxiang Zhengqi water (for which the main component is
CPB) to treat 48 cases of yin-related heat stroke and achieved
good results [11]. Li used Huoxiang Zhengqi water to treat
240 cases of pediatric fever and found that children’s heat-
related symptoms were significantly reduced 3-4 hours after
treatment [12]. Gu Fang and Rinan also used Huoxiang
Zhengqi water to treat 18 cases of pediatric heat rash, a rash
caused by heat. 2e effective rate for the treatment group
reached 94.4%, which was significantly better than that of the
control group [13]. Chaobin andWanzhou elaborated on the
theoretical basis of traditional Chinese medicine for the
treatment of yin-related heat stroke with CPB.2ey believed
that CPB can also treat fever and diarrhea [14]. 2ere are
some studies on the treatment of diarrhea [15, 16]. In short,
since 2000, Chinese people have reliably used CPB to treat
heat-related diseases, and its therapeutic effects are very
good. However, with the strong development of science in
the modern era, a great deal of interest has arisen in un-
derstanding such traditional disease treatment methods. It is
necessary to study specific treatment mechanisms and to
clarify their specific ingredients and targets.

However, there is a major difficulty in exploring the
treatment mechanism of CPB: the complexity of Chinese
medicine components and the multiplicity of pharmaco-
logical effects make it difficult to conduct comprehensive
and systematic research in the context of Chinese medicine
[17]. To solve this problem, after decades of research, Li Shao
proposed in 1999 that there may be a connection between
TCM syndrome and molecular networks [18–23]. Based on
the rapid development of systems biology and computer
technology, network pharmacology was born. Network
pharmacology is based on the herb network-biological
network-phenotype network interaction network [20].
2rough network analysis, we can systematically observe the
interventions and impacts of drugs on diseases and reveal
the mysteries of drug molecules synergistically acting on the
human body. 2is is the same as the core concept of tra-
ditional Chinese medicine: the principle of multicomponent,
multipathway, and multitarget synergistic effects. Network
pharmacology is also rapidly becoming a frontier research
field in current drug research and next-generation drug
research models [18].

Based on the above information, in this study, we used
network pharmacology and molecular docking and exper-
imental verification methods to explore the specific mech-
anisms by which CPB treats heat stress. Our goal was to

enable people outside China to recognize and accept CPB
and to help patients with heat-related diseases worldwide.

2. Materials and Methods

2.1. #e Composition and Targets of CPB. 2e TCMSP da-
tabase (http://tcmspw.com/tcmsp.php) [24] was used to
identify the active ingredients and targets of CPB. Oral
bioavailability (OB), drug-like properties (DL), relative
molecular mass (MV), octanol-water partition coefficient
(AlogP), number of H-bond coordination electron donors
(Hdon), and number of H-bond coordination electron ac-
ceptors (Hacc) were used as indicators to compare the
physical and chemical properties of the CPB components
and to study the similarities and differences between the
components.

2.2. Genes Differentially Expressed during Heat Stress.
Differentially expressed genes were obtained from NCBI-
GEO, a free public microarray/gene profile database. GEO
accession number GSE90763 includes the transcriptome
information of 15 volunteers who were subjected to heat
stress. 2e data before exposure (T0) and at the end of heat
exposure (T1) were selected for comparison.2ese data were
analyzed using the GEO2R online tool, and 1,789 differ-
entially expressed genes were identified using |logFC|≥ 1
and P value< 0.05 as criteria.

2.3. Disease-Drug-Target Network. After the composition of
CPB was obtained using OB> 30% and DL> 0.18, the targets
of CPB components were downloaded from the TCMSP
database, and the target elements were entered into the
UniProt database one by one (https://www.UniProt.org/,
currently the most complete nonredundant protein se-
quence database with the most complete sequence data and
the richest annotation information in the world) for cor-
rection and conversion to GeneSymbol. Next, differentially
expressed genes were used to intersect the corrected CPB
target and were imported into Cytoscape (version: 3.6.1) and
used to construct the CPB ingredient-target-disease
network.

2.4.Molecular Docking. 2e protein data for P-gp (PDB ID :
4XWK), CYP3A4 (PDB ID : 3NXU), EGFR (PDB ID :
2ITW), FOS (PDB ID :1A02), HIF1A (PDB ID :1H2M),
NCOA1 (PDB ID :1K4W), NCOA2 (PDB ID : 2ZXZ), and
NFKBIA (PDB ID : 6Y1J) were downloaded from the PDB
database (http://www.rcsb.org/). 2en, MGLTools 1.5.6 was
used to process the protein data, simulate hydrogenation,
calculate the charge, merge the nonpolar hydrogen, and save
the results as a pdbqt file. According to each protein’s ligand,
the active site was defined, the grid box coordinates were set,
and the box size was defined as 40× 40× 40 grid points; the
distance between the small grid points was 0.1 nm. Auto-
Dock Vina 1.1.2 was used to simulate the docking of
molecules and proteins. 2e affinity was less than 0, indi-
cating that the receptor and ligand can spontaneously bind.
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2.5. PPI Network Enrichment and KEGG Analyses. 2e
protein-protein interaction (PPI) network was analyzed
using the Search Tool for the Retrieval of Interacting Genes
(STRING, http://string.embl.de/) database (organism:Homo
sapiens). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses were performed
using the clusterProfiler package in R (3.6.1) software with
pvaluecutoff� 0.05 and qvaluecutoff� 0.05 [25].

2.6. CPB Animal Experiment Verification

2.6.1. Drugs and Materials. CPB was purchased from
Jiangyin Tianjiang Pharmaceutical Co., Ltd. (production
batch number: 19086254) and diluted to 10mg/mL, 20mg/
mL, and 40mg/mL with normal saline (NS) for use. Ibu-
profen suspension (production batch number: H19991011)
was purchased from Shanghai Johnson Pharmaceutical Co.,
Ltd. and was used at 0.6 g/kg and diluted with NS. 2e
NCOA1 (MD696513) kit, RIPA lysis buffer (article number:
MD912016), BCA protein concentration determination kit
(article number: MD913053), SDS-PAGE precast gel kit
(article number: MD911919), and Rabbit Anti-Mouse an-
tibody (MD912566) were purchased from Beijing Biotek
Biomedical Technology Co., Ltd. PVDF membrane (Milli-
pore, USA, ISEQ00010) and medium protein molecular
weight marker (26617) were purchased from 2ermo, USA,
and EGFR antibody (ab32077) and C-FOS antibody
(ab134122) were purchased from Abcam, USA. SDS-PAGE
system (U.S. BIO-Rad company, model Mini-PROTEAN),
protein wet transfer instrument (U.S. BIO-Rad company,
model Mini Trans-Blot), and western blot imaging system
(U.S. BIO-Rad company, model 170-8280) were employed.

2.6.2. Animals and Models. Forty-two specific pathogen-
free (SPF) rats (female, 3-5 weeks old, 50-70 g) were pur-
chased from Liaoning Changsheng Biotechnology Co., Ltd.
(experimental animal production license number:
NO.SCXK (Liao) 2020-0001) and subjected to the following
conditions: rearing temperature—(24± 3)°C, relative
humidity—(40± 5)%, illumination—alternating light and
dark, noise <55Db, free water and food, and twice-weekly
litter change. 2e animal experimentation was approved by
the Animal Ethics Committee of Changchun University of
Traditional Chinese Medicine (No. 20190116). 2e basal
body temperature of SD rats was measured 3 days before the
experiment, and the average value of the rectal temperature
measured at three time points in the morning, midnight, and
evening was used as the basal body temperature of the
experimental animal. 2e rats were divided into 7 groups, 6
in each group, and fasted 6 hours before the experiment.
Except for the blank group and the blank +NS group, the
other 5 groups were subcutaneously injected with 10% dry
yeast suspension (10mL/kg) on the backs of rats. Body
temperature was measured every 1 hour after modeling.
After successful modeling (△T> 0.8°C, approximately 5
hours), each group was given intragastric administration:
the blank +NS and model group were given 31mL/kgNS,
and the CPB treatment group and the ibuprofen group were

given different concentrations of CPB and 31mL/kg ibu-
profen. After the administration, the body temperature was
measured every 1 h, a total of 10 times, and the body
temperature change value was calculated. Ten hours after the
dry yeast group was modeled, a microcapillary was used to
collect blood from the fundus venous plexus of the rats in
each group. After standing at room temperature for 30
minutes, the blood samples were centrifuged at 4°C and 300
r/min for 10minutes, the upper serumwas drawn and stored
in a −80°C refrigerator for use, and IL-1β, IL-6, TNF-α, and
NCOA1 were detected in serum according to the instruc-
tions of the ELISA kit. After blood collection, the rats were
anesthetized by intraperitoneal injection of 10% chloral
hydrate (4mL/kg). 2e skin was then cut along the costal
arches on both sides, the abdominal cavity was opened, and
curved scissors were used to create a small cut at the junction
of the diaphragm and the sternum stem; this cut was then
extended to both sides, the diaphragm and ribs were cut, the
heart was fully exposed, and intravenous drip with a needle
was used. 2e apex of the left ventricle was entered and fixed
with a vascular clamp. NS (room temperature) was quickly
instilled while cutting the right atrial appendage. When the
blood color of the outflow liquid was light and almost clear,
the perfusion was stopped. 2e brain was decapitated im-
mediately, and the hypothalamus was removed from the
center of the optic chiasm and gray nodules. 2e hypo-
thalamus was quickly frozen in liquid nitrogen for 20
minutes and then stored at −80°C.

2.6.3. Western Blot Detection. Each experimental group
included an equal mass of hypothalamic samples. RIPA
buffer was added to produce lysate, and each sample was
shaken with a tissue homogenizer for 5 minutes, centrifuged
at 12,000 r/min for 15 minutes to obtain the supernatant,
and the protein concentration was measured by BCA. After
mixing with the loading buffer, samples were boiled in a
boiling water bath for 5 minutes, and SDS-PAGE was
employed. 2e protein was transferred to PVDF membrane
by the wet transfer method, and 5% skimmed milk powder
was sealed at room temperature for 2 hours. 2e primary
antibody was incubated overnight at 4°C. After washing the
membrane with TBST, the secondary antibody was added to
incubate at 37°C for 1 hour. After washing the membrane
with TBST, the color developed.

2.7. Statistics. 2e data were expressed as the mean± SD
(n≥ 3) and analyzed by GraphPad Prism 6.0 (GraphPad
Software) using Student’s t-test ( ∗p< 0.05 and ∗∗p< 0.01).

3. Results

3.1. General Description of CPB. 2e TCMSP database was
used to collect CPB composition information and produce
statistical descriptions based on the OB, DL, MV, AlogP,
Hdon, and Hacc parameters, as shown in Table 1. 2e av-
erage value of OB was 37.90 (20.22), and the average value of
DL was 0.20 (0.22), higher than the value range found by
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previous studies (OB> 30%, DL> 0.18) [26]. 2is shows that
CPB has good oral availability and drug-like properties.

3.2. Further Screening of CPB Components. To eliminate
possible false-positive components, OB> 30% and DL> 0.18
were also used as screening indices [26], and the CPB
components were screened more stringently. As shown in
Table 2, a total of 11 components satisfied the new screening
conditions.

3.3. Eleven Active Ingredients Docked with P-gp and CYP3A4
Molecules. 2e absorption, distribution, metabolism, and
excretion of CPB in the human body are affected by many
factors. Among them, the interaction between P-gp and
cytochrome CYP3A4 plays a key role [35]. P-gp is widely
distributed and expressed in intestinal epithelial cells, he-
patocytes, and capillary endothelial cells and plays an im-
portant role in the process by which most heterologous
compounds pass through the blood-brain barrier and the
blood-testis barrier [35, 36]. CYP3A4 is the most important
metabolic enzyme in the P450 enzyme system and con-
tributes to the metabolism of 1/3 of oral drugs [35, 37]. P-gp
and CYP3A4 can synergistically restrict the entry of foreign
substances into the human body in the intestine [35, 38]. To
explore whether the active ingredients of CPB can enter the
human body and play pharmacological roles, the molecular
docking method was used for verification, as shown in
Figure 1.

P-gp and CPB molecular docking showed that the 11
active ingredients could successfully dock and that their
affinity values were less than 0. In addition, the docking
results of CYP3A4 and CPB with the active ingredient
molecules also showed that they could successfully dock,
with the exception of acanthoside B. Given this result,
acanthoside B was removed from the list of main active
ingredients, and the subsequent steps examined only the
remaining ingredients.

3.4. Drug-Ingredient-Target-Disease Network. Genes differ-
entially expressed in heat stress were identified through the
GEO database. Using |logFC|>1 and P value< 0.05 as cri-
teria, a total of 1,789 differentially expressed genes were
obtained (Supplementary Table 1). 2e CPB component
targets were then downloaded from the TCMSP database,
and UniProt database correction was performed to remove
some targets that have not been manually annotated and

reviewed. After correction, only 85 targets with 8 compo-
nents (Supplementary Table 2) were obtained. Immediately
afterwards, the differentially expressed genes of heat-related
diseases and the corrected CPB targets were used for in-
tersection, and a drug-component-target-disease network
was generated, as shown in Figure 2. Only 5 molecules and
their corresponding targets corresponded to heat stress
genes. 2e molecules were quercetin, genkwanin, irisoli-
done, 3,23-dihydroxy-12-oleanen-28-oic acid, and quercetin
7-O-β-D-glucoside. Studies have shown that quercetin can
increase secretion in cherry tomato fruit in a hot environ-
ment and can increase disease resistance [39]. It is worth
mentioning that similar to quercetin, those molecules are
also found in several other medicinal plants, such as kales,
onions, berries, apples, red grapes, broccoli, and cherries as
well as tea and red wine [40]. However, the content differs
for each medicinal plant. In addition, existing technology
cannot make specific judgments about complex chemical
reactions that occur simultaneously in different molecules in
plants. After a Chinese medicine enters the body, there are
also complicated processes of absorption, distribution,
metabolism, and excretion. 2erefore, we hypothesize that
although different Chinese medicines may have some of the
same molecules, based on the complex characteristics of
multiple components and multiple targets of traditional
Chinese medicine, it is still believed that each traditional
Chinese medicine, and even each molecule, corresponds
with a distinct biological process in the body.

3.5. KEGG Enrichment Analysis. In the previous drug-
component-target-disease network, we obtained 7 targets for
possible treatments: EGFR, FOS, HIF1A, IRF1, NCOA1,
NCOA2, and NFKBIA. However, the physiological and
metabolic effects of CPB in the body were still unknown.
2erefore, we performed KEGG enrichment analyses, as
shown in Figure 3. Notably, in the KEGG enrichment
analysis, we found that pathways related to PD-L1 expres-
sion and the PD-1 checkpoint pathway in cancer and es-
trogen signaling pathway were the most enriched.

2e occurrence and development of tumors is accom-
panied by the formation of a special tumor immune mi-
croenvironment. Tumor cells can escape immune
surveillance and destroy the host’s immune checkpoints
through various methods, thus avoiding elimination from
the host’s immune system [41]. Under normal physiological
conditions, immune checkpoint molecules are in a balanced
state such that the immune response of T cells maintains an
appropriate intensity and scope in order to minimize
damage to surrounding normal tissues and avoid autoim-
mune reactions [42]. However, cancer uses a variety of
methods to upregulate negative signals through cell surface
molecules, thereby inhibiting T cell activation or inducing
apoptosis and promoting cancer progression and metastasis
[43]. 2e immunotherapy method that uses antagonistic
antibodies to block the immune checkpoint pathway can
release cancer suppression and promote antitumor activity,
thereby achieving the purpose of treating cancer. Pro-
grammed death 1 (PD-1) and its ligands PD-L1 (B7H1) and

Table 1: Physical and chemical properties of CPB components.

Index Result
n 94
OB (mean (SD)) 37.90 (20.22)
DL (mean (SD)) 0.20 (0.22)
MW (mean (SD)) 253.41 (118.93)
AlogP (mean (SD)) 3.27 (1.77)
Hdon (mean (SD)) 1.18 (2.12)
Hacc (mean (SD)) 2.76 (3.82)
2e values are expressed as the mean (SD).
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Table 2: 2e 11 main components of CPB.

No. MolID MolName OB DL Molecular structure Reference

1 MOL002879 Diop 43.59 0.39

O
O O O [27]

2 MOL005573 Genkwanin 37.13 0.24

H

H

O

O

O O

O

[27]

3 MOL005884 Patchoulan 1, 12-diol 38.17 0.25
HO

OH

[27, 28]

4 MOL005890 Pachypodol 75.06 0.4

OO

O

O

O

HO

[29, 30]

5 MOL005911 5-Hydroxy-7, 4′-dimethoxyflavanone 51.54 0.27

O

O O

OO H

[31]

6 MOL005916 Irisolidone 37.78 0.3

O O

O O
OH

H

O [27]

7 MOL005918 Phenanthrone 38.7 0.33

HO

O

O

N

[27, 32]

8 MOL005921 Quercetin 7-O-β-D-glucoside 49.57 0.27

HO

HO

O OH

OH

OH

[31]

9 MOL005922 Acanthoside B 43.35 0.77

HH
H

H

H

H

H

O
O

O

O O
O O

O

O O

O

OO

[27]

Evidence-Based Complementary and Alternative Medicine 5



Table 2: Continued.

No. MolID MolName OB DL Molecular structure Reference

10 MOL005923 3, 23-Dihydroxy-12-oleanen-28-oic acid 30.86 0.86
OH

OH
OH

HO

OO

OO
O

O
O

[27, 33]

11 MOL000098 Quercetin 46.43 0.28

H

H

H
H

H

O

O

O

O

O O

O
[31, 34]

Affinity:-9.3kcal/mol Affinity:-8.6kcal/molAffinity:-6.2kcal/mol

(A9) (A11)(A10)

Affinity:-8.7kcal/mol Affinity:-8.3kcal/mol Affinity:-10kcal/molAffinity:-9.1kcal/mol

(A5) (A7) (A8)(A6)

Affinity:-9.1kcal/mol Affinity:-8.9kcal/mol Affinity:-8.6kcal/molAffinity:-8.5kcal/mol

(A1) (A3) (A4)(A2)

(a)

Figure 1: Continued.
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Affinity:-8.3kcal/mol Affinity:-5.6kcal/molAffinity:0.5kcal/mol

(B9) (B11)(B10)

Affinity:-5.2kcal/mol Affinity:-6.7kcal/mol Affinity:-6.9kcal/molAffinity:-8.9kcal/mol

(B5) (B7) (B8)(B6)

Affinity:-7.9kcal/mol Affinity:-8.5kcal/mol Affinity:-4.2kcal/molAffinity:-8.5kcal/mol

(B1) (B3) (B4)(B2)

(b)

Figure 1: 2e 11 active components of CPB docked with P-gp and CYP3A4 molecules. (a) P-gp. (b) CYP3A4. 1, quercetin; 2, Diop; 3,
genkwanin; 4; patchoulan 1,12-diol; 5, pachypodol; 6, 5-hydroxy-7,4′-dimethoxyflavanone; 7, irisolidone; 8, phenanthrone; 9, quercetin 7-
O-β-D-glucoside; 10, acanthoside B; 11, 3,23-dihydroxy-12-oleanen-28-oic acid. A1, A3, A5, A7, A9, A10, A11, B1, B5, B7, B8, B9, B10, and
B11 are hydrogen bond links and short-range van derWaals forces or π interaction forces.A2,A4,A6,A8, B2, B3, B4, and B6 are short-range
van der Waals forces or π interaction force connections.

NFKBIAEGFR

FOS

Heat stress

HIF1A NCOA1

IRF1

NCOA2

Quercetin 7-O-β-D-glucoside Irisolidone

3,23-Dihydroxy-12-oleanen-28-oic
acidGenkwanin

Quercetin

Cablin patchouli herb

Figure 2: Drug-component-target-disease network. Blue represents targets, green represents drug molecules, magenta represents the drug,
and yellow represents the disease. 2e size of each node represents its degree value: the larger the node is, the greater the degree value is.
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PD-L2 (B7-DC) represent the current main research di-
rections with respect to immune checkpoint molecules [44].
2e expression of PD-L1 is induced by a variety of proin-
flammatory factors (including type I and type II IFN-c, IL-
1β, TNF-α, LPS, and so on) [45, 46]. Proinflammatory
factors are indispensable factors in the process of tumor
formation and the main factors that cause fever in the
human body. In conclusion, our research found that CPB
may exert a certain regulatory effect on PD-L1 expression
and the PD-1 checkpoint in cancer pathway.

Estrogen is a female steroid compound secreted by or-
gans such as the ovaries and placenta.2ere are mainly three
forms: estrone, estradiol, and estriol [47]. Previous studies
have shown that estrogen can not only regulate reproductive
behavior through estrogen receptors but also exert an im-
portant effect on the central nervous system [48]. Although
the specific mechanism remains unclear, studies have shown
that estrogen has a huge effect on body temperature regu-
lation. 2e evidence includes the following: estrogen or
related estrogen receptor ligand therapy can lower core
temperature [49]; compared with ovariectomized rats that
received estrogen, the temperature of skin vasodilation in
ovariectomized rats was 4° lower [50]; the state of estrogen
deficiency will increase the sensitivity of the thermal defense
pathway, leading to the activation of heat loss effect factors at
lower ambient temperatures [51].

3.6. PPINetwork. As the agents of cell activity and function,
proteins do not exist independently. 2e interactions be-
tween proteins play important roles in each stage of life and
maintain the steady state of the internal environment. To
analyze the interaction modes of the CPB target proteins and
the targets of the two signaling pathways enriched by the
KEGG analysis, the cancer and estrogen signaling pathways,
a PPI network of the CPB target proteins was constructed, as
shown in Figure 4.

Among them, EGFR, NCOA1, and FOS are involved in
two pathways. Epidermal growth factor receptor (EGFR) is a
transmembrane glycoprotein that is one of the four mem-
bers of the ErbB family of tyrosine kinase receptors. 2e
activation of EGFR leads to the autophosphorylation of
receptor tyrosine kinase, which triggers a series of down-
stream signaling pathways and participates in the regulation
of cell proliferation, differentiation, and survival. EGFR is
abnormally activated through various mechanisms, such as
receptor overexpression, mutation, ligand-dependent re-
ceptor dimerization, and ligand-independent activation, and
is associated with the occurrence of various human cancers.
EGFR inhibition is one of the key targets of cancer che-
motherapy [52]. Nuclear receptor coactivators (NCOAs) are
multifunctional transcriptional coregulators of a growing
number of signal-activated transcription factors. 2e
members of the p160 family (NCOA1/2) are increasingly
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Figure 3: KEGG enrichment of CPB targets.
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Figure 4: CPB target PPI network. Red indicates target proteins involved in cancer-related pathways; blue indicates target proteins involved
in estrogen signaling.
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Figure 5: Continued.
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Figure 5: Docking results of CPB components and target molecules. (a) Quercetin. (b) Genkwanin. (c) Irisolidone. (d) Quercetin 7-O-β-D-
glucoside. (e) 3,23-Dihydroxy-12-oleanen-28-oic acid. 1, EGFR; 2, FOS; 3, HIF1A; 4; NCOA1; 5, NCOA2; 6, NFKBIA. A1, A2, A3, A4, A5,
A6, B1, B3, B5, B6, C1, C2, C3, C4, C5, C6, D1, D2, D3, D4, D6, E1, E2, E3, E4, E5, and E6 are hydrogen bond links and short-range van der
Waals forces or π interaction forces. B2, B4, and D5 are short-range van der Waals forces or π interaction force connections.
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Figure 6: Continued.
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recognized as essential and nonredundant players in a
number of physiological processes [53]. 2is family has been
shown to be related to cancer [54] and inflammation and
metabolism [53]. FOS is a nuclear phosphoprotein encoded
by mature mRNA transcribed from the c-fos gene and is
closely related to seizures [55] and cancer [56]. Hypoxia-
inducible factor 1-alpha (HIF1A) is an oxygen-dependent
transcriptional activator that plays key roles in tumor an-
giogenesis and mammalian development [57]. Finally,
NFKBIA encodes inhibitors of nuclear factor-κB (NF-κB)
that regulate the translation of genes involved in inflam-
matory and immune reactions [58, 59]. In conclusion, our
results demonstrate that EGFR, NCOA1, FOS, HIF1A,
NFKBIA, and NCOA2 may be the main targets of CPB.

3.7. Molecular Docking Verification. In the above, we
showed that quercetin, genkwanin, irisolidone, 3,23-dihy-
droxy-12-oleanen-28-oic acid, and quercetin 7-O-β-D-glu-
coside are the main components of CPB. EGFR, NCOA1,
FOS, HIF1A, NFKBIA, and NCOA2 are the main target
proteins, which we analyzed to more clearly verify whether
the components and the targets can actually interact. We

continued to use molecular docking technology for verifi-
cation, and the results are shown in Figure 5. In short, the
molecular docking verification of the 5 main components of
CPB and the 6 main target proteins was successful.

3.8. Animal Experiment Verification. To further prove the
availability of CPB, a rat model of fever was used to study
CPB intragastric treatment. As shown in Figure 6(a), CPB at
a concentration of 40mg/kg showed a significant antipyretic
effect after treatment. At the same time, we also measured
the values of IL-1β, IL-6, TNF-α, and NCOA1 in the blood.
As shown in Figures 6(b), 6(d), and 6(e), CPB can reduce the
levels of IL-1β, TNF-α, and NCOA1 in rat serum. In
Figure 6(c), the amount of IL-6 also seems to decrease,
although it is not statistically significant. To further verify the
conclusions we have reached, we used the protein expression
in the rat hypothalamus to perform western blot verification.
As shown in Figure 6(f), the expression of EGFR and C-FOS
proteins in rats increased after modeling, but after CPB
treatment, the expression of EGFR and C-FOS proteins
decreased. In short, all animal experiments have successfully
verified the conclusions we have reached.
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Figure 6: 2e effect of CPB on rats. (a) CPB on the body temperature of rats. (b) CPB on the amount of IL-1β in rat serum. (c) CPB on the
amount of IL-6 in rat serum. (d) CPB on the amount of TNF-α in rat serum. (e) CPB on the amount of NCOAl in rat serum. (f ) CPB on
RGFR and C-FOS protein.
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4. Discussion

2is study used network pharmacology combined with mo-
lecular docking. First, we collected the components and targets
of CPB and screened them.2en, the ingredients were used for
molecular docking with P-gp and CYP3A4 to initially verify
that the active ingredients can be absorbed by the body. 2en,
we obtained genes which are differentially expressed during
heat stress from the GEO database, constructed a drug-com-
ponent-target-disease network, and further identified querce-
tin, genkwanin, irisolidone, 3,23-dihydroxy-12-oleanen-28-oic
acid, and quercetin 7-O-β-D-glucoside as the main ingredients
of CPB. We also constructed KEGG and PPI networks based
on target information and proved that EGFR, NCOA1, FOS,
HIF1A,NFKBIA, andNCOA2 are themain targets. Finally, the
5 active compounds were used to verify molecular docking
with the 6 main targets.

To enhance the level of evidence for CPB in the treat-
ment of heat stress, we continued to use febrile rats for
experimental verification. We first proved that CPB can
reduce the body temperature of febrile rats. 2e values of IL-
1β, TNF-α, and NCOA1 in the blood of rats also decreased.
Western blot detection also found that EGFR and C-FOS
proteins in the hypothalamus were reduced. We have also
produced a map of the targets of CPB, as shown in Figure 7.

In conclusion, our study shows that themain components of
CPB as a treatment for heat stress are quercetin, genkwanin,
irisolidone, 3,23-dihydroxy-12-oleanen-28-oic acid, and quer-
cetin 7-O-β-D-glucoside. Its main targets are EGFR, NCOA1,
FOS, HIF1A, NFKBIA, and NCOA2. Our study is the first
network pharmacology study and experimental verification of
the use of the traditional Chinese medicine CPB to treat heat
stress; thus, this research has pioneering significance.
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4-O-Podophyllotoxin sulfamate derivatives were prepared using the natural lignan podophyllotoxin. *e prepared compounds
were afforded by reacting O-sulfonyl chloride podophyllotoxin with ammonia or aminoaryl/heteroaryl motif. Biological eval-
uation was performed in human breast cancer (MCF7), ovarian cancer (A2780), colon adenocarcinoma (HT29), and normal lung
fibroblast (MRC5) cell lines. Compound 3 exhibited potent inhibitory activity and good selectivity margin. Compounds 2, 3, and 7
exerted apoptotic effect inMCF7 cells in a dose-dependentmanner.*e cytotoxicity of the verified compounds was inferior to that
of podophyllotoxin.

1. Introduction

Podophyllotoxin 1 (PPT) is a natural lignan of the aryl
tetralin class and the main component of Podophyllum
peltatum L., and it was used in folk medicine since remote
times [1, 2]. It is generally considered as an effective anti-
cancer agent with the ability to inhibit microtubules as-
sembly by interacting with the tubulin proteins at the same
binding site of colchicine, preventing the formation of the
mitotic spindle [3, 4].
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Serious adverse effects, including nausea, vomiting, di-
arrhea, abdominal pain, thrombocytopenia, leucopenia,
cytotoxicity, and lack of oocytes maturation, were docu-
mented for PPT [5–7]. In addition, PPT suffers from poor
water solubility and poor pharmacokinetic properties,
limiting its wide spread in clinical use [8]. Nevertheless, due
to its extraordinary biological activity and longtime use in
traditional medicine, PPT and 4′-demethylpodophyllotoxin
will continue to represent an important lead in the devel-
opment of new active entities [9–13].

Multiple structural modifications were made on podo-
phyllotoxin structure to improve the potency and

pharmacokinetic properties as well as to overcome drug
resistance. In particular, the C-4 position has represented a
primary target for these modifications [8, 11]. As a matter of
a fact, multiple in vitro and in silico studies have demon-
strated that C-4molecular area is suitable to lodge significant
structural varieties [10, 14]. *ese efforts were crowned by
the preparation and introduction of potent derivatives such
as the highly prescribed anticancer drugs etoposide, teni-
poside, and the prodrug etopophos (Figure 1) [15].

It is worth mentioning that the cytotoxic mechanism of
these derivatives is linked to their inhibition of topoisom-
erase II (topo II), inducing cell death, by enhancing the topo
II-mediated DNA cleavage through the stabilization of the
transitory DNA/topo II cleavage complex [16]. *ese agents
including etoposide were associated with numerous limi-
tations such as cytotoxicity toward normal cells, drug re-
sistance, and poor bioavailability [17, 18].

Recently, the design of 4-substituted podophyllotoxin
derivatives containing sulfonamide groups was reported [19].
*is study exploited the diverse physical, chemical, and bi-
ological properties of reported derivatives, in particular,
compound (A) in Figure 2; an N-(aminosulfonyl)-4-podo-
phyllotoxin carbamate derivative demonstrated high in vitro
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antiproliferative activity against tumor cell lines such as cervix
carcinoma (HeLa), lung carcinoma (A-549), ileocecal carci-
noma (HCT-8), and liver carcinoma (HepG2) cell lines,
whereas low toxicity against the normal lung (WI-38) cell line.
Biological data showed that the derivatives inhibit tubulin
polymerization and microtubule assembly in HeLa cells [19].
In another study, 4-sulfonylamino derivatives exemplified by
compound B in Figure 2 exerted highly potent cytotoxicity
against human prostate (DU145), colon (HT29), breast
(MCF7), multidrug-resistant breast (MCF7/ADR), lung
(NCI–H460), and brain (U251) cancer cell lines [20]. In
addition, a novel series of C-4β-disulfide/trisulfide-containing
podophyllotoxin derivatives showed good anticancer activity
against oral cancer (KB/VCR) cell lines superior to that of
etoposide [21]. *is work reports the design and synthesis of
4-O-podophyllotoxin sulfamate derivatives having various
substituents to afford more potent and less toxic compounds.

2. Materials and Methods

2.1. Chemicals. All chemicals, reagents, and solvents were of
analytical grade and used directly without extra purification.
Chloroform, methanol, cyclohexane, ethylacetate,
dichloromethane (DCM), and triethylamine (TEA) were
purchased from Fisher Scientific (UK) and Tedia Company
(USA). Podophyllotoxin, chlorosulfonic acid, ammonia, 2-
picolylamine(2-aminomethyl pyridine), 2-(2-aminoethyl)
pyridine, 2-amino pyridine, 4-fluoroaniline, and 2-amino
anthracene were purchased from Sigma-Aldrich (Germany).

2.2. Instruments. Nuclear Magnetic Resonance (NMR) charts
were recorded by BRUKER 500MHz Avance III. Chemical
shifts are reported in ppm related to tetramethylsilane (TMS),
internal standard. Deuterated chloroform (CDCl3) was used as a
solvent in sample preparation. 1H-NMR data are reported as
following: chemical shift (ppm), multiplicity, coupling constant
(Hz), number of protons, and their corresponding proton(s).
For initial identification of compounds, infrared (IR) spectra

were recorded using Shimadzu 8400 FT-IR spectrophotometer
(Japan). All tested compounds were triturated with potassium
bromide (KBr) and compressed into thin film discs (ACros,
Belgium). *e melting point (m.p) was measured using Gal-
lenkampmelting point apparatus (Gallenkamp, UK).*in layer
chromatography (TLC) was performed on 20× 20 cm alumi-
num plates precoated fluorescent silica gel GF254 (ALBET,
Germany). *e TLC was visualized under UV lamp,
Spectroline® cabinet, Model CX-20 (USA), at 254 and/or
360nm. For the efficient and gentle removal of solvents from the
samples, Rotavapormodel R-114 (Buchi, Switzerland) was used.

2.3. Synthesis

2.3.1. General Procedure for the Synthesis of Compounds 2–7.
To a stirred solution of 1 (1.0mmol) in dry dichloromethane
(CH2Cl2) (10mL) cooled in ice bath, chlorosulfonic acid
(ClSO3H) (1.5mmol) solution in dry CH2Cl2 (10mL) was
added cautiously drop wise. After stirring for 1 h at room
temperature, ammonia or aryl amines (2.0mmol) were
added. *e mixture was reacted for 1–4 h at room tem-
perature. *en, triethylamine (TEA) (3.0mmol) was added
and filtered. *e filtrate was evaporated to dryness, and the
crude residue was purified by column chromatography on
silica gel with cyclohexane-ethylacetate to afford compounds
2–7, Scheme 1.

2.3.2. 4-O-Podophyllotoxin Sulfamate (2). White powder
(44%); m.p 234°C; Rf � 0.7 in (chloroform: methanol, 98 : 2);
1H-NMR (400Hz, CDCl3): δ � 3.23 (m, 1H), 3.74 (s, 6H,
2xOCH3), 3.80 (s, 3H, OCH3), 4.60 (m, 1H), 5.70 (m.1H),
4.77 (d, J� 5.20Hz, 1H), 5.95 (br s, 2H, NH2), 6.20 (d,
J� 7.20Hz, 2H), 6.35 (s, 2H, methylenedioxy), 6.50 (s, 1H,
Ar–H), 7.17 (s, 2H, Ar–H), 7.32 (s, 1H, Ar–H) ppm; 13C-
NMR (CDCl3): δ � 29.7 (1C), 45.0 (1C), 46.5 (1C), 50.6 (1C),
56.0 (1C), 56.3 (2C), 60.9 (1C), 62.2 (1C), 101.2 (1C), 106.1
(2C), 106.6 (1C), 112.0 (1C), 128, 8 (1C), 134.5 (1C), 140.0
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Figure 2: (a) N-(aminosulfonyl)-4-podophyllotoxin carbamate derivative; (b) 4-sulphonamide derivatives.
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(1C), 146.1 (1C), 147.6 (1C), 150.1 (1C), 153.3 (1C), 178.4
(1C) ppm; IR (KBr disc): ]� 3350 (NH2 sulfamate), 1730
(CO-g-lactone), 1600 (OSO2), 1430 (OSO2) cm−1.

2.3.3. 4-N-(2-Pyridinylmethyl)podophyllotoxin Sulfamate
(3). White powder (31%);m.p 230°C;Rf � 0.75 in (chloroform:
methanol, 98 : 2); 1H-NMR (400Hz, CDCl3): δ � 3.0 (s, 2H),
3.15 (m, 1H), 3.74 (s, 6H, 2xOCH3), 3.80 (s, 3H, OCH3), 4.60
(m, 1H), 5.55 (m, 1H), 4.77 (d, J� 5.18Hz, 1H), 5.75 (br s, 1H,
NH), 6, 15 (m, 1H), 6.20 (d, J� 7.15Hz, 2H), 6.25 (m, 1H), 6.35
(s, 2H, methylenedioxy), 6.50 (s, 1H, Ar–H), 7.07 (s, 2H,
Ar–H), 7.15 (s, 1H, Ar–H), 7.40 (m, 1H), 7, 45 (m, 1H) ppm;
13C-NMR (CDCl3): δ � 24 (1C), 29.7 (1C), 45.0 (1C), 46.5 (1C),
50.6 (1C), 56.2 (1C), 57.9 (2C), 60.9 (1C), 67.4 (1C), 101.5 (1C),
108.3 (2C), 109.6 (1C), 111.0 (1C), 128,8 (1C), 134.5 (1C), 137.2
(1C), 140.0 (1C), 143.6 (1C), 146.1 (1C), 147.6 (1C), 148.2 (1C),
150.1 (1C), 152.5 (1C), 153, 1 (1C), 154.0 (1C), 175.0 (1C) ppm;
IR (KBr disc): ]� 3310 (NH2 sulfamate), 1710 (CO-g-lactone),
1570 (OSO2), 1410 (OSO2) cm−1.

2.3.4. 4-N-(2-Pyridinylethyl)podophyllotoxin Sulfamate (4).
White powder (20%); m.p 225°C; Rf � 0.8 in (chloroform:
methanol, 98 : 2); 1H-NMR (400Hz, CDCl3)): δ � 2.05 (m, 2H),
2.78 (m, 2H), 3.05 (m, 1H), 3.74 (s, 6H, 2xOCH3), 3.80 (s, 3H,
OCH3), 4.50 (m, 1H), 5.25 (m.1H), 4.77 (m, 1H), 5.75 (br s, 1H,
NH), 6, 10 (m, 1H), 6.15 (m, 2H), 6.17 (m, 1H), 6.30 (s, 2H,
methylenedioxy), 6.41 (s, 1H, Ar–H), 6.90 (s, 2H, Ar–H), 7.0 (s,
1H, Ar–H), 7.23 (m, 1H), 7, 30 (m, 1H) ppm; 13C-NMR
(CDCl3): δ �14.1 (1C), 22.7 (1C), 29.2 (1C), 42.8 (1C), 46.1 (1C),
50.3 (1C), 56.2 (1C), 56.3 (2C), 60.8 (1C), 67.1 (1C), 101.3 (1C),
107.7 (2C), 109.6 (1C), 111.0 (1C), 128.8 (1C), 134.5 (1C), 137.2
(1C), 140.0 (1C), 143.6 (1C), 146.1 (1C), 147.3 (1C), 148.0 (1C),
150.1 (1C), 152.3 (1C), 153.0 (1C), 153.2 (1C), 167.0 (1C) ppm;
IR (KBr disc): ]� 3300 (NH2 sulfamate), 1700 (CO-g-lactone),
1566 (OSO2), 1410 (OSO2) cm−1

2.3.5. 4-N-(2-Pyridinyl)podophyllotoxin Sulfamate (5).
White powder (35%); m.p 230°C decomp.; Rf � 0.73 in (chlo-
roform: methanol, 98 : 2); 1H-NMR (400Hz, CDCl3): δ � 3.32
(m, 1H), 3.80 (s, 6H, 2xOCH3), 3.85 (s, 3H, OCH3), 4.70 (m,
1H), 5.95 (m.1H), 4.77 (m, 1H), 6.55 (br s, 1H, NH), 6.27 (m,
1H), 6.32 (m, 2H), 6.35 (m, 1H), 6.43 (s, 2H, methylenedioxy),
6.65 (s, 1H, Ar–H), 7.20 (s, 2H, Ar–H), 7.30 (s, 1H, Ar–H), 7.64
(m, 1H), 7, 75 (m, 1H) ppm; 13C-NMR (CDCl3): δ � 31 (1C),
45.5 (1C), 46.9 (1C), 52 (1C), 57 (1C), 58.7 (2C), 63 (1C), 68.2
(1C), 101.7 (1C), 108.8 (2C), 110.7 (1C), 112.0 (1C), 129.4 (1C),
134.9 (1C), 137.7 (1C), 140.6 (1C), 144.4 (1C), 147 (1C), 148.3
(1C), 149 (1C), 150.4 (1C), 153.3 (1C), 154 (1C), 154.7 (1C), 177.2
(1C) ppm; IR (KBr disc): ]� 3390 (NH2 sulfamate), 1730 (CO-g-
lactone), 1620 (OSO2), 1460 (OSO2) cm−1.

2.3.6. 4-N-(4-Flourophenyl)podophyllotoxin Sulfamate (6).
White powder (20%); m.p 220°C; Rf � 0.8 in (chloroform:
methanol, 98 : 2); 1H-NMR (400Hz, CDCl3): δ � 3.0 (m, 1H),
3.76 (s, 6H, 2xOCH3), 3.82 (s, 3H, OCH3), 4.64 (m, 1H), 5.62
(m.1H), 4.74 (m, 1H), 5.95 (br s, 1H, NH), 6.30 (m, 1H), 6.27

(d, J� 5.30Hz, 2H), 6.32 (d, J� 6.10Hz, 2H, Ar–H), 6.40 (s,
2H, methylenedioxy), 6.55 (d, J� 6.15Hz, 2H, Ar–H), 7.10
(s, 2H, Ar–H), 7.21 (s, 1H, Ar–H) ppm; 13C-NMR (CDCl3):
δ � 30.7 (1C), 45.4 (1C), 46.8 (1C), 51 (1C), 56.6 (1C), 58.3
(2C), 61.2 (1C), 67.8 (1C), 102.3 (1C), 108.6 (2C), 109.9 (1C),
111.3 (1C), 129.2 (1C), 134.8 (1C), 137.6 (1C), 140.9 (1C), 144
(1C), 146.5 (1C), 148.2 (1C), 148.7 (1C), 150.1 (1C), 152.7
(1C), 153.4 (1C), 154.3 (1C), 156.7 (1C), 176.0 (1C) ppm; IR
(KBr disc): ]� 3330 (NH2 sulfamate), 1710 (CO-g-lactone),
1570 (OSO2), 1430 (OSO2) cm−1. *is compound was un-
stable, and it was excluded from the biological assay.

2.3.7. 4-N-(2-Anthracenyl)podophyllotoxin Sulfamate (7).
White powder (58%); m.p 246°C decomp.; Rf � 0.89 in
(chloroform: methanol, 98 : 2); 1H-NMR (400Hz CDCl3)):
δ � 3.08 (m, 1H), 3.77 (s, 6H, 2xOCH3), 3.81 (s, 3H, OCH3),
4.64 (m, 1H), 4.89 (m.1H), 3.81 (m, 1H), 5.96 (br s, 1H, NH),
4.64 (m, 2H), 6.25 (m, 1H, Ar–H), 6.35 (s, 2H, methyl-
enedioxy), 6.55 (s, 1H), 6.83 (m, 2H, Ar–H), 7.09 (s, 1H),
7.43 (m, 1H), 7.52 (m, 2H), 7.82 (m, 1H), 7.91 (m, 2H), 8.11
(s, 1H, Ar–H), 8.26 (s, 1H, Ar–H) ppm; 13C-NMR (CDCl3):
δ � 29.7 (1C), 45.9 (1C), 46.2 (1C), 50.3 (1C), 56.3 (1C), 58.0
(2C), 60.8 (1C), 69.0 (1C), 101.6 (1C), 108.4 (2C), 109.6 (1C),
110.8 (1C), 105.6 (1C), 120.9 (1C), 121 (1C), 123 (1C), 125.1
(1C), 125.8 (1C), 126, 5 (1C), 127 (1C), 128.4 (1C), 128.9 (1C),
129.2 (1C), 131.9 (1C), 133.6 (1C), 134.8 (1C), 137.6 (1C),
146.5 (1C), 148.2 (1C), 148.7 (1C), 150.1 (1C), 152.4 (1C),
152.9 (1C), 171.0 (1C) ppm; IR (KBr disc): ]� 3310 (NH2
sulfamate), 1680 (CO-g-lactone), 1575 (OSO2), 1410
(OSO2) cm−1.

2.4. Cell Culture. *ree cancer cell lines, human breast
adenocarcinoma (MCF7), human ovary adenocarcinoma
(A2780), and human colon adenocarcinoma (HT29), in
addition the normal human fetal lung fibroblast (MRC5),
were used. All cell lines were obtained from the ATCC. *e
three cancer cells were subcultured in RPMI-1640 media
(10% FBS), while MRC5 was maintained in Eagles minimum
essential medium (EMEM, 10% FBS), all at 37°C, 5% CO2,
and 100% relative humidity [22].

2.5. Cytotoxicity Assay. As previously reported [23, 24], the
cytotoxicity of the six compounds, including podophyllo-
toxin as reference, was evaluated by theMTTassay.*e three
cell lines and one normal fibroblast cells were separately
cultured in 96-well (3×103/well) and incubated at 37°C
overnight. Final compound concentrations are as follows: 0,
0.005, 0.050, 0.500, 5.000, and 25.000 μM (DMSO 0.1%;
n� 3). Plates were incubated for 72 h, followed by addition of
MTT to each well. Plates were incubated for 3 hr, super-
natant was aspirated, and DMSOwas added to each well.*e
absorbance was read on multiplate reader. *e optical
density of the purple formazan A550 is proportional to the
number of viable cells. Compound concentration causing
50% inhibition (IC50) compared to control cell growth
(100%) was determined. GraphPad Prism version 5.00 for
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Windows, GraphPad Software, San Diego California, USA,
was used for analysis.

2.6. Annexin V FITC/PI Apoptosis Assay. Annexin V FITC/
PI assay was used to evaluate possible ability to induce
apoptosis [25]. MCF7 cells were cultured in 6 well plates

(1× 105 cells/well) overnight at 37°C. Compounds 2, 3, and 7
were used to treat cells (0, 0.5, 1.0, and 5.0 µM). After 24 h,
the supernatant of treated cells was collected in tubes and
kept in ice, and cells were trypsinized and incubated at 37°C
before being added to the tubes. MCF7 cells were centrifuged
(2000 rpm) and washed with PBS (x1), and pellets resus-
pended in the binding buffer (100 μL) and annexin V FITC

Table 1: Cytotoxic activity of the verified compounds (2, 3, 4, 5, and 7) (MTT 72 h, IC50± SD μM).

Compound MCF7 A2780 HT29 MRC5
2 0.648± 0.087 0.729± 0.363 1.343± 0.637 7.507± 1.510
3 0.150± 0.060∗ 0.179± 0.010∗ 0.222± 0.098∗ 2.027± 0.250
4 0.212± 0.010∗ 0.456± 0.180∗ 0.228± 0.075∗ 0.048± 0.003∗∗
5 0.184± 0.052∗ 0.132± 0.012∗ 1.048± 0.005 0.047± 0.042∗∗
7 2.120± 0.989 3.652± 1.939 5.082± 0.673 9.076± 1.010
Podophyllotoxin 0.004± 0.001∗∗∗ 0.007± 0.001∗∗∗ 0.002± 0.001∗∗∗ 0.043± 0.060∗∗

Data are representation of three independent experiments (n� 4). Statistical difference (one-way ANOVA, Tukey’s post hoc): p< 0.05∗, p< 0.01∗∗, and
p< 0.001∗∗∗ were considered significant.
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Figure 3: Histogram showing different phases of staining MCF7 cells with annexin V FITC/PI treated with vehicle control. Compounds (a)
2, (b) 3, and (c) 7, each in three concentrations, 24 h. X-axis: annexin (V); y-axis: PI. C1: (necrosis death, PI+/annexin V-); C2: (late
apoptosis, PI+/annexin V+); C3: (living cells, PI-/annexin V-); C4: (early apoptosis, PI-/annexin V+). Experiment was repeated 2x.
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(10 μL). Tubes were incubated at room temperature in dark
for 20min, before adding binding buffer (400 μL) and 10 μL
propidium iodide (PI). Analysis was performed by flow
cytometry (BC, FC500, USA). Different cell populations
(early apoptotic, late apoptotic, and necrotic cells) were
identified by annexin V and PI staining.

3. Results and Discussion

3.1. Chemistry. *e synthesis of podophyllotoxin sulfamates,
compounds 2–7, was achieved by reaction of podophyllotoxin
(1) with chlorosulfonic acid in dry dichloromethane (DCM)
(Scheme 1). *en, the podophyllotoxin sulfonyl chloride in-
termediate derivatives were immediately treated with ammonia
or with the corresponding aryl and heteroaryl amines in the
presence of triethylamine (TEA). *e structures of the target
compounds 2–7 were identified by IR, 1H-NMR, and 13C-
NMR spectral analysis.

3.2. Cytotoxicity Assay. *e cytotoxicity of the new podo-
phyllotoxin derivatives against breast, ovarian, and colon
cancer cells was evaluated using MTT assay. Additionally,
one normal cell line was tested to assess the selectivity of the
new derivatives. Compound 3 shows the highest activity
against the three cell lines (0.150–0.220 µM), and it was
9.1–13.5-fold more selective against MCF7, A2780, and
HT29 compared to MRC5 cells. Compound 2 also showed
≤1 µM activity against MCF7, A2780, and HT29, and it was
less cytotoxic against MRC5 cells. Compounds 4 and 5
showed similar activity to 3, but they showed no selectivity
against MRC5. Finally, compound 7 was the least active
(IC50 : 2.120–5.082 µM), but it showed 2–4-fold selectivity
against the normal cells. Compound 3 showed the com-
parable activity to podophyllotoxin (Table 1).

3.3. Annexin V FITC/PI Apoptosis Assay. Compounds 2, 3,
and 7 were selected for further investigations to explain their
mechanism of action. Annexin V FITC/PI assay was used to
evaluate whether they can induce apoptosis or not in MCF7
cells, following 24 h treatment. Compounds 2, 3, and 7
increased the early apoptotic MCF7 cell populations in a
dose-dependent manner (1.7–2.2-fold, compared to con-
trol), as shown in Figure 3.

*e desired podophyllotoxin sulfamate derivatives were
successfully prepared in a one-pot reaction in good yields.
*is novel method was developed in our lab applying the
coupling reaction between the alcohol podophyllotoxin with
excess chlorosulfonic acid affording a highly reactive
O-sulfonyl chloride intermediates that are immediately
subjected to sulfonamidation reactions with ammonia or
amino/heteroaryl derivatives. *e obtained compounds
were identified by IR and 1H and 13C-NMR spectral data.
*e prepared compounds were evaluated for their cytotoxic
activity against MCF7, A2780, and HT29, in addition to
MRC5. All tested compounds showed cytotoxicity in the
micromolar range but were less potent than podophyllo-
toxin, which was used as a reference. Compound 3 was the
most potent derivative, and it exhibited a good selectivity

margin; in fact, it showed 9.1–13.5 timesmore cytotoxicity in
cancer cells compared to normal MRC5 cells. Compounds 2
and 7 showed cytotoxicity with moderate selectivity. Con-
sequently, compounds 2, 3, and 7 were also evaluated for
their apoptotic inducing ability on MCF7 cells and showed
activity in a dose-dependent manner that partially explains
the mechanism of their activity. *ese results indicate that
podophyllotoxin sulfamate derivatives are valid candidates
for further development as anticancer agents.

4. Conclusion

Derivatives of 4-O-podophyllotoxin sulfamate were syn-
thesized through a simple and direct one-pot methodology
developed in our laboratory. *e synthesized derivatives
showed cytotoxicity in the micromolar concentrations.
Compounds (2, 3, and 7) showed a dose dependent increase
in apoptotic events. Yet, the activity of all compounds was
inferior to that of podophyllotoxin. We are looking for
optimizing the core structure of this scaffold and exploring
the activity of these derivatives in vivo study to get insights
about the efficacy and tolerability in animal models.
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Allicin has been well documented to exhibit a wide spectrum of biological activities, especially lipid-lowering activity, as a
promising candidate for the management of nonalcoholic fatty liver disease (NALFD). However, the mechanisms underlying the
therapeutic effects of allicin require further investigation. It is tempting to think of combining network pharmacology and
experimental validation to investigate the mechanism by which allicin ameliorates lipid metabolism disorder in HepG2 cells. We
established a cell model of hepatic steatosis induced by PA to investigate the antisteatotic effects of allicin.,e studies showed that
allicin reduced PA-induced lipid accumulation using Nile red staining and TC and TG assays.,en, 219 potential targets of allicin
were successfully predicted by PharmMapper. According to Reactome Pathway Analysis, 44 potential targets related to lipid
metabolism were screened out. Molecular signaling cascades mediated by allicin included PPARA, PPARG, FABP4, and FABP6
by cytoHubba and qPCR analysis. Results revealed that allicin activated the gene expression of PPARA and FABP6 and suppressed
the gene expression of FABP4 and PPARG. ,us, the present study united the methods of network pharmacology and ex-
perimental validation to investigate the protein targets of allicin on PA-induced lipid metabolism disorders to supply a reference
for related application for the first time.

1. Introduction

Lipid metabolism disorders are common pathological
processes in various clinical diseases and are characterized
by abnormal changes in the content and/or arrangement of
various kinds of lipoprotein [1], including elevations in total
cholesterol (TC) and triglycerides (TG) [2]. Substantial
evidence has demonstrated the association between lipid
accumulation and systemic conditions, such as NALFD [3],
hyperlipaemia [2], and type 2 diabetes mellitus [4].
Adjusting abnormal lipid metabolism is a practical proce-
dure to slow or prevent the degeneration of systemic con-
ditions. Simultaneously, it is recommended that
advantageous dietetic components make an important im-
pact on the prevention and therapy of lipid metabolism
disorder [5].

Natural products have more and more widespread ap-
plications in medicine and green agriculture due to their
mild and largely harmless properties in comparison with
chemical agents. Allicin is produced by an enzymatic re-
action when raw garlic is crushed or chopped. As an active
constituent of garlic, allicin has been found to possess
generous pharmacological activities, such as anticancer [6],
antibacterial, antihypertensive, antihypolipidemic, and
antihypoglycemic activities [7]. In addition, allicin also
showed antioxidant role on Nile tilapia and stem cells. It has
been proved in our previous research that allicin could
reduce lipid droplets induced by 1,3-DCP in HepG2 cells,
recommending allicin as a potential candidate for handling
of abnormal lipidmetabolism [8]. However, the mechanisms
underlying the therapeutic effects of allicin require further
investigation.
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In this work, we aim to find the pharmacological
mechanisms by which allicin ameliorates lipid metabolism
disorder in HepG2 cells. First of all, we established a cell
model of hepatic steatosis induced by PA to investigate the
antisteatotic effects of allicin. ,en, we predicted potential
targets of allicin by PharmMapper, a free online tool applied
to seek the target proteins for allicin on the basis of reverse
pharmacophore mapping [8]. Furthermore, we conducted
GO enrichment and pathway analysis for the potential
targets of allicin. Moreover, protein–protein interaction
(PPI) relationship between the target proteins was con-
structed by STRING.,en, the potential target proteins were
further analyzed via qPCR. In the present study, we made an
effort to elucidate the biological mechanisms by which allicin
exhibits a lipid lowering activity using a combination of
experimental operation and network pharmacology.

2. Materials and Methods

2.1.Reagents. Allicin and palmitic acid (PA) were purchased
from Sigma Chemical Co. (St. Louis, MO, USA).

2.2. Cell Culture Experiments. HepG2 cells were purchased
from ATCC. Cells were cultured under standard cell cul-
tured conditions (DMEM, 10% FBS) at 37°C in a 5% CO2
atmosphere.

2.3. Cell Viability Assays. ,e cytotoxicity of PA and allicin
was detected using CCK8 assays. 8×103 cells per well were
seeded in triplicate in 96-well plates overnight. First, cells
were treated with various doses of PA and allicin for 22 h.
Next, cells were treated with CCK-8 (Shangbao, China) for
2 h. ,e absorbance value of the culture solution in the plate
was detected by a microplate reader (Bio Tek, USA) at
450 nm.

2.4. Determination of TC and TG Levels. TC and TG levels
were analyzed by an enzymatic kit (Beckman Coulter, Inc.)
and indicated as mM of TC and TG per milligram of cellular
protein. ,e operations were performed following the kit
manufacturer’s instructions.

2.5. Nile Red Staining Assay. Briefly, 8×103 cells per well
were seeded in a 24-well plate overnight. ,en, cells were
treated with various doses of PA and allicin for 24 h. Nile red
staining of cells was performed referring to the methods
reported in the literature [9]. Cells were observed and
pictured by a fluorescence microscope (BX53, Olympus,
Japan).

2.6. Targets Predicted by PharmMapper. PharmMapper is a
web server for potential drug target identification based on
the use of a pharmacophore mapping approach. We ob-
tained the sdf structure format of allicin from the PubChem
database (CID: 65036). ,e molecular file of allicin was
uploaded to the PharmMapper server. ,e search started
using the maximum generated conformations at 300 by

selecting “Human Protein Targets Only (v2010, 2241)”
option and default value of 300 for the number of reserved
matched targets as described previously [9, 10]. “Default
Mode” was chosen for other parameters.

2.7. Functional Enrichment Analysis. DAVID provides a
comprehensive set of functional annotation tools for in-
vestigators to understand the biological meaning behind a
large list of genes. FunRich is a software mainly used for gene
functional classification that provides a comprehensive set of
functional annotation for researchers to understand bio-
logical characteristics [11]. In the present study, gene on-
tology (GO) function and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses of allicin
were performed through FunRich (version 3.1.3 for Win-
dows) and DAVID databases (version 6.8).

2.8. PPI Network Construction. ,e Search Tool for the
Retrieval of Interacting Genes (STRING; http://string.embl.
de/) is a biological database designed to construct a PPI
network of allicin based on the known and predicted PPIs
and then analyze the functional interactions between pro-
teins. Based on the STRING online tool in Cytoscape
software (version 3.7.1), we obtained the PPI network data of
proteins with a confidence score ≥ 0.7. Subsequently, the
plug-in of cytoHubba in Cytoscape software was applied to
explore the significant proteins in PPI network. ,e default
settings were used for advanced options.

2.9. mRNA Analysis. Briefly, 5×105 cells per well were
seeded in a 6-well plate overnight. ,en, cells were treated
with various doses of PA and allicin for 24 h. RNA from cells
was isolated using TRIZOL reagent (Invitrogen, Carlsbad
CA, USA). RNA concentration was determined by the ab-
sorbance at 260/280 nm. cDNAwas synthesized from 2 μg of
total RNA by 5×All-In-OneMasterMix (abm, Canada). ,e
primer sequences were designed using Oligo7 software
(Table 1) and synthesized by Sangon Biotech Co. (Shanghai,
China).,e qRT-PCR reactions were set up by EvaGreen 2X
qPCR MasterMix-No Dye (abm, Canada) according to the
manufacturer’s instructions. qPCR was performed by Bio-
Rad CFX96 Touch Real-Time PCR detection system with the
following cycle: 95°C for 10min, followed by 95°C for 15 sec
and 60°C for 60 sec for 40 cycles. At last, the dissolution
curve was determined. ,e relative gene expression value
was statistically evaluated by the 2−ΔΔCt method.

2.10. Statistical Analysis. Statistical significance of difference
in measured variables was performed by SPSS 19.0 software
(SPSS Inc., Chicago, IL, USA). All data were analyzed by
one-way ANOVA. Data are expressed as mean± SEM and
plotted in histograms with GraphPad Prism 5.0.

3. Results

3.1. Allicin Inhibits PA-Induced Hepatocyte Injury. First, we
determined the concentration dependence of the cytotoxic
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effect of allicin in the absence or presence of 400 μM PA for
24 h in HepG2 cells by using CCK8 assay. As shown in
Figure 1(a), allicin (0–500 μM) had no cytotoxic effect on
HepG2 cells. As shown in Figure 1(b), allicin (50–200 μM)
prevented PA-induced cell death in HepG2 cells. Based on
these results, concentrations from 50 μM to 200 μM were
applied in the following studies.

3.2. Allicin Reduced Lipid Accumulation in PA-Induced
Steatotic HepG2 Cells. To investigate the antisteatotic effect
of allicin in HepG2 cells, HepG2 cells were exposed to
various concentrations of allicin (50–200 μM) in presence of
a PA mixture at a concentration of 400 μM for 24 h. Total
intracellular lipid levels in HepG2 cells were measured after
Nile red staining, and the TG and TC contents were assayed
using enzymatic kits.

From Figure 2(a), it is clear that cellular oil droplets were
apparently increased by 400 μMPA treatment and decreased
in a concentration-dependent response of allicin treatment.
In addition, the data of TC and TG validated the results of
Nile red staining. A very significant reduction of TC and TG
was observed in presence of allicin. ,e inhibitory effect of
allicin on PA-induced lipogenesis of HepG2 cells was dose-
dependent (Figures 2(b) and 2(c)).

3.3. Construction of the Interaction Network and Network
Analysis. Ranked by fit score in descending order, 219
potential targets were predicted by PharmMapper.
According to Reactome Pathway Analysis, 44 potential
targets were found to be related to lipid metabolism. Sub-
sequently, 44 potential targets were used for further in-
vestigation (Table 2).

3.4. GO Enrichment and Pathway Analysis for Potential
Targets of Allicin. As a GO Term statistical analysis method,
GO enrichment analysis focused on the biological function,
molecular function, and cellular component [12, 13]. We
imported the selected potential 44 target genes into the
FunRich for GO enrichment. GO analysis results revealed
that the functions of these potential targets were related to
many biological processes that may be important for lipid
metabolism, such as metabolism, energy pathways, trans-
port, cell communication, and signal transduction. A total of

10 molecular functions were enriched, mainly involving
transporter activity, catalytic activity, and ligand-dependent
nuclear receptor activity. Cellular components related to
lipid metabolism were also identified, including cytoplasm,
nucleus, exosomes, extracellular region, and cytosol
(Table 3).

,en, we imported the selected potential 44 target genes
into the DAVID for pathway analysis. A total of 16 pathways
were obtained by KEGG analysis, from which we acquired
the top thirteen pathways that met the criterion of p< 0.05.
,ese pathways contained PPAR signaling pathway, ara-
chidonic acid metabolism, metabolism of xenobiotics by
cytochrome P450, steroid hormone biosynthesis, chemical
carcinogenesis, bile secretion, metabolic pathways, linoleic
acid metabolism, thyroid cancer, insulin resistance, hepatitis
C, non-small cell lung cancer, and nonalcoholic fatty liver
disease (NAFLD). Among them, the most important
enriched KEGG pathways were metabolic pathways and
PPAR signaling pathway. ,e screened pathways suggested
that allicin could play a role in the treatment with disorder of
lipid metabolism by participating in the aforementioned
pathways (Figure 3). In addition, genes involved in each
pathway are listed in Table 4.

3.5. Protein-Protein Interaction Network (PPI) Analysis.
,e selected potential 44 target genes were imported into the
STRING version 11.0 database in Cytoscape to construct a
PPI network. ,e network complex included 40 nodes and
109 edges (Figure 4). ,en, we applied cytoHubba in
Cytotype to evaluate a node with a degree, which denotes the
number of edges between a node and other nodes in a
network. A high-degree node was the most influential node
in the network, and a hub node was a component of a
network with a high-degree node. In this study, we selected
the top 10 hub nodes: ALB (degree� 19), RXRA
(degree� 15), PPARA (degree� 11), CYP2C9 (degree� 10),
SULT2A1 (degree� 9), PPARG (degree� 9), FABP4
(degree� 9), FABP6 (degree� 9), HPGDS (degree� 8), and
AKR1C3 (degree� 8). ,e hub nodes maintain the stability
of the network and show the metabolism of lipid, which
involves multiple genes and multidimensional regulation.
Among the hub nodes, RXRA, PPARA, PPARG, FABP4, and
FABP6 belong to PPAR signaling pathway, which plays an
important role in lipid metabolism (Figure 5). ,erefore,
RXRA, PPARA, PPARG, FABP4, and FABP6 were selected
for subsequent analysis.

3.6. Validation of Potential Targets. ,e effects of allicin on
five candidate targets (RXRA, PPARA, PPARG, FABP4, and
FABP6) were further investigated in HepG2 cells. We found
no statistically significant difference in expression of RXRA
mRNA. However, PPARA and FABP6 mRNA levels were
significantly decreased by 400 μM PA treatment (p< 0.01),
while administration of allicin showed a concentration-
dependent increase compared with PA group. Treatment
with PA increased the expression of FABP4 and PPARG
mRNA significantly, while administration of allicin lowered

Table 1: Primer sequences used for qPCR.

Gene name QRT-PCR primers

RXRA Forward TCCTTCTCCCACCGCTCCATC
Reverse CAGCTCCGTCTTGTCCATCTG

PPARA Forward ATCCCATCACTCTCTCTGTG
Reverse AACTACCTGCTCAGGACTCA

PPARG Forward GCACTGCCTATGAGCACTTC
Reverse CCATTGGGTCAGCTCTTGTG

FABP4 Forward TGGTGGTGGAATGCGTCAT
Reverse GGTCAACGTCCCTTGGCTTA

FABP6 Forward AGCACCACCCATTCTCCTCA
Reverse AAGTGAAGTCCTGCCCATCCT
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0.8

0.6

0.4

0.2

0.0

0μMAllicin

∗

∗∗

5 10 20 50 10
0

20
0

50
0

10
00

20
00

Ce
lls

 v
ia

bi
lit

y 
(O

D
45

0n
m

)

(a)

400μM
μM

–
–

+
–

+
50

+
100

+
200

PA
Allicin

0.8

0.6

0.4

0.2

0.0

Ce
lls

 v
ia

bi
lit

y 
(O

D
45

0n
m

)

(b)

Figure 1: ,e effects of allicin and PA on cell viability in HepG2 cells. Cell viability was determined by CCK8 assays. ,e results were
expressed as means± S.D. of three independent experiments. ∗p< 0.05, ∗∗p< 0.01 vs. control; #p< 0.05 vs. PA-treated cells.
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Figure 2: Continued.
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Figure 2: Inhibition of PA-induced lipid accumulation by allicin in HepG2 cells. (a) HepG2 cells were stained by Nile red and assessed by
fluorescence microscopy (captured by microscope at 400X magnification). ((b) and (c)) TC and TG level were measured as described in the
Materials andMethods section.,e results are expressed as means± S.D. of three independent experiments. ∗∗p< 0.01 vs. control; #p< 0.05,
##p< 0.01 vs. PA-treated HepG2 cells.

Table 2: Information of potential targets related to lipid metabolism.

Gene name
FABP6 AKR1B1 AKR1C1 VDR
APOA2 LSS NR1H2 HPGDS
ESRRA PIK3R1 STS HMGCR
FABP7 HSD17B1 CYP2C9 LTA4H
GM2A ALB PLA2G2A DPEP1
FABP4 HSD11B1 MAPKAPK2 PCTP
FABP3 NR1H4 RXRB PPARG
PPARA NR1H3 BCHE RORA
PPARD AKR1C2 RXRA PLA2G10
CBR1 AKR1C3 GC PNMT
SULT2A1 EPHX2 GSTM1 GSTM2

Table 3: GO enrichment analysis of the potential targets.

Term Genes

Biological
process

Metabolism
GM2A; CBR1; SULT2A1; AKR1B1; LSS; HSD17B1; HSD11B1; NR1H4; AKR1C2;
AKR1C3; EPHX2; AKR1C1; STS; CYP2C9; PLA2G2A; BCHE; GSTM1; GSTM2;

HPGDS; HMGCR; PLA2G10; PNMT

Energy pathways GM2A; CBR1; SULT2A1; AKR1B1; LSS; HSD17B1; AKR1C3; EPHX2; AKR1C1; STS;
CYP2C9; PLA2G2A; BCHE; GSTM1; GSTM2; HPGDS; HMGCR; PLA2G10; PNMT

Bone remodeling RORA
Transport FABP6; APOA2; FABP7; FABP3; ALB; AKR1C2; GC; PCTP

Xenobiotic metabolism GSTM1
Transcription PPARD

Regulation of gene expression,
epigenetic VDR

Cell communication FABP4; PIK3R1; NR1H4; NR1H3; NR1H2; MAPKAPK2; RXRB; RXRA
Signal transduction FABP4; PIK3R1; NR1H4; NR1H3; NR1H2; MAPKAPK2; RXRB; RXRA
Protein metabolism LTA4H; DPEP1
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Table 3: Continued.

Term Genes

Molecular
function

Ligand-dependent nuclear
receptor activity PPARA; NR1H4; NR1H3; NR1H2; RXRB; RXRA

Transporter activity FABP6; APOA2; FABP7; GM2A; FABP3; ALB; AKR1C2; GC; PCTP
Catalytic activity LSS; HSD17B1; HSD11B1; AKR1C3; AKR1C1; STS; CYP2C9; HMGCR

Glutathione transferase activity GSTM1; GSTM2
Phospholipase activity PLA2G2A; PLA2G10
Oxidoreductase activity CBR1; AKR1B1; AKR1C2

Hydrolase activity EPHX2; BCHE; LTA4H
Transcription factor activity PPARD; VDR; PPARG

Protein serine/threonine kinase
activity MAPKAPK2

DNA binding RORA

Cellular
component

Extracellular region APOA2; ALB; PLA2G2A; BCHE; GC; PLA2G10

Cytoplasm
FABP6; APOA2; FABP7; FABP4; FABP3; PPARA; CBR1; SULT2A1; AKR1B1;
PIK3R1; HSD17B1; ALB; AKR1C3; EPHX2; AKR1C1; NR1H2; PLA2G2A;
MAPKAPK2; GC; GSTM1; GSTM2; VDR; HPGDS; LTA4H; PCTP; PPARG

Cytosol SULT2A1; AKR1B1; PIK3R1; AKR1C2; EPHX2; AKR1C1; MAPKAPK2; PCTP;
PNMT

Exosomes APOA2; GM2A; FABP3; CBR1; AKR1B1; ALB; EPHX2; GSTM2; LTA4H; DPEP1;
PPARG

Extracellular APOA2; GM2A; FABP3; AKR1B1; ALB; PLA2G2A; BCHE; GC; HMGCR; PLA2G10
Endoplasmic reticulum LSS; HSD11B1; STS; CYP2C9; PLA2G2A; HMGCR; DPEP1

Lysosome APOA2; GM2A; CBR1; AKR1B1; LSS; HSD17B1; ALB; STS
Extracellular space AKR1B1; ALB; PLA2G2A

Nucleus ESRRA; PPARA; PPARD; PIK3R1; ALB; NR1H4; NR1H3; AKR1C3; NR1H2;
MAPKAPK2; RXRB; RXRA; VDR; LTA4H; PPARG; RORA

Plasma membrane PIK3R1; STS; GC

Metabolic pathways

Count p value
3

0.04
0.03
0.02
0.01

6

9

12

PPAR signaling pathways

Metabolism of xenobiotics by cytochrome P450

 Arachidonic acid metabolism

Chemical carcinogenesis

Steroid hormone biosynthesis

Nonalcoholic fatty liver disease (NAFLD)

Hepatitis C

Insulin resistance

Bile secretion

Non-small cell lung cancer

Thyroid cancer

Linoleic acid metabolism

10 15 20 25 30

Figure 3: KEGG pathway enrichment of the potential targets.
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the expression of FABP4 and PPARG mRNA in a dose-
dependent response (Figure 6).

4. Discussion

PharmMapper server is a freely accessed web server designed
to identify potential target candidates for the given small
molecules (drugs, natural products, or other newly dis-
covered compounds with unidentified binding targets) using
pharmacophore mapping approach [8, 9, 14]. ,e results of
the network pharmacology method provide a basis for
understanding the mechanism of action of allicin.

In the present study, we investigated the role of allicin in
lipid metabolism. We found that allicin reduced lipid ac-
cumulation in a dose-dependent response in HepG2 cells.
,en, using network pharmacology prediction, we suc-
cessfully predicted 219 potential targets of allicin. According
to Reactome Pathway Analysis, 44 potential targets related to
lipid metabolism were screened out. ,en, 44 potential
targets were subjected to GO and KEGG pathway enrich-
ment analyses.

GO analytical data suggested that the potential targets
mainly referred to metabolism, energy pathways, transport,
and cell communication. ,ese biological processes were

Rank Node
1 ALB
2 RXRA
3 PPARA
4 CYP2C9
5 SULI2A1
5 PPARG
5 FABP4
5 FABP6
9 HPGDS
9 AKR1C3

Figure 4: Candidate target proteins identified in the PPI network constructed using Cytoscape software.

Table 4: Genes involved in each pathway.

Term Count Genes

Metabolic pathways 14 PLA2G10, PNMT, HSD17B1, HMGCR, CYP2C9, EPHX2, LSS, AKR1C3, CBR1, AKR1B1,
HSD11B1, PLA2G2A, LTA4H, HPGDS

PPAR signaling pathway 11 PPARA, APOA2, PPARD, RXRB, RXRA, PPARG, FABP3, FABP4, FABP7, FABP6, NR1H3
Arachidonic acid metabolism 8 AKR1C3, CBR1, PLA2G10, CYP2C9, PLA2G2A, EPHX2, LTA4H, HPGDS
Metabolism of xenobiotics by
cytochrome P450 8 GSTM1, GSTM2, AKR1C2, CBR1, SULT2A1, CYP2C9, HSD11B1, AKR1C1

Steroid hormone biosynthesis 6 AKR1C3, AKR1C2, STS, HSD17B1, HSD11B1, AKR1C1
Chemical carcinogenesis 6 GSTM1, GSTM2, CBR1, SULT2A1, CYP2C9, HSD11B1
Bile secretion 4 SULT2A1, HMGCR, RXRA, NR1H4
Insulin resistance 4 NR1H2, PPARA, PIK3R1, NR1H3
Hepatitis C 4 PPARA, RXRA, PIK3R1, NR1H3
Nonalcoholic fatty liver disease
(NAFLD) 4 PPARA, RXRA, PIK3R1, NR1H3

Linoleic acid metabolism 3 PLA2G10, CYP2C9, PLA2G2A
,yroid cancer 3 RXRB, RXRA, PPARG
Non-small cell lung cancer 3 RXRB, RXRA, PIK3R1
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Figure 5: PPAR signaling pathway of potential targets of allicin.
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Figure 6: Continued.
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related to NAFLD and lipid metabolism, which were con-
sistent with the literature [15, 16]. ,erefore, the potential
targets of allicin participated in multiple biological processes
and played pivotal roles in lipid metabolism.

Based on the KEGG pathway analysis, potential targets
were mainly involved in 16 pathways. Among them, PPAR
signaling was an extremely important pathway. ,e PPAR
signaling pathway has been considered to be related to the
pathological processes of fatty liver development in rats with
acute pancreatitis [17]. PPARA was a nuclear hormone
receptor and important regulator of lipid metabolism in the
liver. PPARAwas considered to be an important regulator of
lipid metabolism, which, upon activation, accelerated not
only transport, binding, and β-oxidation of fatty acids, but
also lipogenesis [18]. PPARA was mainly activated by ligand
binding, which required heterodimer formation with RXR
[19]. Another part of the PPAR family, PPARG, was a
nuclear hormone receptor, which played an important role
in the metabolism of lipids. In addition, it was also related to
a variety of diseases, including diabetes, obesity, athero-
sclerosis, and cancer [20, 21]. It had been reported that
PPARG could also be activated by fatty acids and played an
important part in insulin sensitivity and fat production [22].
,erefore, in the present study, PPAR signaling pathway was
supposed to serve crucial roles in the lipid metabolism
regulated by allicin.

STRING database can analyze the interaction relation-
ship between some proteins [23–25]. cytoHubba can identify
hub objects and subnetworks from a complex interactome.
,en, using of STRING database and cytoHubba suggested
10 hub targets, which play important roles in the PPI.
Among them, RXRA, PPARA, PPARG, FABP4, and FABP6
belong to PPAR signaling pathway, which plays an im-
portant role in lipid metabolism. ,erefore, RXRA, PPARA,
PPARG, FABP4, and FABP6 included in PPAR signaling
pathway were selected for further exploration by qPCR
analysis. ,e present results revealed that allicin activated
the gene expression of PPARA and FABP6 and suppressed
the gene expression of FABP4 and PPARG. Findings are
aligned with the previous studies. It was found that

treatment with garlic essential oil (GEO) and diallyl disulfide
(DADS) significantly upregulated the hepatic PPARA and
CPT-1 expression levels in HFD-fed mice compared with
HFD-fed mice without treatment [26]. A recent study also
confirmed that PPARA activation enhances mitochondrial
β-oxidation activity accelerating FA degradation in the liver
[27]. A study performed confirmed the association between
PPARG and obesity. It was reported that PPARG activation
could normalize epigenetic and transcriptional regulation
primarily related to lipid metabolism [28]. Moreover, PPARG
induces the expression level of FABP4 leading to hepatic
adipogenesis; the increase of fat is related to the upregulation
of PPARG and FABP4mRNA and downregulation of FABP6
mRNA [29–32]. Consistent with previous studies, our results
indicate that allicin may alleviate the PA-induced lipid ac-
cumulation in HepG2 cells through activating the gene ex-
pression of PPARA and FABP6 and suppressing the gene
expression of FABP4 and PPARG.

5. Conclusions

In conclusion, the underlying inhibitory mechanism of
allicin on PA-induced lipogenesis of HepG2 cells was ex-
plored in this study by combining experimental operation
and network pharmacology prediction. Moreover, the po-
tential targets (PPARA, PPARG, FABP4, and FABP6) were
successfully selected based on this practical strategy. Overall,
our findings indicated that allicin might alleviate lipid ac-
cumulation in HepG2 cells, at least in part, through the
PPAR signaling pathway.

Abbreviations

CCK-8: Cell counting kit-8
TC: Total cholesterol
TG: Triglycerides
NALFD: Nonalcoholic fatty liver disease
PPARA: Peroxisome proliferator-activated receptor alpha
PPARG: Peroxisome proliferator-activated receptor
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FABP4: Fatty acid-binding protein
FABP6: Gastrotropin
qPCR: Quantitative real-time PCR.
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From a CHCl3-soluble extract of the stems of Semecarpus caudata (Anacardiaceae), two new diarylalkanoids, semedienone (1) and
semetrienone (2), were isolated. *eir structures were elucidated based on NMR spectroscopic data interpretation. *ese
compounds possess strong tyrosinase inhibitory activity with the IC50 values of 0.033 and 0.11 μM, respectively. Docking studies of
1 and 2with oxy-tyrosinase were carried out to analyze their interactions. Accordingly, semedienone (1) showed good interactions
with the peroxide group and amino acid residues. *e biosynthesis of the isolated diarylalkanoids was proposed.

1. Introduction

Melanin is a pigment that is essential for protecting human
skin against UV radiation. However, the abnormal accu-
mulation of melanin induced skin pigmentation disorders.
Melanogenesis is a complex process to produce melanin
under control of tyrosinase. Tyrosinase (EC 1.14.18.1) is a
binuclear copper-containing monooxygenase, which cata-
lyzes the oxidation of phenol to the corresponding o-qui-
none [1,2]. Tyrosinase is the main factor causing some
dermatological diseases including freckles, age spots, and
melasma. Hydroquinone, arbutin, kojic acid, azelaic acid,
L-ascorbic acid, ellagic acid, and tranexamic acid are
commercial tyrosinase inhibitors, which have been used as
skin-whitening agents, but these compounds have certain
drawbacks [3]. *us, the finding of new efficient and safe
antityrosinase agents is necessary for anti-hyperpigmenta-
tion drug development.

A previous study on the chemical constituents of
Semecarpus caudata (Anacardiaceae), collected at Dong Nai
Province in Vietnam, led to the isolation of six flavonoid
derivatives and the evaluation of their tyrosinase inhibitory
activity [4]. Our continued phytochemical study on the

stems of S. caudata was carried out, leading to the isolation
of seven compounds (1–7) including two new diary-
lalkanoids named semedienone (1) and semetrienone (2).
*ese compounds were found to possess tyrosinase inhib-
itory activity. Semedienone (1) showed a strong effect with
an IC50 value of 0.033 μM, which makes it 1300 times more
potent than that of kojic acid (IC50, 44.6 μM). In addition,
molecular docking studies of 1 and 2 with the oxy-form of
the copper-bound Streptomyces castaneoglobisporus tyrosi-
nase were performed.

2. Materials and Methods

2.1. General Experimental Procedures. Optical values were
measured on a Shimadzu UV-1800 spectrophotometer
(Shimadzu Pte., Ltd., Singapore). IR spectra were measured
with a Shimadzu IR-408 infrared spectrometer (Shimadzu
Pte., Ltd., Singapore). NMR spectra were acquired on a
Bruker Avance III 500 spectrometer (Bruker BioSpin AG,
Bangkok, *ailand). Chemical shifts are expressed as δ
values. HRESIMS data were acquired on Bruker micrOTOF-
QII mass spectrometer (Bruker Singapore Pte., Ltd., Sin-
gapore). Column chromatography was carried out using
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silica gel 60, 0.06–0.2mm (Scharlau, Barcelona, Spain) and
LiChroprep RP-18, 40−63 μm (Merck KGaA, Darmstadt,
Germany). Kieselgel 60 F254 or RP-18 F254 plates for TLC
were purchased from Merck (Merck KGaA, Darmstadt,
Germany). Tyrosinase (EC 1.14.18.1) from mushroom
(3933U·mL−1) and L-dihydroxyphenylalanine (L-DOPA)
were obtained from Sigma-Aldrich (Sigma-Aldrich Pte.,
Ltd., Singapore). Other chemicals were of the highest grade
available.

2.2. Plant Material. *e stems of Semecarpus caudata were
collected in the Ma Da Forest, Dong Nai Culture and Nature
Reserve, Dong Nai Province, Vietnam, in April 2014. *e
plant was identified by Assoc. Prof. Dr. Hop Tran, Institute
of Tropical Biology, Ho Chi Minh City, Vietnam. A voucher
sample (MCE0002) has been deposited at the Division of
Medicinal Chemistry, Faculty of Chemistry, University of
Science, Ho Chi Minh City, Vietnam.

2.3. Extraction and Isolation. *e dried powdered stems of
S. caudata (7.0 kg) were exhaustively extracted in a Soxhlet
extractor with MeOH (20L, 3h× 3) to yield MeOH-soluble
extract (700g). *is extract was suspended in H2O (5L) and
successively partitioned with n-hexane (2L) and CHCl3 (3L) to
give n-hexane (37 g)- and CHCl3 (500 g)-soluble fractions. *e
CHCl3-soluble fraction was chromatographed by silica gel
column chromatography (15×150 cm) and eluted with EtOAc-
n-hexane (0 :100⟶ 100 : 0) and MeOH-CHCl3 (0 :100⟶
20 : 80) to afford 12 fractions (Fr.1−Fr.12). Fraction Fr.3 (4.5 g)
was subjected to further silica gel column chromatography and
was eluted with EtOAc-n-hexane (0–100%) to yield 4 sub-
fractions (Fr.3.1−Fr.3.4). Subfractions Fr.3.2 (1.1 g) and Fr.3.3
(540mg) were chromatographed over a silica gel column with
EtOAc-n-hexane (0–100%) and purified by preparative TLC
with EtOAc-n-hexane (20 : 80) and EtOAc-CHCl3 (10 : 90) to
afford 5 (5.0mg) and 7 (6.0mg), respectively. Fraction Fr.5
(5.2 g) was separated by silica gel column chromatography with
EtOAc-n-hexane (0–100%) and MeOH-CHCl3 (0–20%) to
yield 5 subfractions (Fr.5.1−Fr.5.5). Subfraction Fr.5.3 (850mg)
was subjected to further silica gel column chromatography,
eluted withMe2CO-CHCl3 (0–80%) to give 4 (5.0mg). Fraction
Fr.6 (0.9 g) was separated by normal-phase chromatography
with EtOAc-n-hexane (0 :100⟶ 80 : 20) and MeOH-CHCl3
(0 :100⟶ 5 : 95) and reversed phase chromatography with
H2O-MeOH (0–100%) and then purified by preparative TLC
with AcOH-EtOAc-PhMe (4 :16 : 80) to obtain 3 (4.0mg) and 6
(4.0mg). Fraction Fr.8 (4.5 g) was loaded onto a silica gel
column and eluted with CHCl3-Me2CO (0–80%) and CHCl3-
MeOH (0–20%) to yield 5 subfractions (Fr.8.1–Fr.8.5). Sub-
fraction Fr.8.2 (630mg) was further purified using a silica gel
columnwith EtOAc-CHCl3 (0–80%) and preparative TLCwith
MeOH-CHCl3 (5 : 95) to give 1 (2.0mg) and 2 (2.0mg).

2.3.1. Semedienone (1). Yellow, amorphous solid; IR vmax
(CHCl3): 3455, 1620, 1485, 1250, 1091 cm−1; 1H and 13C
NMR (500MHz, acetone-d6, see Table 1); HRESIMS m/z
321.0752 [M+Na]+ (calcd. for C17H14O5Na, 321.0739).

2.3.2. Semetrienone (2). Yellow, amorphous solid; IR vmax
(CHCl3): 3305, 1650, 1430, 1245, 1085 cm−1; 1H and 13C
NMR (500MHz, acetone-d6, see Table 1); HRESIMS m/z
347.0902 [M+Na]+ (calcd. for C19H16O5Na, 347.0895).

2.4. Synthesis of 2,4,2′,4′-Tetrahydroxychalcone (8).
2,4-Dihydroxybenzaldehyde (276.3mg, 2.0mmol) and 2ʹ,4ʹ-
dihydroxyacetophenone (152.1mg, 1.0mmol) were dis-
solved in 1mL·H2O, and then 1mL KOH 14M was added.
*e resulting mixture was kept in the ultrasonic water bath
at 80°C for 8 h. *is reaction was monitored by TLC using
MeOH-CHCl3 (1 : 9) mixture. After completion, the reaction
mixture was quenched by acidification with HCl 3M to pH
∼5 and cooled to 0°C to precipitate crude product, which was
recrystallized with MeOH-H2O (1 : 3) mixture to afford pure
chalcone. It was identified as 2,4,2′,4′-tetrahydroxychalcone
(8), by comparison with authentic sample.

2.5. Tyrosinase Inhibitory Assay. All pure compounds were
dissolved in DMSO and tested at concentrations ranging from
0.01 to 100μM. Assay mixtures in 0.1M phosphate buffer pH
6.8 were prepared immediately before use, consisting of 100μL
of tyrosinase solution (15U/mL) and 1900μL of test solution.
*ese mixtures were preincubated at room temperature for
30min, followed by addition of 1000μL of L-DOPA 1.5mM in
pH 6.8 phosphate buffer and incubated at room temperature for
7min. *e absorbances (A) at 475nm were acquired on Shi-
madzu UV-1800 spectrophotometer.*e inhibitory percentage
(I%) was calculated according to the formula: I
%� ((Acontrol−Asample)/Acontrol)× 100%. Data were represented
as means± standard error (n� 3). *e IC50 values were de-
termined by using GraphPad Prism software with multivariate
nonlinear regression and R2>0.9. Kojic acid was used as
positive control.

2.6. Molecular Docking. Docking studies of 1, 2, 8, and the
positive reference (kojic acid) were performed with Molecular
Operating Environment 2016 (MOE 2016.0802) suite. *e
structures of these compounds were constructed by using the
Builder module. Subsequently, all compounds were minimized
up to 0.0001 gradients using the Amber12 : EHTforce field.*e
crystal structure of the oxy-tyrosinase was taken from the
Protein Data Bank (PDB code 1WX2). *e caddie protein
(ORF378) and water molecules were removed. *e enzyme
structure was prepared using the QuickPrep module. *e
binding site was determined based on the PLB (Propensity for
Ligand Binding) score in the Site Findermodule.*emolecular
docking was performed by Dock module, using Triangle
Matcher placement, Induced Fit refinement, London dG, and
GBVI/WSA dG scoring methods. Five top poses showed up
based on the negative binding free energy value (S value). *e
best pose was selected to analyze the receptor-ligand interac-
tions by using BIOVIA Discovery Studio Visualizer 2016.

3. Results and Discussion

3.1. Extraction and Isolation. *e dried powdered stems of
S. caudata were exhaustively extracted in a Soxhlet extractor
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with MeOH to yield MeOH-soluble extract (700 g). *is
extract was successively partitioned to give the n-hexane
(37 g)- and CHCl3 (500 g)-soluble fractions. *e CHCl3-
soluble extract of stems of S. caudata was repeatedly
chromatographed using silica gel CC and preparative TLC to
obtain seven compounds including two new diarylalkanoids
named semedienone (1) and semetrienone (2). *e known
compounds were identified as 2,6-dimethoxybenzoquinone
(3) [5], p-coumaric acid (4) [6], methyl p-coumarate (5) [7],
trans-4-(3,4-dihydroxyphenyl)but-3-en-2-one (6) [8], and
ferulic acid (7) [9] (Figure 1).

3.2. Structural Elucidation of Two New Isolated Compounds
from S. caudata. Compound 1 showed a molecular formula
to be C17H14O5 based on the HRESIMS ion at m/z 321.0752
[M+Na]+ (calcd. for C17H14O5Na, 321.0739). *e IR
spectrum exhibited the presence of hydroxy (3455 cm−1) and
carbonyl (1620 cm−1) functionalities. *e 1HNMR spectrum
showed signals for two 1,2,4-trisubstituted aromatic rings
(δH 7.94 (d, J� 8.9Hz, H-6′), 6.45 (dd, J� 8.9, 2.4Hz, H-5′),
6.35 (d, J� 2.4Hz, H-3′), 7.43 (d, J� 8.5Hz, H-6), 6.47 (d,
J� 2.4Hz, H-3), and 6.42 (dd, J� 8.5, 2.4Hz, H-5)), four
olefinic protons (δH 7.27 (d, J� 14.5Hz, H-α), 7.68 (dd,
J� 14.5, 11.3Hz, H-β), 7.17 (dd, J� 15.6, 11.3Hz, H-c), and
7.35 (d, J� 15.6Hz, H-δ)), and a distinctive signal of a
hydrogen-bonded hydroxy group (δH 13.68). *e 13C NMR
data (Table 1) exhibited resonances for a keto-carbonyl (δC
192.8), twelve aromatic carbons (δC 103.7–167.6), and four
olefinic carbons (δC 122.1 (C-α), 147.3 (C-β), 125.0 (C-c),
and 139.5 (C-δ)). *ese were characteristic of those reported
for (2E,4E)-1,5-diarylpenta-2,4-dien-1-one [10,11]. *e
HMBC correlations (Figure 2) from OH-2′ to C-1′ and C-3′,
from H-3′ to C-1′ and C-4′, from H-5′ to C-1′, from H-6′ to
C-2′ and C-4′, from H-3 to C-1, C-2, and C-4, from H-5 to

C-1, and from H-6 to C-2 and C-4 indicated that four
hydroxy groups were located at C-2′, C-4′, C-2, and C-4.
Moreover, the HMBC correlations from H-6′, H-α, and H-β
to C�O, fromH-α to C-c, fromH-β to C-δ, fromH-c to C-α,
from H-c to C-β and C-1, and from H-δ to C-β and C-6
suggested the presence of the α,β,c,δ-unsaturated carbonyl
moiety in 1. *e NOESY correlations between H-5′ and
H-6′, H-6′ and H-α, H-β and H-δ, H-c and H-6, and H-6
and H-5 indicated the relative configuration of 1 as shown in
Figure 2. *us, the structure of semedienone (1) was con-
cluded as 2E,4E-1,5-bis(2,4-dihydroxyphenyl)penta-2,4-
dien-1-one.

Compound 2 showed the HRESIMS ion atm/z 347.0902
[M+Na]+ (calcd. for C19H16O5Na, 347.0895). Its IR spec-
trum showed absorption bands for hydroxy (3305 cm−1) and
carbonyl (1650 cm−1) groups. *e 1H and 13C NMR spectra
of 2 (Table 1) showed signals for two 1,2,4-trisubstituted
aromatic rings, which resembled those of 1. Compound 2
showed the presence of six olefinic protons (δH 7.26 (d,
J� 14.5Hz, H-α), 7.61 (dd, J� 14.5, 11.5Hz, H-β), 6.62 (dd,
J� 13.7, 11.5Hz, H-c), 7.00 (2H, m, H-δ and H-ε), and 7.13
(d, J� 14.6Hz, H-ζ)) in the 1H NMR spectrum, and six
olefinic carbons (δC 122.8 (C-α), 145.8 (C-β), 129.4 (C-c),
145.8 (C-δ), 126.1 (C-ε), 134.3 (C-ζ)) in the 13C NMR
spectrum. *ese were characteristic of those reported for
(2E,4E,6E)-1,7-diarylhepta-2,4,6-trien-1-one [12]. *e lo-
cations of four hydroxy groups were assigned at C-2′, C-4′,
C-2, and C-4 by the observed HMBC correlations (Figure 1).
Moreover, the HMBC correlations from H-6′, H-α, and H-β
to C�O, fromH-α to C-c, fromH-c to C-β, fromH-δ to C-ζ,
from H-ε to C-ζ and C-1, and from H-ζ to C-δ and C-ε
suggested the presence of the α,β,c,δ,ε,ζ-unsaturated car-
bonyl moiety in 2. *e relative configuration of 2 was de-
duced based on the NOESY correlations between H-5′ and
H-6′, H-6′ and H-α, H-α and H-c, H-β and H-δ, H-c and

Table 1: 1H (500MHz) and13C (125MHz) NMR data (acetone-d6) for compounds 1 and 2.

Position
1 2

δC, type C δH (J, Hz) δC, type C δH (J, Hz)
1′ 114.5, C 114.9, C
2′ 167.6, C 167.4, C
3′ 103.8, CH 6.35, d (2.4) 103.8, CH 6.35, d (2.4)
4′ 165.5, C 165.9, C
5′ 108.7, CH 6.45, dd (8.9, 2.4) 108.8, CH 6.45, dd (8.9, 2.4)
6′ 132.9, CH 7.94, d (8.9) 132.6, CH 7.92, d (8.9)
C�O 192.8, C 192.6, C
α 122.1, CH 7.27, d (14.5) 122.8, CH 7.26, d (14.5)
β 147.3, CH 7.68, dd (14.5, 11.3) 145.8, CH 7.61, dd (14.5, 11.5)
c 125.0, CH 7.17, dd (15.6, 11.3) 129.4, CH 6.62, dd (13.7, 11.5)
δ 139.5, CH 7.35, d (15.6) 145.8, CH 7.00, m
ε 126.1, CH 7.00, m
ζ 134.3, CH 7.13, d (14.6)
1 116.5, C 116.6, C
2 158.5, C 157.8, C
3 103.7, CH 6.47, d (2.4) 103.7, CH 6.45, d (2.4)
4 161.0, C 161.0, C
5 108.9, CH 6.42, dd (8.5, 2.4) 108.8, CH 6.39, dd (8.5, 2.4)
6 130.2, CH 7.43, d (8.5) 129.3, CH 7.39, d (8.5)
OH-2′ 13.68, s 13.64, s
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H-ε, H-ε and H-6, and H-6 and H-5 (Figure 2). *us, the
structure of semetrienone (2) was established as 2E,4E,6E-
1,7-bis(2,4-dihydroxyphenyl)hepta-2,4,6-trien-1-one.

3.3. Tyrosinase Inhibitory Activity of Isolated Compounds
from S. caudata. Compounds (1–7) were tested for their
tyrosinase inhibitory activity [13]. Kojic acid, a purported
skin-lightening agent, was used as a positive control.
2,4,2′,4′-Tetrahydroxychalcone (8), which was synthesized
following our previous procedure [14], showed potent ac-
tivity with an IC50 value of 0.016 μM (Table 2). Semedienone
(1) and semetrienone (2) exhibited remarkable inhibitory
effect with the IC50 values of 0.033 and 0.11 μM, respectively,
more potent than that of kojic acid (IC50, 44.6 μM). Addi-
tionally, compounds 4 and 6 were found to possess tyros-
inase inhibitory activity with the IC50 values of 2.35 and
27.0 μM, respectively.

*e presence of α,β-unsaturated hydroxycarbonyl
groups in cinnamic acid derivatives were found to enhance
activity (2≫ 3). Additionally, the occurrence of a C-3
methoxy group decreased the inhibitory activity (2≫ 5)
[15,16]. Diarylalkanoids with 2,4-disubstituted resorcinol
subunit on ring B contributed the most to inhibitory activity
[17]. Moreover, the length of the conjugated carbon chain in
diarylalkanoids led to a change of activity (8> 1> 2). *is
result reaffirmed the (Z)-β-phenyl-α,β-unsaturated carbonyl
scaffold plays an important role for tyrosinase inhibition
[18,19]. In previous reports, diarylpentanoids such as dia-
rylpentadiene-3-one were not significantly inhibiting ty-
rosinase activity [20], but some analogues showed moderate
antimelanogenesis activity [21]. Some cyclic diary-
lheptanoids were found to have melanogenesis-inhibitory
activity [22]. In this regard, semedienone (1) and seme-
trienone (2) could be the potent structural templates for
developing new skin-lightening agents.

3.4. Docking Study of the Active Compounds 1, 2, and 8.
Tyrosinase has four possible oxidation states (deoxy-, oxy-,
met-, and deact-form) [23]. Met-tyrosinase, having a

hydroxy and the two Cu2+ ions in the binding site, is re-
sponsible for the oxidation of catechols. In this oxidizing
process,met-tyrosinase is reduced to deoxy-tyrosinase which
rapidly binds dioxygen to give oxy-tyrosinase form. Oxy-
tyrosinase, which is the primary form of the enzyme, oxi-
dizes both phenols and catechols to o-quinones by the
monooxygenase and oxidase mechanisms, respectively. In
the active site of oxy-tyrosinase, two bound Cu2+ ions and
the peroxide group play a catalytic oxidation role. Mush-
room tyrosinase (EC 1.14.18.1), which was used in the in-
hibitory assay, plays the same role with respect to oxy-
tyrosinase form. *us, in this study, the molecular docking
studies of 1, 2, and 8, respectively, with oxy-tyrosinase (PDB
ID :1WX2) [24] were carried out to explore their interac-
tions and inhibition mechanisms.

Inmolecular docking study, the imperfect scoring results
(false-positive hits), which may be considered as decoys, can
be occurred by predicting incorrect ligand geometries or by
applying nonbinding molecules. *e active and decoy li-
gands are similar according to some physicochemical
properties (molecular weight, number of rotational bonds,
total hydrogen bond donors, total hydrogen bond acceptors,
topological polar surface area, and the octanol-water par-
tition coefficient), but decoy was presumed to be inactive
against a target. According to Choi et al. [25], kojic acid and
hypoxanthine showed the tyrosinase inhibitory constant (Ki)
values of 13 μM and >1000 μM, respectively [25]. *us, in
this docking study, kojic acid and hypoxanthine was selected
as the active inhibitor and the decoy molecule, respectively,
to validate our docking protocol.

*e docking studies were performed with Molecular
Operating Environment 2016 (MOE 2016.0802) suite [26].
*e top-ranked pose with the highest negative binding free
energy value (S value) was selected for further interaction
analysis with BIOVIADiscovery Studio Visualizer 2016 [27].

Compounds 1, 2, and 8 showed an H-donor interaction
between a hydroxy group and a peroxide bridge PER404,
presenting the distances of 1.85, 1.88, and 1.78 Å, respec-
tively, whereas kojic acid showed the interactions with a
Cu2+ ion, HIS194, and THR203 residues (Figure 3). In the
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Figure 1: Structures of compounds 1–8.
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binding pocket, compounds 1 and 8 showed more inter-
actions with targeting residues than those of 2 (Table 3).
*ese analysis results were consistent with their experi-
mental inhibitory activities (8> 1> 2). *e C-2 hydroxy
group of 1 exhibited H-bonding interactions with ASN191
and GLY183 residues. Moreover, the aromatic ring A of 1
formed π-π T-shaped and π-σ interactions with TRP184 and
ILE42 residues, respectively. Compound 2 showed an
H-acceptor interaction between C�O group and ASN188
residue. In addition, the aromatic ring B of 2 interacted with
HIS194 residue via a π-π stacking interaction. *us, the S

values and these interactions suggested that 1 and 2 showed
high binding affinity for oxy-tyrosinase than those of kojic
acid. Hypoxanthine showed the lower negative S value and
the longer-distance interactions than that of kojic acid.
Apparently, these results could be used to validate the
abovementioned docking procedure in this study.

3.5. Proposed Biosynthetic Pathways of 1 and 2. We have
proposed plausible biogenetic pathways for two new dia-
rylalkanoids (1 and 2) (Figure 4) via the shikimate and
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Figure 2: Significant HMBC (solid arrows) and selected NOESY correlations (blue dashed arrows) observed for 1 and 2.

Table 2: Tyrosinase inhibitory activities of the isolated compounds 1–8.

Compound IC50 (μM)
1 0.033
2 0.11
3 >100
4 2.35
5 >100
6 27.0
7 >100
8 0.016
Kojic acid a 44.6
aPositive control.

1 2 8

Kojic acid Hypoxanthine

Figure 3: 3D docking models of 1, 2, 8, kojic acid, and hypoxanthine with oxy-tyrosinase (1WX2).
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Table 3: Docking results of 1, 2, 8, kojic acid, and hypoxanthine with oxy-tyrosinase.

Compound
oxy-tyrosinase (1WX2)

S values Interactions Targeting residues Distance (Å)

1

–5.75 H-donor PER404 1.85
ASN191 2.25
GLY183 2.85

π-σ ILE42 2.75
π-π TRP184 5.17

2
–6.37 H-donor PER404 1.88

H-acceptor ASN188 2.30
π-π HIS194 4.30

8

–5.54 H-donor PER404 1.78
ASP45 1.96
ASN191 2.83

π-alkyl ILE42 5.22
π-cation ARG55 3.10

Kojic acid a

–4.50 H-donor THR203 2.04
Metal-acceptor CU401 2.92

π-π HIS194 4.30

Hypoxanthine b

–4.34 H-donor PER404 2.05
Metal-acceptor CU401 3.11

π-π HIS194 5.40
TRP184 5.04

π-alkyl ILE42 5.04
aPositive control. bDecoy molecule.
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acetate pathways [28]. α-Ketoglutarate-dependent hydrox-
ylase is responsible for the C-2 hydroxylation of p-cou-
maroyl-CoA to give 2,4-dihydroxycinnamoyl-CoA [29]. It is
condensed with four or five malonyl-CoA moieties to afford
the corresponding polyketides, which undergo the intra-
molecular ring closure via Claisen reaction. After that, re-
duction, dehydration, and enolization must occur to give
rise to 1 and 2.

4. Conclusions

From the CHCl3-soluble extract of the stems of S. caudata,
two new diarylalkanoids were isolated together with five
known compounds. Compounds 1 and 2 were found to
possess potent tyrosinase inhibitory activity with the IC50
values of 0.033 and 0.11 μM, respectively. Binding interac-
tion analyses between the oxy-tyrosinase active site and the
active compounds (1 and 2) have been performed. Plausible
biogenetic pathways for formation of two new diary-
lalkanoids (1 and 2) were also proposed.
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[1] J. N. Rodŕıguez-López, J. Tudela, R. Varón, F. Garćıa-Car-
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Aconiti Lateralis Radix Praeparata (Fuzi) and Pinelliae Rhizoma (Banxia) are among the 18 incompatible medications that are
forbidden from use in one formulation. However, there is increasing evidence implying that this prohibition is not entirely correct.
According to the theory of Chinese traditional medicine, they can be used for the treatment of chronic obstructive pulmonary
disease (COPD). .us, we analyzed the possible approaches for the treatment of COPD using network pharmacology. .e active
compounds of Fuzi and Banxia (FB) were collected, and their targets were identified. COPD-related targets were obtained by
analyzing the differentially expressed genes between COPD patients and healthy individuals, which were expressed using a Venn
diagram of COPD and FB. Protein-protein interaction data and network regarding COPD and drugs used were obtained. Gene
ontology and Kyoto Encyclopedia of Genes and Genomes pathway analysis were conducted. .e gene-pathway network was
constructed to screen the key target genes. In total, 34 active compounds and 47 targets of FB were identified; moreover, 7,153
differentially expressed genes were identified between COPD patients and healthy individuals. .e functional annotations of
target genes were found to be related to mechanisms such as transcription, cytosol, and protein binding; furthermore, 68 pathways
including neuroactive ligand-receptor interaction, Kaposi sarcoma-associated herpesvirus infection, apoptosis, and measles were
significantly enriched. FOS CASP3, VEGFA, ESR1, and PTGS2 were the core genes in the gene-pathway network of FB for the
treatment of COPD. Our results indicated that the effect of FB against COPD may involve the regulation of immunological
function through several specific biological processes and their corresponding pathways. .is study demonstrates the application
of network pharmacology in evaluating mechanisms of action and molecular targets of herb-opponents FB.

1. Introduction

As defined by the Global Initiative for Chronic Obstructive
Lung Disease (GOLD) Reports 2020, chronic obstructive
pulmonary disease (COPD) is characterized by persistent
respiratory symptoms and airflow limitation ascribed to
airway and/or alveolar abnormalities. Data from the
American Lung Association Epidemiology and Statistics
Unit show that COPD is projected to be the 3rd by 2020.
According to GOLD, smoking cessation is essential in all
COPD patients who continue to smoke, whereas bron-
chodilators, inhaled corticosteroids (ICS), and anti-

inflammatory agents are the primary drugs for COPD pa-
tients in stable conditions. However, current treatments are
only able to slow the progression of COPD [1].

Recently, traditional Chinese medicine (TCM) has been
shown to have potential therapeutic properties against
COPD [2]. For instance, Bufei Yishen formula exerted its
anti-COPD efficacy by restoring .17/Treg balance via the
modulation of STAT3 and activation of STAT5 [3]. Clini-
cally, chronic and progressive dyspnea are the main char-
acteristic symptoms of COPD, and around a third of patients
experience cough and sputum production. According to the
theory of TCM, the dyspnea may imply depression of the
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chest yang, while sputum production suggests phlegm
stagnant. Additionally, the elderly, the primary population
of the disease, are often considered to have declination in the
kidney yang. .ese characteristics mentioned belong to one
syndrome called yang-deficiency-with-phlegm-stagnant, in
TCM.

In TCM, Aconiti Lateralis Radix Praeparata (Fuzi, the
dried lateral root of Aconitum carmichaelii Debx.) improves
COPD’s yang deficiency by tonifying fire and enhancing
yang. Pinelliae Rhizoma (Banxia, the dried tuber of Pinellia
ternata (.unb.) Breit.) defends against COPD’s phlegm
stagnant by drying dampness and resolving phlegm. In
addition, it is reported that P. ternata can be used to reverse
various adverse effects of the withdrawal of ICS, such as a
rebound in goblet cell number, mucin 5AC (MUC5AC)
expression, and interleukin 1β (IL-1β) and tumor necrosis
factor α (TNF-α) levels, used for the treatment of COPD [4].
Moreover, patients with COPD have higher levels of sys-
temic inflammation markers [5]. Fuzi has a wide range of
biological activities, including anti-inflammatory, antitu-
mor, and immunomodulatory effects, as well as effects on
energy metabolism [6].

Cotreatment of FB is not to be used in TCM, as indicated
in the Eighteen Incompatible Medicaments Verse and first
noted in the Rumen Shiqin [7], owing to high toxicity and
side effects of the combination in one apozem. However,
increasing evidence shows that they have no significant
harmful effects on humans [8]. One clinical study showed
that there was no significant toxicity of cotreatment of FB in
the heart, liver, kidney, and blood used in patients with
malignant tumors. [9] Moreover, as reported in “Shanghan
Zabing Lun,” a widely used clinical guidebook of TCM, 2000
years ago, FB were used in a formulation called “Fuzi-jingmi
Tang.” [10] As for now, we still do some clinical researches
using formulations which contained FB. Xiaoqinglong-Jia-
fuzi-Decoction, including both Fuzi and Banxia, significantly
reduced COPD patients’ modifiedMedical Research Council
(mMRC) scores, and enhanced their lung function. [11]
Another clinical research indicated that Xiaoqinglong-Jia-
fuzi-Decoction sharply increased the negative rate of IgE
when compared with conventional Western medicine in the
treatment of allergic rhinitis. [12] .ere was no obvious
harmful effectiveness of combination of FB mentioned.
.us, we utilized a network pharmacology method to de-
lineate the mechanisms of action andmolecular targets of FB
for their possible treatment of COPD.

In TCM, multiple herbs are used in complex herbal
formulations for various diseases because of their potentially
bioactive components that interact withmultiple therapeutic
targets. .e multicomponent, multitarget, and multipath-
way of formulations means TCM can provide ideal treat-
ments but also comes with great challenges due to the
interactions among them [13]. Network pharmacology is a
novel approach that attempts to solve these problems,
combining systems network analysis with pharmacology. It
can be used to illustrate the synergism among compounds
and the potential mechanisms of various components and
multitarget drugs at the molecular level through the network
levels of compound-compound, compound-target, and

target-disease interactions. Network pharmacology could
promote the understanding of the interactions among
compounds, genes, proteins, and diseases; moreover, it is
suitable for the study of complex TCM formulations [14].
For example, a feasible system pharmacology model based
on chemical, pharmacokinetic, and pharmacological data
was developed via a network construction approach to
clarify the synergistic mechanisms of Huangqi (Radix
Astragali) and Huanglian (Rhizoma Coptidis) [15]. .e
active ingredients of Fuzheng Huayu formulation were
successfully identified, and the mechanisms by which they
inhibit hepatic stellate cell viability were determined using
network pharmacology and transcriptomics [16]. In this
study, for the first time, we explored the action mechanisms
andmolecular targets of FB for the treatment of COPD using
network pharmacology.

2. Materials and Methods

2.1. Active Ingredient Screening. .e chemical compositions
of FB were identified from the Traditional Chinese Medicine
Systems Pharmacology Database and Analysis Platform
(TCMSP) [17]..en, we selected candidate compounds with
standard oral bioavailability (OB) ≥ 30% and drug-likeness
(DL) ≥ 0.18 [18].

A total of 34 identified compounds were imported into
the DrugBank database [19] to delineate the relevant targets
of FB. According to one relevant literature report, 5 rep-
resentative alkaloids of Fuzi, aconitine (AC), mesaconitine
(MA), benzoylaconine (BAC), benzoylmesaconine (BMA),
and benzoylhypaconine (BHA), which were not selected out
from the DrugBank were also included in the scope of the
study [20]. .ey are also listed in Table 1.

2.2. Identifying COPD-Related Targets. COPD genes were
collected from both Genecards and the Online Mendelian
Inheritance in Man (OMIM) databases. .ere was no
threshold applied during this step, so as to collect as many
genes as possible.

2.3. Venn Diagram. We have made a Venn diagram using
Venny to show the overlapping genes of COPD and FB.

2.4. Network and Protein-Protein Interaction Analysis.
Using Cytoscape 3.7.2 software, genes common to the drugs
and the disease were connected to visualize the relationship
between the compounds used against FB and COPD. Pro-
tein-protein interactions (PPI), as per data from STRING,
are based on the proteins in common. First, the genes are
ranked by calculating the number of times they appear in the
network. .en, with the CytoNCA APP, we analyzed degree
centrality (DC), closeness centrality (CC), local average
connectivity-based method (LAC), betweenness centrality
(BC), Eigenvector centrality (EC), and network centrality
(NC), all of which indicate a protein’s topology potential. It
is reported that their definitions and calculation formulas
have been used in network pharmacology and system
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pharmacology [21]. Meanwhile, we counted the string
interactins between nodes to figure out the core genes. To
make out the core genes, we used CytoHubba to catch top 5
genes ranked by maximal clique centrality (MCC). [22].

2.5. Bioinformatic Analysis

2.5.1. Gene Ontology (GO) Analysis. GO analysis, based on
the biological processes, cellular components, and molecular
functions, places genes that are functionally similar into one
group [23]. We used R and Bioconductor [24] to visualize
the GO analysis. Functional classifications were analyzed
within genes (p value cutoff� 0.05, q value cutoff� 0.05).

2.5.2. Kyoto Encyclopedia of Genes and Genomes (KEGG)
Database. .e KEGG database was used to analyze path-
ways, in the same manner as GO analysis. Significant
changes (p value cutoff� 0.05, q value cutoff� 0.05) were
distinguished for further study.

2.6. Visualization of Molecular Docking Analysis of Active
Components and Core Genes. .e protein expressed by core
genes and active components were analyzed to figure out the
active ingredients which had both minimum binding energy
and polar contact. PYMOL was used to visualize docking
effect conformation.

3. Results

3.1. Compound-Target Network Analysis. Twenty-one rele-
vant compounds were obtained from the analysis of Fuzi and
13 from Banxia analysis (Table 1). For Fuzi, the OBs of
ignavine, (R)-norcoclaurine, and karanjin are 84.08%,
82.54%, and 69.56%, respectively, which suggests that they
may be the most effective active compounds present, while
for Banxia, the OBs of (3S, 6S)-3-(benzyl)-6-(4-hydrox-
ybenzyl) piperazine-2, 5-quinone, beta-D-ribofuranoside
(xanthine-9), and stigmasterol are 46.89%, 44.72%, and
43.83%, respectively.

All 39 compounds were imported into the DrugBank
database to further delineate the targets of FB. After re-
moving 23 compounds with no known corresponding
targets, 6 active compounds in Fuzi and 10 in Banxia were
identified. From the active compounds, all 47 targets were
identified, 13 for Fuzi (Table S1) and 41 for Banxia (Table
S2). Genetic symbols of all targets are included for clarity
(Table 1). Additionally, we have listed the number of
targets corresponding to different components in FB
(Table S3) and included the gene symbols of the targets for
clarity. Unfortunately, the 5 compounds that were added
were filtered without knowing the corresponding target
genes.

3.2. Identifying COPD-Related Targets. COPD genes were
collected from both Genecards and the OMIM databases,
ultimately resulting in a collection of 7,153 related targets.

3.3. VennDiagram. A Venn diagram (Figure 1(a)) was used
to depict the overlapping genes of COPD and FB. .e
analysis showed that 44 genes are related to both COPD and
FB. Another Venn diagram (Figure 1(b)) was used depict the
7 common genes of FB..e 2 drugs may work synergistically
through these common genes: ESR1, PTGS1, PRSS1, PGR,
NCOA1, NCOA2, and NR3C2.

3.4. Network Analysis. Using Cytoscape 3.7.2 software, the
44 common genes, alongside the network between FB and
COPD, were set up and visualized (Figure 2). Between the 16
compounds in both FB and the 44 genes with overlapping
relationships with COPD, 147 edges were analyzed. .ese
edges indicate the compound-target interactions.

3.5. PPI Analysis. Based on the same 44 targets, after re-
moval of discrete points, a PPI network was generated
(Figure 3), which included 39 nodes and 186 edges, rep-
resenting 39 interacting proteins and 186 interactions. We
counted the appearance of genes in the PPI network and
ranked their value roughly (Figure 4).

With the use of the CytoNCA APP, we calculated the
median of BC, CC, EC, DC, NC, and LAC as 16.4307, 0.5067,
0.1181, 8, 6.1431, and 3.75, respectively. We selected the
targets that demonstrated higher indices for each median,
for further analysis. Eventually, 13 targets were obtained:
FOS, CASP3, VEGFA, ESR1, PTGS2, RELA, AR, CYCS,
HIF1A, PGR, PPARG, NCOA1, and NCOA2. In way of
CytoHubba, ranked by MCC, we got top 5 genes as core
genes- FOS, CASP3, VEGFA, ESR1, and PTGS2 (Table 2 and
Figure 5).

3.6. Molecular Docking Analysis. Molecular docking of the
active components and core genes with high mutual at-
traction is listed in Table 3, while the relating images are
shown in Figure 6.

3.6.1. GO. .e 13 identified candidate targets were analyzed
using Bioconducter by R (threshold; p value cutoff� 0.05, q
value cutoff� 0.05). .e data of GO analysis are listed in
Table S4. Twenty GO terms were analyzed (Figure 7).

3.6.2. KEGG. .e critical pathways involved in the FB
treatment of COPD were identified by KEGG pathway
analysis (Figure 8). .e data of KEGG analysis are shown in
Table S5. .ere were 68 enhanced pathways identified (p
value cutoff� 0.05, q value cutoff� 0.05), including neuro-
active ligand-receptor interaction, human immunodefi-
ciency virus 1 infection, Kaposi sarcoma-associated
herpesvirus infection, cholinergic synapse, and hepatitis
B. Figure 9 shows the details of four pathways through which
the genes were primarily distributed in the p53 signaling
pathway, apoptosis pathway, and cholinergic synapse
pathway.

.e article flow chart to show our job is given in
Figure 10.

Evidence-Based Complementary and Alternative Medicine 3



4. Discussion

Network-based methods are expected to make drug dis-
covery breakthroughs by increasing our understanding of
drug actions using multiple layers of information. Moreover,
it provides additional support in the development of drug
design and determination of themechanism of action [25]. It
is also a useful tool to elucidate the potential mechanisms of
action of Chinese herbs on diseases, which may determine
whether some theories of TCM are correct or incorrect.

As mentioned above, FB may treat COPD; thus, we
evaluated this possibility using network pharmacology.
Previously, FB were thought to be incompatible based on the
commonsense logic employed in TCM. However, so far, no
significant and definite adverse effects have been reported by
administering a combination of FB. Many studies have
focused on the side effects (hepatorenal toxicity) of FB, and a

few articles focus on the therapeutic effect of them.We think
that it is better to discuss the side effects of drugs in the
context of sufficient clinical efficacy. Drugs possess thera-
peutic effects andmay also cause complications; for example,
tacrolimus (FK506) and other immunosuppressants inhibit
the immunity of patients undergoing transplantation,
making them vulnerable to infectious diseases (e.g., BK virus
infection) or hypertension mentioned in the drug specifi-
cation. However, owing to their therapeutic effect, their risks
are tolerated. .erefore, it is necessary to study and over-
come the possible side effects of FB; however, proving the
drugs’ therapeutic effect seems to have more clinical value.

In this study, we evaluated some valuable compounds,
such as baicalein in Banxia and ignavine and karanjin in
Fuzi. Ignavine is a novel allosteric modulator of the μ
opioid receptor and has an analgesic effect in vivo [26].
Karanjin decreases reactive oxygen species (ROS) levels

Table 1: Components of Fuzi and Banxia and their parameters.

Id Name OB DL Source
MOL002421 Ignavine 84.08 0.25 Fuzi
MOL002419 (R)-norcoclaurine 82.54 0.21 Fuzi
MOL002398 karanjin 69.56 0.34 Fuzi
MOL002388 Delphin_qt 57.76 0.28 Fuzi
MOL002395 Deoxyandrographolide 56.3 0.31 Fuzi
MOL002415 6-Demethyldesoline 51.87 0.66 Fuzi
MOL002397 Karakoline 51.73 0.73 Fuzi
MOL002422 Isotalatizidine 50.82 0.73 Fuzi
MOL002392 Deltoin 46.69 0.37 Fuzi
MOL002401 Neokadsuranic acid B 43.1 0.85 Fuzi

MOL002433
(3R, 8S, 9R, 10R, 13R, 14S, 17R)-3-hydroxy-4, 4, 9, 13, 14-pentamethyl-17-[(E, 2R)-6-methyl-7-[(2R,
3R, 4S, 5S, 6R)-3, 4, 5-trihydroxy-6-[[(2R, 3R, 4S, 5S, 6R)-3, 4, 5-trihydroxy-6-(hydroxymethyl)oxan-2-

yl]oxymethyl]oxan-2-yl]oxyhept-5-en-2-yl]-1, 2, 3, 7, 8, 10, 12, 15, 16, 17-decahydr
41.52 0.22 Fuzi

MOL002211 11, 14-Eicosadienoic acid 39.99 0.2 Fuzi
MOL002406 2, 7-Dideacetyl-2, 7-dibenzoyl-taxayunnanine F 39.43 0.38 Fuzi
MOL002434 Carnosifloside I_qt 38.16 0.8 Fuzi
MOL000359 Sitosterol 36.91 0.75 Fuzi
MOL002393 Demethyldelavaine A 34.52 0.18 Fuzi
MOL002394 Demethyldelavaine B 34.52 0.18 Fuzi
MOL002410 Benzoylnapelline 34.06 0.53 Fuzi
MOL002423 Jesaconitine 33.41 0.19 Fuzi
MOL000538 Hypaconitine 31.39 0.26 Fuzi
MOL002416 Deoxyaconitine 30.96 0.24 Fuzi
MOL002089 Mesaconitine 8.7 0.25 Fuzi
MOL002424 Aconitine 7.87 0.23 Fuzi
MOL002408 Benzoylaconine 12.83 0.25 Fuzi
MOL002409 Benzoylhypaconine 8.7 0.29 Fuzi
MOL002093 Benzoylmesaconine 8.55 0.27 Fuzi
MOL006957 (3S, 6S)-3-(benzyl)-6-(4-hydroxybenzyl) piperazine-2, 5-quinone 46.89 0.27 Banxia
MOL006967 beta-D-ribofuranoside, xanthine-9 44.72 0.21 Banxia
MOL000449 Stigmasterol 43.83 0.76 Banxia
MOL006937 12, 13-Epoxy-9-hydroxynonadeca-7, 10-dienoic acid 42.15 0.24 Banxia
MOL002776 Baicalin 40.12 0.75 Banxia
MOL006936 10, 13-Eicosadienoic 39.99 0.2 Banxia
MOL003578 Cycloartenol 38.69 0.78 Banxia
MOL000358 Beta-sitosterol 36.91 0.75 Banxia
MOL001755 24-Ethylcholest-4-en-3-one 36.08 0.76 Banxia
MOL002670 Cavidine 35.64 0.81 Banxia
MOL002714 Baicalein 33.52 0.21 Banxia
MOL000519 Coniferin 31.11 0.32 Banxia
MOL005030 Gondoic acid 30.7 0.2 Banxia
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by inhibiting B-cells inhibitor (I-κB), resulting in the
restriction of nuclear factor kappa-light-chain-enhancer
of activated B-cells (NF-κB) nuclear translocation. It can
also reduce DNA damage by increasing p53 expression
[27]. Karanjin has been shown to reduce TNF-α pro-
duction and to have a potent inhibitory effect on nitric
oxide and reactive oxygen species production [28]. As
oxidative stress is a major contributor to the pathogenesis
of COPD, karanjin may be effective in the treatment of
COPD. Although AC, HA, MA, BAC, BHA, and BMA
were filtered out, they are the main research targets in
experiments related to Fuzi. A study based on ultra-high-
performance liquid chromatography coupled tandem

mass spectrometry (UPLC-MS/MS) showed that the
parent compounds (AC, HA, and MA), which are more
toxic than their corresponding secondary metabolites
(BAC, BHA, and BMA), would be eliminated more
rapidly [29]. In turn, the components found in this study,
which are not regarded as the key active components of Fuzi,
may have new and significant properties, which may be
potentially demonstrated in subsequent studies. Baicalein,
from Banxia, has been shown to relax rat tracheal smooth
muscle, as effectively as theophylline [30].

.is study demonstrates that there are 44 overlapping
genes between FB and COPD (Figure 1). .e PPI network
analysis of FB’s putative targets and COPD-related targets

Figure 2: Network analysis of common targets for COPD and FB. Red represents COPD, green represents relevant genes, orange represents
the ingredients, and blue represents the impairing drugs.
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Figure 1: (a) Venn diagram of overlapping genes related to COPD and FB. Blue indicates genes related to FB, and pink indicates genes
related to COPD. (b) Venn diagram of overlapping genes related to Fuzi and Banxia. Blue indicates genes related to Fuzi, and pink indicates
genes related to Banxia.
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Figure 3: PPI network for COPD and FB.
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was explored and identified common targets that scored
higher than the medians in the analyzed parameters. .e top
13 targets identified were FOS, CASP3, VEGFA, ESR1,
PTGS2, RELA, AR, CYCS, HIF1A, PGR, PPARG, NCOA1,
and NCOA2.

Oxidative stress can destroy biomacromolecules in tis-
sues, leading to cell dysfunction or cell death [31]. .is study
shows that the correlated target genes or pathways are highly
associated with oxidative stress, which is a major contributor
to the pathogenesis of COPD. For example, Recuperating
Lung Decoction could inhibit the MAPK/AP-1 signaling
pathway to downregulate oxidative stress, resulting in the
improvement of antioxidation of COPD. [32] Indeed, ap-
optosis was the second most indicated pathway in KEGG
analysis. Whether in p53 signaling way, Kaposi sarcoma-
associated herpesvirus infection pathway, or human

immunodeficiency virus 1 infection pathway, the genes were
primarily involved in apoptosis pathway (Figure 10). CSE
induced endothelial apoptosis in COPD through the ERK
pathway [33]. In turn, oxidative stress can promote the
development of lung inflammation and form a chronic state
of mucus secretion. .e Fos-related antigen-1 (Fra-1)
transcription factor is thought to play a key role in pro-
moting chronic cigarette smoke- (CS-) induced lung mac-
rophagic inflammation in vivo and experiments have shown
that the absence of Fra-1 in mice bone marrow can reduce
the expression of inflammatory factors and the aggregation
of macrophages in the lung [34]. Additionally, Fos-related
antigen-2 (Fra-2) expression has also been described in
COPD for the upregulation of monocyte-derived macro-
phages upon CS stimulation [35]. Activating transcription
factor 3 (ATF3) may be involved in transcriptional pro-
motion of CS-induced MUC5AC expression, which is a key
pathologic feature of COPD in airway epithelial cells.
Moreover, the knockout of ATF3 can significantly reduce
the production of mucus and reduce the chronic mucus
hypersecretion of airways [36].

Protease-antiprotease imbalance is the third main
pathogenic mechanism of COPD. CS leads to the infiltration
of many neutrophils and macrophages in the lung, releasing
excessive neutrophil elastase and matrix metalloproteinase

Table 2: Targets identified above each median.

Degree Eigenvector LAC Betweenness Closeness Network
FOS 24 0.30 8.58 379.38 0.73 19.12
CASP3 19 0.28 9.68 75.48 0.63 15.54
VEGFA 19 0.28 9.68 56.57 0.61 16.07
ESR1 19 0.28 9.79 52.61 0.60 16.30
PTGS2 17 0.26 9.18 65.09 0.61 13.13
RELA 17 0.25 8.47 70.93 0.59 13.15
AR 16 0.25 9.25 38.73 0.58 13.01
CYCS 16 0.24 8.25 62.59 0.60 12.18
HIF1A 14 0.22 7.29 45.81 0.57 9.76
PGR 13 0.20 7.69 26.13 0.55 10.18
PPARG 15 0.19 5.47 108.42 0.58 8.28
NCOA1 10 0.14 5.40 22.35 0.53 7.01
NCOA2 10 0.14 5.40 22.35 0.53 7.01

CytoHubba
MCC top 5

DC ≥ 8
NC ≥ 6.1431
LAC ≥ 3.75

BC ≥ 16.4307
CC ≥ 0.5067
EC ≥ 0.1181

(a) (b) (c)

Figure 5: (a). Identification of targets of FB against COPD. From red to yellow indicates higher DC scores to low DC scores. (b) Targets
identified above the medians. From red to yellow indicates higher DC scores to lower DC scores. (c). Core genes of FB and COPD.

Table 3: Molecular docking of core genes and active components.

Core gene Active component Binding energy
Caspase-3 Stigmasterol −5.35
ESR1 Stigmasterol −5.41
FOS Cavidine −5.38
PTGS2 Stigmasterol −4.01
VEGFA Cavidine −4.07
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(MMP). .rough the protease antiprotein imbalance
mechanism, the expression of placenta growth factor (PGF)
is increased and drives caspase-3- and caspase-9-dependent

apoptosis in bronchial epithelial cells [37]. Pulmonary
emphysema, a significant characteristic of COPD, is con-
sidered to result from the epithelial cell death caused by

(a) (b)

(c) (d)

(e)

Figure 6: Molecular docking charts of core genes and active components. (a) CASP3 and Stigmasterol. (b) ESR1 and Stigmasterol. (c) FOS
and Cavidine. (d) PTGS2 and Stigmasterol. (e) VEGFA and Cavidine.
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Figure 7: Gene ontology terms of candidate targets of FB against COPD. .ey were identified by the threshold of p value cutoff ≤0.05. .e
size of the spot represents the number of genes, and the color represents the adjusted p value.
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smoking [38]. It shows that the normal pulling force of alveoli
to small airways has been reduced, making the alveoli easily
collapsible with obviously reduced elasticity. .e failure of the
small airway is an important but easily overlooked mechanism
of COPD because it occurs in the very early stages of the disease,
and continues throughout the process [39]. Small airway disease
is composed of small airway inflammation, fibrotic tissue, and
lumen mucus plug. .e the abovementioned mechanisms
jointly promote the most characteristic symptom of COPD:
continuous airflow restriction. ICS are very effective in the
treatment of COPD. However, ICS resistance is becoming a
major barrier to the effective treatment of COPD [40]..ere has
been evidence indicating that the loss of Hsp90 could contribute
to steroid resistance in COPD [41]. Meanwhile, one clinical
study has illustrated that smokers with COPD possessed sig-
nificantly increased expression levels of p53 when compared to
smokers without COPD and normal subjects, and at the same
time, increased cleaved caspase-3 may also promote apoptosis
[42]. All these biological processes were analyzed in the present
study. As shown in Figure 8, the caspase-3, caspase-9, and p53
signaling pathways form the core of the network between FB
and COPD. Moreover, the highlighted parts in the major
pathways are mainly related to apoptosis.

As is demonstrated in the present study, FB are
multicomponent, multitarget, and multipathway drugs. A
total of 68 pathways were enhanced in this drug, including

those related to IL-17 signaling, P53 signaling, cholinergic
synapse, and apoptosis. IL-17A regulates airway inflam-
mation, oxidative stress, and the reduction of steroid
sensitivity [43], as well as attenuating IFN-λ expression
[44] in COPD. Cellular senescence and apoptosis of al-
veolar epithelial cells in lung tissues are important
characteristics of COPD pathogenesis. p53 is a tumor
suppressor, which can induce cellular senescence of type
II alveolar epithelial cells (AECII) [45]. p53 expression in
the cytoplasm also increased with CSE treatment. In
addition, the interaction of p53 with Parkin (a core
mitophagy-regulating protein) was highly increased
during CSE-induced cellular senescence [46]. .e cho-
linergic anti-inflammatory pathway was involved in
regulating inflammation; moreover, COPD mouse
showed high levels of AChE and nicotinic acetylcholine
receptor α7 subunit (α7nAChR) [47]. .e nonneuronal
cholinergic system was overexpressed in neutrophils of
COPD patients, such as the increase of muscarinic re-
ceptors (M2, M4, and M5) expression [48]. Additionally,
in this study, several other viral pathways were enhanced.
Studies which use polymerase chain reaction have dem-
onstrated the presence of viruses in 80–85% of asthma
exacerbations in children and 60–80% of exacerbations in
adults, after viral clearance, and symptom resolution
follows, but lasting inflammatory markers and oxidative

Neuroactive ligand-receptor interaction

Human immunodeficiency virus 1 infection

Kaposi sarcoma-asscciated herpesvirus infection

Cholinergic synapse

Hepatitis B

Human cytomegalovirus infection

p53 signaling pathway

Small cell lung cancer

Thyroid hormone signaling pathway

Apoptosis

Measles

Influenza A

Calcium signaling pathway

IL-17 signaling pathway

Toxoplasmosis

Estrogen signaling pathway

Apoptosis-multiple species

Legionellosis

Platinum drug resistance

Colorectal cancer

0.12 0.16 0.20 0.24
Gene ratio
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Figure 8: KEGG pathway identification of FB candidate targets against COPD. .ey were identified by the threshold of value cutoff ≤0.05.
.e size of the spot represents the number of genes, and the color represents the adjusted value.
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stress remain [49], which suggests a perpetual autoim-
mune response. FB may regulate the immunological
function through some specific infections’ pathways, such

as Kaposi sarcoma-associated herpesvirus infection, hu-
man immunodeficiency virus 1 infection, human cyto-
megalovirus infection, hepatitis C, influenza A, and

(a)

(b)

Figure 9: (a) KEGG pathway details identified by FB against COPD. .ree pathways (shown in different colors) consisted the compressed
KEGG pathway. .e solid and dashed arrows mean direct and indirect activations, and the T arrows indicate the inhibition effects. (b)
Cholinergic synapse details identified by FB against COPD.
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Epstein–Barr virus infections. COPD is an independent
risk factor for non-small-cell lung cancer (NSCLC) and
significantly associated with lung cancer mortality [50].
Fuzi reduced the proportion of Treg cells, decreased se-
rum levels of cytokines and transforming growth factor
(TGF)-β, and downregulated the expression of pro-
grammed death ligand-1 in mice, which suggests that Fuzi
has immunomodulation properties to improve radio-
therapy against lung cancer [51]. In this study, the
pathways mentioned above were enhanced as well.

In the network we set up, FOS may be the core target
gene. In addition, CASP3 and VEGFA may be key target
genes. .e overexpression of FOS and CASP3 suggests
excessive apoptosis [52]. Additionally, activated c-Fos can
influence colon cancer invasion [53]; c-Fos in T24 cells can
induce significant cell morphology changes, reduce viability,
and increase cell death [54]. In osteosarcoma (OS), only
tumors expressing both epidermal growth factor receptor
(EGFR) and c-Fos respond to anti-EGFR therapy [55].
CASP3 plays a central role in executing cell apoptosis;
carcinogenesis studies have found that CASP3 polymor-
phisms and smoking interactions were related to a higher
risk of lung cancer [56], whereas lower expression of CASP3
is linked to a higher risk of NSCLC [57, 58]. Although no
difference in the expression of ESR1 was observed between
patients and healthy individuals, the increased expression of
enzymes involved in the local synthesis of active estrogens
were observed [59]. Vascular endothelial-derived growth
factor (VEGF) may play a key role in ongoing vascular

remodeling processes, a key characteristic sign of COPD, in
the distal lung compartments [60].

.e mechanisms of action and molecular targets of FB
against COPD were explored using a network pharma-
cology in this study. FB regulates some biological processes,
such as gene expression, apoptotic processes, neuroactive
ligand-receptor interaction and p53 class mediators, and
cholinergic synapse, and the enhanced pathways include
the IL-17 signaling and thyroid hormone signaling path-
way. FB may regulate immunological function through
some specific viral pathways, such as Kaposi sarcoma-as-
sociated herpesvirus infection, human immunodeficiency
virus 1 infection, human cytomegalovirus infection, hep-
atitis C and influenza A, and Epstein–Barr virus infection,
which are associated with COPD. As judged by DC, the top
3 key genes are FOS, CASP3, and ESR1 in the PPI of FB for
the treatment of COPD. Network pharmacology seems to
be a suitable approach for the study of complex TCM
incompatible drugs; however, it may filter compounds that
may be associated with unknown target genes or lower OB
and DL, such as BAC, BHA, and BMA identified in this
study. Moreover, various formulas with effective compo-
sitions may be produced using the decocting process, in-
stead of the original preparation methods; the compounds
so obtained may have different molecular structures be-
cause they are obtained by boiling. As TCM research is
difficult, although not an ideal approach, network phar-
macology does offer a new and reliable approach to analyze
TCMs and associate them with diseases. It can be used to

Active ingredient screening

Venn diagrams

Network of COPD and FB

Protein-protein
interaction analysis

GO analysis

KEGG analysis

String-interactions counts

Analysis by CytoHubba

Molecular docking analysis

Figure 10: Article flow chart.
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verify whether a theory of TCM is valid through modern
experimental methods in order to conveniently and ac-
curately explain how drugs function.

Data Availability

.e data used to support the findings of this study are in-
cluded within the supplementary material files.

Conflicts of Interest

.e authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as potential conflicts of interest.

Authors’ Contributions

KN conducted the main analysis and drafted this manu-
script. KN and XC designed the research. YC, LZ, and ZW
joined in the discussion and offered interesting ideas. RC
and SZ assisted in the preparation of the research. ZW
reviewed the text and guided the structure of the manuscript.
All authors took part in the research and wrote, read, and
approved the manuscript.

Acknowledgments

.e authors would like to thank Editage (http://www.
editage.com) for English language editing and biowolf
(http://www.biowolf.cn/) for guidance on Internet phar-
macology methods and R language. .is work was sup-
ported by the National Key R&D Program of China
(2018YFC2002500).

Supplementary Materials

Supplementary Table 1. Gene targets of Fuzi. Supplementary
Table 2. Gene targets of Banxia. Supplementary Table 3.
Number of targets corresponding to different components.
Supplementary Table 4..e data of GO enrichment analysis.
Supplementary Table 5. .e data of KEGG enrichment
analysis. (Supplementary Materials)

References

[1] L. Tanner and A. B. Single, “Animal models reflecting chronic
obstructive pulmonary disease and related respiratory dis-
orders: translating pre-clinical data into clinical relevance,”
Journal of Innate Immunity, vol. 12, no. 3, pp. 203–225, 2019.

[2] Y.-N. Liao, W.-L. Hu, H.-J. Chen, and Y.-C. Hung, “.e use of
Chinese herbal medicine in the treatment of chronic ob-
structive pulmonary disease (COPD),” 
e American Journal
of Chinese Medicine, vol. 45, no. 2, pp. 225–238, 2017.

[3] P. Zhao, J. Li, Y. Tian et al., “Restoring .17/Treg balance via
modulation of STAT3 and STAT5 activation contributes to
the amelioration of chronic obstructive pulmonary disease by
Bufei Yishen formula,” Journal of Ethnopharmacology,
vol. 217, pp. 152–162, 2018.

[4] W. Du, J. Su, D. Ye, Y. Wang, Q. Huang, and X. Gong,
“Pinellia ternata attenuates mucus secretion and airway in-
flammation after inhaled corticosteroid withdrawal in COPD

rats,”
eAmerican Journal of Chinese Medicine, vol. 44, no. 5,
pp. 1027–1041, 2016.

[5] S. T. Gulen, U. Eryilmaz, M. Yilmaz, and F. Karadag, “Left
ventricular dysfunction in relation with systemic inflamma-
tion in chronic obstructive pulmonary disease patients,” 
e
Korean Journal of Internal Medicine, vol. 34, no. 3, pp. 569–
578, 2019.

[6] G. Zhou, L. Tang, X. Zhou, T. Wang, Z. Kou, and Z. Wang, “A
review on phytochemistry and pharmacological activities of
the processed lateral root of aconitum carmichaelii Debeaux,”
Journal of Ethnopharmacology, vol. 160, pp. 173–193, 2015.

[7] N. Li, L. L. Li, C. X. Li, Y. H. Chen, and X. L. Li, “Analysis of
the historical evolution of “eighteen incompatible medica-
ments” and “nineteen medicaments of mutual restraint” of
TCM and its clinical application,” China Pharmacy, vol. 30,
pp. 513–517, 2019, in Chinese.

[8] J. Wu, Z. Cheng, L. Zhu et al., “Coadministration of Pinellia
ternata can significantly reduce Aconitum carmichaelii to
inhibit CYP3A activity in rats,” Evidence-based Comple-
mentary and Alternative Medicine, eCAM, vol. 2014, Article
ID 734867, 10 pages, 2014.

[9] X. W. Mo, W. X. He, X. H. Liu, J. Zhang, and H. Deng, “Study
on the safety of compatibility of aconite and Pinellia ternata in
the treatment of malignant tumors,” Psychologist, vol. 24,
no. 27, pp. 127–129, 2018, in Chinese.

[10] T. Yu, S. Xiao, F. Cao, and L. M. Liu, “Study on the com-
patibility of aconite and pinellia ternate in “shanghan zabing
Lun”” Journal of Basic Chinese Medicine, vol. 23, no. 11,
pp. 626-627, 2017, in Chinese.

[11] J. Y. Li, “To observe the curative effect of Xiaoqinglong-Jia-
fuzi-decoction on chronic obstructive pulmonary disease,”
Medical Diet and Health, vol. 18, no. 12, p. 11, 2020, in
Chinese.

[12] D. F. Chen, Z. L. Zhang, H. B. Xiao, and L. H. Xiao, “Analysis
of clinical effect of “Five-step method of differentiating yang
deficiency” combined with “Xiaoqinglong decoction plus
aconite” in the treatment of allergic rhinitis,” China Practical
Medical, vol. 12, no. 14, pp. 128-129, 2017, in Chinese.

[13] H. Liu, L. Zeng, K. Yang, and G. Zhang, “A network phar-
macology approach to explore the pharmacological mecha-
nism of Xiaoyao powder on anovulatory infertility,” Evidence-
Based Complementary and Alternative Medicine, vol. 2016,
Article ID 2960372, 13 pages, 2016.

[14] Y. Chen, J. Wei, Y. Zhang et al., “Anti-endometriosis
mechanism of jiawei foshou san based on network phar-
macology,” Frontiers in Pharmacology, vol. 9, p. 811, 2018.

[15] S. J. Yue, J. Liu, W. W. Feng et al., “System pharmacology-
based dissection of the synergistic mechanism of Huangqi and
huanglian for diabetes mellitus,” Frontiers in Pharmacology,
vol. 8, p. 694, 2017.

[16] X. Xing, S. Chen, L. Li et al., “.e active components of
Fuzheng Huayu formula and their potential mechanism of
action in inhibiting the hepatic stellate cells viability-a net-
work pharmacology and transcriptomics approach,” Frontiers
in Pharmacology, vol. 9, p. 525, 2018.

[17] J. Ru, P. Li, J. Wang et al., “TCMSP: a database of systems
pharmacology for drug discovery from herbal medicines,”
Journal of Cheminformatics, vol. 6, p. 13, 2014.

[18] J. Li, P. Zhao, Y. Li, Y. Tian, and Y. Wang, “Systems phar-
macology-based dissection of mechanisms of Chinese me-
dicinal formula Bufei Yishen as an effective treatment for
chronic obstructive pulmonary disease,” Scientific Reports,
vol. 5, Article ID 15290, 2015.

12 Evidence-Based Complementary and Alternative Medicine

http://www.editage.com
http://www.editage.com
http://www.biowolf.cn/
http://downloads.hindawi.com/journals/ecam/2020/8365603.f1.zip


[19] V. Law, C. Knox, Y. Djoumbou et al., “DrugBank 4.0:
shedding new light on drug metabolism,” Nucleic Acids Re-
search, vol. 42, no. D1, pp. D1091–D1097, 2014.

[20] L. L.Miao, Q.M. Zhou, C. Peng, C.W.Meng, X. Y.Wang, and
L. Xiong, “Aconitum carmichaelii discrimination of the
geographical origin of the lateral roots of using the fingerprint,
multicomponent quantification, and chemometric methods,”
Molecules (Basel, Switzerland), vol. 24, no. 22, 4124 pages,
2019.

[21] Y. Tang, M. Li, J. Wang, Y. Pan, and F.-X. Wu, “CytoNCA: a
cytoscape plugin for centrality analysis and evaluation of
protein interaction networks,” Biosystems, vol. 127, pp. 67–72,
2015.

[22] C.-H. Chin, S.-H. Chen, H.-H. Wu, C.-W. Ho, M.-T. Ko, and
C.-Y. Lin, “CytoHubba: identifying hub objects and sub-
networks from complex interactome,” BMC Systems Biology,
vol. 8, no. Suppl 4, p. S11, 2014.

[23] D. W. Huang, B. T. Sherman, and R. A. Lempicki, “Systematic
and integrative analysis of large gene lists using DAVID
bioinformatics resources,” Nature Protocols, vol. 4, no. 1,
pp. 44–57, 2009.

[24] L. Gatto, L. M. Breckels, T. Naake, and S. Gibb, “Visualization
of proteomics data using R and bioconductor,” Proteomics,
vol. 15, no. 8, pp. 1375–1389, 2015.

[25] B. Boezio, K. Audouze, P. Ducrot, and O. Taboureau, “Net-
work-based approaches in pharmacology,” Molecular Infor-
matics, vol. 36, no. 10, 2017.

[26] K. Ohbuchi, C. Miyagi, Y. Suzuki et al., “Ignavine: a novel
allosteric modulator of the μ opioid receptor,” Scientific Re-
ports, vol. 6, Article ID 31748, 2016.

[27] R. Roy, D. Pal, S. Sur, S. Mandal, P. Saha, and C. K. Panda,
“Pongapin and Karanjin, furanoflavanoids of Pongamia
pinnata, induce G2/M arrest and apoptosis in cervical cancer
cells by differential reactive oxygen species modulation, DNA
damage, and nuclear factor kappa-light-chain-enhancer of
activated B cell signaling,” Phytotherapy Research, vol. 33,
no. 4, pp. 1084–1094, 2019.

[28] M. Bose, M. Chakraborty, S. Bhattacharya, D. Mukherjee,
S. Mandal, and R. Mishra, “Prevention of arthritis markers in
experimental animal and inflammation signalling in macro-
phage by karanjin isolated fromPongamia pinnataSeed ex-
tract,” Phytotherapy Research, vol. 28, no. 8, pp. 1188–1195,
2014.

[29] L. Ye, S. Gao, Q. Feng et al., “Development and validation of a
highly sensitive UPLC-MS/MS method for simultaneous
determination of aconitine, mesaconitine, hypaconitine, and
five of their metabolites in rat blood and its application to a
pharmacokinetics study of aconitine, mesaconitine, and
hypaconitine,” Xenobiotica, vol. 42, no. 6, pp. 518–525, 2012.

[30] S. Saadat and J Boskabadi, M. H. Boskabady, Contribution of
potassium channels, beta2-adrenergic and histamine H1 re-
ceptors in the relaxant effect of baicalein on rat tracheal
smooth muscle,” Iranian Journal of Basic Medical Sciences,
vol. 22, no. 11, pp. 1347–1352, 2019.

[31] C. H. Wiegman, C. Michaeloudes, G. Haji et al., “Oxidative
stress-induced mitochondrial dysfunction drives inflamma-
tion and airway smooth muscle remodeling in patients with
chronic obstructive pulmonary disease,” Journal of Allergy
and Clinical Immunology, vol. 136, no. 3, pp. 769–780, 2015.

[32] C. L. Li, Q. S, Y. Y et al., “Recuperating lung decoction at-
tenuates the oxidative stress state of chronic obstructive
pulmonary disease by inhibiting the MAPK/AP-1 signal
pathway and regulating -c GCS,” Evidence-Based

Complementary and Alternative Medicine, vol. 2017, Article
ID 9264914, 12 pages, 2017.

[33] D. Zong, J. Li, S. Cai et al., “Notch1 regulates endothelial
apoptosis via the ERK pathway in chronic obstructive pul-
monary disease,” American Journal of Physiology-Cell Phys-
iology, vol. 315, no. 3, pp. C330–C340, 2018.

[34] M. Vaz, S. Rajasekaran, H. R. Potteti, and S. P. Reddy,
“Myeloid-specific Fos-related antigen-1 regulates cigarette
smoke-induced lung inflammation, not emphysema, in mice,”
American Journal of Respiratory Cell and Molecular Biology,
vol. 53, no. 1, pp. 125–134, 2015.

[35] A. Birnhuber, V. Biasin, D. Schnoegl, L. M. Marsh, and
G. Kwapiszewska, “Transcription factor Fra-2 and its
emerging role in matrix deposition, proliferation and in-
flammation in chronic lung diseases,” Cellular Signalling,
vol. 64, Article ID 109408, 2019.

[36] Y.-P. Wu, Y.-F. Wu, C. Zhang et al., “Activating transcription
factor 3 Is essential for cigarette smoke-induced mucin ex-
pression via interaction with activator protein-1,” 
e
American Journal of Pathology, vol. 187, no. 2, pp. 280–291,
2017.

[37] H.-H. Hou, H.-C. Wang, S.-L. Cheng, Y.-F. Chen, K.-Z. Lu,
and C.-J. Yu, “MMP-12 activates protease-activated receptor-
1, upregulates placenta growth factor, and leads to pulmonary
emphysema,” American Journal of Physiology-Lung Cellular
and Molecular Physiology, vol. 315, no. 3, pp. L432–L442,
2018.

[38] K. Mizumura, S. Maruoka, T. Shimizu, and Y. Gon, “Auto-
phagy, selective autophagy, and necroptosis in COPD,” In-
ternational Journal of Chronic Obstructive Pulmonary Disease,
vol. 13, pp. 3165–3172, 2018.

[39] M. S. Eapen, P. M. Hansbro, K. McAlinden et al., “Abnormal
M1/M2 macrophage phenotype profiles in the small airway
wall and lumen in smokers and chronic obstructive pulmo-
nary disease (COPD),” Scientific Reports, vol. 7, no. 1, p. 13392,
2017.

[40] J. Knobloch, D. Jungck, J. Kronsbein, E. Stoelben, K. Ito, and
A. Koch, “LABAs and p38MAPK inhibitors reverse the
corticosteroid-insensitivity of IL-8 in airway smooth muscle
cells of COPD,” Journal of Clinical Medicine, vol. 8, no. 12,
2058 pages, 2019.

[41] G. Hodge, E. Roscioli, H. Jersmann et al., “Steroid resistance
in COPD is associated with impaired molecular chaperone
Hsp90 expression by pro-inflammatory lymphocytes,” Re-
spiratory Research, vol. 17, no. 1, p. 135, 2016.

[42] M. M. Gouda, S. B. Shaikh, D. Chengappa, I. Kandhal,
A. Shetty, and Y. Bhandary, “Changes in the expression level
of IL-17A and p53-fibrinolytic system in smokers with or
without COPD,” Molecular Biology Reports, vol. 45, no. 6,
pp. 2835–2841, 2018.

[43] G. Anzalone, G. D. Albano, A. M. Montalbano et al., “IL-17A-
associated IKK-alpha signalling induced TSLP production in
epithelial cells of COPD patients,” Experimental & Molecular
Medicine, vol. 50, no. 10, p. 131, 2018.

[44] M. Niwa, T. Fujisawa, K. Mori et al., “IL-17A attenuates IFN-λ
expression by inducing suppressor of cytokine signaling ex-
pression in airway epithelium,” 
e Journal of Immunology,
vol. 201, no. 8, pp. 2392–2402, 2018.

[45] C. Gu, Y. Li, J. Liu et al., “LncRNA-mediated SIRT1/FoxO3a
and SIRT1/p53 signaling pathways regulate type II alveolar
epithelial cell senescence in patients with chronic obstructive
pulmonary disease,” Molecular Medicine Reports, vol. 15,
no. 5, pp. 3129–3134, 2017.

Evidence-Based Complementary and Alternative Medicine 13



[46] T. Ahmad, I. K. Sundar, C. A. Lerner et al., “Impaired
mitophagy leads to cigarette smoke stress-induced cellular
senescence: implications for chronic obstructive pulmonary
disease,” 
e FASEB Journal, vol. 29, no. 7, pp. 2912–2929,
2015.

[47] X.-F. Zhang, S.-Y. Xiang, W.-Y. Geng et al., “Electro-acu-
puncture regulates the cholinergic anti-inflammatory path-
way in a rat model of chronic obstructive pulmonary disease,”
Journal of Integrative Medicine, vol. 16, no. 6, pp. 418–426,
2018.

[48] J. Milara, A. Cervera, A. De Diego et al., “Non-neuronal
cholinergic system contributes to corticosteroid resistance in
chronic obstructive pulmonary disease patients,” Respiratory
Research, vol. 17, no. 1, p. 145, 2016.

[49] R. Hewitt, H. Farne, A. Ritchie, E. Luke, S. L. Johnston, and
P. Mallia, “.e role of viral infections in exacerbations of
chronic obstructive pulmonary disease and asthma,” 
era-
peutic Advances in Respiratory Disease, vol. 10, no. 2,
pp. 158–174, 2016.

[50] E. Ytterstad, P. Moe, and A. Hjalmarsen, “COPD in primary
lung cancer patients: prevalence and mortality,” International
Journal of Chronic Obstructive Pulmonary Disease, vol. 11,
pp. 625–636, 2016.

[51] Q. Zhang, X. Chen, Y. Luo, H. Ren, and T. Qiao, “Fuzi en-
hances anti-tumor efficacy of radiotherapy on lung cancer,”
Journal of Cancer, vol. 8, no. 19, pp. 3945–3951, 2017.

[52] L. Wen, L. Liu, L. Tong et al., “NDRG4 prevents cerebral
ischemia/reperfusion injury by inhibiting neuronal apopto-
sis,” Genes & Diseases, vol. 6, no. 4, pp. 448–454, 2019.

[53] Y. Ding, K. Hao, Z. Li et al., “c-Fos separation from Lamin A/
C by GDF15 promotes colon cancer invasion and metastasis
in inflammatory microenvironment,” Journal of Cellular
Physiology, vol. 235, no. 5, pp. 4407–4421, 2020.

[54] T. Zhang, J. He, S. Zhang et al., “Brazilin induces T24 cell
death through c-Fos and GADD45β independently regulated
genes and pathways,” IUBMB Life, vol. 70, no. 11,
pp. 1101–1110, 2018.

[55] M. Linder, E. Glitzner, S. Srivatsa et al., “EGFR is required for
FOS-dependent bone tumour development via RSK2/CREB
signalling,” EMBO Molecular Medicine, vol. 10, no. 11, 2018.

[56] J. Lin, Y. Zhang, H. Wang et al., “Genetic polymorphisms in
the apoptosis-associated gene CASP3 and the risk of lung
cancer in Chinese population,” PloS One, vol. 11, no. 10,
Article ID e0164358, 2016.

[57] R. Cui, T. Kim, M. Fassan et al., “MicroRNA-224 is implicated
in lung cancer pathogenesis through targeting caspase-3 and
caspase-7,” Oncotarget, vol. 6, no. 26, pp. 21802–21815, 2015.

[58] J. Javid, R. Mir, and A. Saxena, “Involvement of CASP3
promoter polymorphism (−1337 C > G) in the development
and progression of non-small cell lung cancer,” Tumor Bi-
ology, vol. 37, no. 7, pp. 9255–9262, 2016.

[59] G. F. J. Konings, N. L. Reynaert, B. Delvoux et al., “Increased
levels of enzymes involved in local estradiol synthesis in
chronic obstructive pulmonary disease,” Molecular and Cel-
lular Endocrinology, vol. 443, pp. 23–31, 2017.

[60] G. Westergren-.orsson, M. Bagher, A. Andersson-Sjöland
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Fuxin mixture (FXHJ) is a prescription for the treatment of heart failure. It has been shown to be effective in clinical trials, but its
active ingredients and mechanism of action are not completely clear, which limits its clinical application and international
promotion. In this study, we used network pharmacology to find, conclude, and summarize the mechanism of FXHJ in the
treatment of heart failure. From FXHJ, we found 39 active ingredients and 47 action targets. Next, we constructed the action
network and was conducted enrichment analysis. 0e results showed that FXHJ mainly treated heart failure by regulating the
MAPK signaling pathway, PI3KAkt signaling pathway, cAMP signaling pathway, TNF signaling pathway, toll-like receptor
signaling pathway, VEGF signaling pathway, NF-kappa B signaling pathway, and the apoptotic signalingmolecule BCL2.0rough
the research method of network pharmacology, this study summarized the preliminary experiments of the research group and
revealed the probable mechanism of FXHJ in the treatment of heart failure to a certain extent, which provided some ideas for the
development of new drugs.

1. Introduction

Heart failure (HF) is a closed result of most cardiovascular
diseases, which may be caused by damage to ventricular
filling from various structural or functional disorders of the
heart [1]. In observational data from Europe, the 1-year all-
cause mortality rate for HF was greater than 20 percent [2].
In search of a cheap, safe, and effective drug, we turned to
traditional Chinese medicine (TCM).

FXHJ is a prescription for the treatment of heart failure
obtained by Dr. Xue through the combination of clinical
experience and literature data. It is composed of Aconiti
Lateralis Radix Praeparata (FZ), Angelicae Sinensis Radix
(DG), Phellodendri Chinrnsis Cortex (HB), Lepidii Semen
Descurainiae Semen (TLZ), Epimrdii Herba (YYH), and
Alisma Orientale (ZX). Preliminary clinical trials of the
research group have shown that FXHJ can significantly
improve cardiac function, delay left ventricular remodeling,

extend the 6WMT distance, improve exercise tolerance,
reduce plasma BNP level, and improve patients’ quality of
life [3].

Due to the multicomponent and multitarget characteris-
tics of Traditional Chinese medicine, it is difficult for us to
clearly understand its mechanism of action.0erefore, we turn
our attention to network pharmacology. Network pharma-
cology is an emerging discipline based on the integration of
systems biology, molecular biology, pharmacology, and a
variety of network computing platforms in the context of the
era of big data [4]. Because it is compatible with the systematic
and holistic treatment concept of TCM, it breaks the shackles
of traditional medicine research focusing on single ingredient,
single target, and single disease, so it is widely used in the study
of TCM efficacy and its mechanism of action [5]. In particular,
its multipart network modularization analysis and machine
learning approach to explore meridian classification provide
novel insights into the relationship between traditional
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medicine and modern medicine [6, 7]. In addition, when
exploring the relationship between drugs and diseases, it is also
customary to report that drugs with known efficacy can reverse
predict the pathogenesis of diseases [8]—at the same time,
combining computer network analysis algorithm to simulate
and predict the mechanism of action of drugs. It can better
display the advantages and characteristics of the systematic-
ness of traditional Chinese medicine [9].

0e mechanism of multicomponent and multitarget
action of TCM has hindered the establishment of an
evidence-based model of TCM and the study of toxic and
side effects. 0erefore, the concept of “equivalent mo-
lecular group” is suggested in this study. 0e various
components in FXHJ can be roughly classified into three
categories in the treatment of heart failure. 0e first had
no association with the treatment of heart failure. 0e
second had a positive effect on the treatment of heart
failure, which we called active compounds. 0e third had a
negative effect on the treatment of heart failure. Although
the three components acted differently, on the whole, their
final results were affirmative. After eliminating the in-
active components, we take the sum of the components of
positive and negative effects and turn them into the
equivalent molecular group. In short, an equivalent
molecular group is a collection of disease-related com-
ponents, whether they play a positive or negative role in a
disease.

In this study, we used the method of network phar-
macology to explore the equivalent molecular group of FXHJ
through the previous experimental results and elucidated the
material basis and potential mechanism of action of FXHJ in
the treatment of heart failure so as to provide some ideas for
the development of new drugs.

2. Methods

2.1. Data Collection and Processing. Chinese medicine sys-
tematic pharmacology database (TCMSP) (http://tcmspw.
com/tcmsp.php) is an open and comprehensive database of
Chinese medicine ingredients and action targets. In clinical
treatment, TCM is often used by oral administration. Oral
bioavailability (OB) and drug-likeness (DL), two ADME-
related models, are the main variables affecting the ab-
sorption of drugs from the gastrointestinal tract. 0erefore,
we screened bioactive components under the conditions of
OB≥ 30% and DL≥ 0.18. Next, we find the target from the
list of compounds. At the same time, we used the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/) to standard-
ize the names of active ingredients. In order to make the
results concise and convenient, we utilized the Uniprot
database (https://www.uniprot.org/) to to convert the pro-
tein name of the target into the gene name.0en, we take the
union of all the consequences and delete the duplicates. In
order to get the disease target of heart failure, we used “heart
failure” as the keyword to retrieve the target of heart failure
in the Genecards database (https://www.genecards.org/).
After the intersection of the target of FXHJ and the target of
heart failure, we obtained the exact target of FXHJ in the
treatment of heart failure.

2.2. Network Construction. We constructed the network
diagram of “herb-compound-target” of FXHJ and the
equivalent molecular group by Cytoscape 3.6.1. In the
network diagram, “node” refers to the compound or target,
and “edge” refers to the relationship between the compound
and the target. Based on the analysis of the network diagram
of the equivalent molecule group, we select the compound
whose degree is greater than the average as the main
component of the equivalent molecule group.

2.3. Enrichment Analysis. Direct targets were recorded into
David 6.8 database (https://david.ncifcrf.gov/summary.jsp)
to obtain KEGG signaling pathway data. We analyzed the
results with P value less than 0.05 to obtain the results.
According to the enrichment results and the preceding
experimental results, we obtained the functional pathway of
FXHJ in the treatment of heart failure. After that, we
screened the effective targets and components in reverse
according to the action pathway and obtained the equivalent
molecular group.

2.4. Molecular Docking. AutoDock Vina_1.1.2 software was
used to conduct molecular docking between major com-
ponents and key targets of potential pathways so as to ensure
their interaction activity. AutoDock Vina USES semiflexible
molecular docking. 0at is, the pharmacophore is flexible
while the protein remains rigid during the docking. 0e
docking results are evaluated by semiempirical free energy
function.

2.5. Specific Steps

(1) In the PubChemwebsite (https://pubchem.ncbi.nlm.
nih.gov/), download the 3d structure of the active
ingredient file (“SDF” format). Open Babel is used to
hydrogenate atoms in molecular structure. Select the
MMFF94 field to add the charge and minimize
energy. Finally, AutoDcok Tools are utilized to
convert the compound into a PDBQT format file.

(2) Download the crystal structure of the key targets
molecule from the PDB website (http://www.rcsb.
org/).

(3) AutoDock Tools were used to separate the target
protein and its ligand, add hydrogen atom, calculate
the electric charge, and export it to the PDBQT
format file. AutoDock Tools were used to identify the
size and center of the docking box. 0e center of the
docking box was defined as the center of the protein
crystal structure of the original ligand, and the size of
the docking box included the key residues in the
active site of the original ligand.

(4) At last, Vina was utilized to connect the active in-
gredients with the target protein in turn, and Affinity
was extracted. PyMol was utilized to analyze and plot
the results.
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3. Result

3.1. FXHJ Data Collection. From the TCMSP database, we
can get that DG has 2 blood active components and 67
predicted targets. FZ has 21 blood active components and 32
predicted targets. HB has 27 blood active components and 93
predicted targets. TLZ has 12 blood active components and
123 predicted targets. YYH has 23 blood active components
and 140 predicted targets. ZX has 10 blood active compo-
nents and 9 predicted targets. After adding up and deleting
the duplicates of 6 Chinese herbs, we obtained 64 and 157
targets of blood components. We searched the Genecards
database and obtained 10,961 targets for heart failure. Next,
we took the intersection of TCM action targets and heart
failure targets and obtained 144 targets. Meanwhile, we
constructed the action network of FXHJ as shown in
Figure 1.

3.2. Enrichment Analysis of Data. 0e enrichment analysis
showed that the key target of FXHJ in the treatment of heart
failure was concentrated in 113 pathways, among which 104
were with P value less than 0.05. 0e top 20 bits of the en-
richment results are shown in Figure 2. In addition to the
pathways and targets previously demonstrated by the team,
the results showed that the toll-like receptor signaling
pathway, VEGF signaling pathway, and NF-kappa B signaling
pathway might be potential pathways for the treatment of
heart failure.

3.3. Construction of Equivalent Molecular Clusters.
According to the enrichment analysis results, 5 Chinese
herbs, 39 compounds, and 47 action targets were reverse-
screened. We constructed the action network diagram of
the equivalent molecular group, as shown in Figure 3. From
the analysis of the network diagram, we can find that the
main components of the equivalent molecular group are 17
compounds. We ranked these compounds by degree value
from large to small as quercetin, Kaempferol, Luteolin, pe-
sitosterol, 2, 7-dihydrohomoerysotrine, Isocorypalmine,
Protopine, Stigmasterol, 8-(3-methylbut-2-enyl)-2-phe-
nylchromen-4-one, Cavidine, Anhydroicaritin, Rutae-
carpine, Phellopterin, Liquiritigenin, berberine, palmatine,
and isorhamnetin.

3.4. Molecular Docking Results. AutoDock Vina evaluates
the binding ability of small molecules to proteins, mainly by
affinity. Affinity less than 0 indicates that the ligand can
spontaneously bind to the receptor, and the smaller the value
is, the higher the binding energy is, and the easier the active
component is to bind to the receptor.

We select five key targets from toll-like receptor sig-
naling pathway, VEGF signaling pathway, and NF-kappa B
signaling pathway according to the intersection of the
pathway and degree value, namely VEGFA (1VPF), TNF
(2AZ5), PIK3CG (2CHZ), PTGS2 (5KIR), and MAPK1
(5NHV). 0e docking results are shown in Table 1.

We visualized the combination of ligand and receptor
with the highest Affinity, as shown in Figure 4. From the
figure, we can see that the compound enters the target
protein target active site and its binding pattern.

4. Discussion

In the treatment of heart failure, how to slow or even reverse
ventricular remodeling has grown up to be a hot topic in
recent years. Transforming growth factor beta, angiotensin
II, aldosterone and endothelin, and myocardial damage or
stress produce cytokines and chemokines can induce the
formation of muscle fibroblasts [10, 11]. In the early stage,
we have studied the relevant pathways, including the MAPK
signaling pathway, the PI3KAkt signaling pathway, the
cAMP signaling pathway, the TNF signaling pathway, and
the apoptotic conduction molecule BCL2.

0ere are three subclasses in the MAPK signaling
pathway, namely ERK, JNK, and p38MAPK. Cipolletta et al.
demonstrated that the inhibition of p-ERK volume could
delay cardiac hypertrophy and improve cardiac volume [12].
Our previous experiments showed that FXHJ could sig-
nificantly reduce the ERK level of rat cardiac tissue com-
pared with the model group (P< 0.01) [13].

0e active form of PI3K can activate AKT, thereby
promoting cell proliferation and inhibiting the apoptotic
pathway. Overexpression of PI3K can cause cardiac hy-
pertrophy. 0e GSK3β cytokine downstream of PI3KAkt,
which can be inactivated by phosphorylation, is a key
negative regulator of cardiac hypertrophy [14]. Our previous
experiments have shown that FXHJ can reduce the ex-
pression of Pi3K and AKT, improve the expression of GSK3,
and thus inhibit ventricular remodeling [15].

cAMP ACTS as excitation-coupled phosphorylation of
cardiomyocyte proteins, including l-type calcium channels,
sarcoplasmic reticulum ATPase 2 regulatory protein phos-
phor, clonidine receptor 2, phosphatase 1 inhibitors, and
various contractile proteins [16]. Lin B et al. demonstrated
that activation of the cAMP signaling pathway could sta-
bilize cardiac function in rats with heart failure [17]. We
studied the β1-AR-cAMP-PKA pathway in previous ex-
periments and found that compared with the model group,
both the FXHJ group and the captopril group could reduce
the plasma cAMP level, increase the cAMP reserve of car-
diomyocytes, improve cardiac function, and delay ventric-
ular remodeling [18].

Tumor necrosis factor α (TNF-α) and the apoptotic
signaling molecule BCL2 play important roles in the pro-
gression of heart failure. Liu W et al.’s serum examination of
patients with chronic heart failure found that, compared
with the healthy control group, the serum TNF in patients
with heart failure was significantly increased, while bcl-2 was
significantly decreased [19]. Studies have shown that in-
creased TNF-α levels exacerbate heart failure. 0e optimal
use of diuretics, ACE inhibitors, beta-blockers, and standard
treatment with digoxin for heart failure can significantly
reduce circulating TNF levels [20]. Siltanen A’s experiments
showed that BCL2 gene transplantation in rats with chronic
heart failure could effectively improve cardiac function,
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enhance paracrine angiogenic signals, and promote cell
proliferation and survival in failing myocardium [21]. Our
previous animal experiments showed that FXHJ could ef-
fectively reduce the level of TNF-α in rats with heart failure,
improve the expression of the BCL2 gene, and thus inhibit a
variety of myocardial cell apoptosis pathways [22, 23].

In addition, through the research method of network
pharmacology, we analyzed and found that the mechanism
of action of FXHJ in the treatment of heart failure may also
be related to the toll-like receptor signaling pathway, VEGF
signaling pathway, and NF-kappa B signaling pathway.
Studies have shown that 8 weeks after knocking out NF-
kappa B subunit P50/NF–B1 in mice with myocardial in-
farction, the degree of ventricular expansion is mild, and

ventricular systolic function is preserved. 0erefore, the
absence of the NF-kappa B subunit P50 can improve the
prognosis of heart failure caused by myocardial infarction.
At the same time, inhibition of the NF-kappa B signaling
pathway can inhibit ventricular remodeling to a certain
extent, which may be related to the reduction of prein-
flammatory response and the regulation of extracellular
matrix [24]. Inhibiting the activation of NF-kappa B65 can
prevent myocardial fibrosis and protect cardiac function by
reducing the inflammatory response [25]. Vascular endo-
thelial growth factor (VEGF) plays an important role in
mediating normal cardiac function by maintaining vascular
homeostasis. VEGF maintains vascular homeostasis mainly
through the following mechanisms: Improve the sensitivity
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of blood vessels to nerve response, improve the permeability
of blood vessels, promote the generation and stability of new
blood vessels, and recruit stem cells and promote their
homing [26]. 0e research of Meng-Ying He showed that
when the VEGF signaling pathway was inhibited, it would
lead to the imbalance of vascular homeostasis, which would
lead to the generation of heart failure [27]. Toll-like receptor
signaling pathway mediates the occurrence of various
myocardial injuries, such as myocardial remodeling and
myocardial ischemia reperfusion injury [28]. Animal studies
have shown that the symptoms of myocardial ischemia in
mice with toll-like receptor knockout are reduced. At the
same time, toll-like receptor inhibitors could reduce myo-
cardial ischemia in myocardial ischemia model mice
[29, 30].

0e analysis of the equivalent molecular group shows
that there is no ZX in it. 0is is because the active com-
ponents of ZX are mainly Alisol A 24-acetate and Alisol B,
which have similar structures to aldosterone and its

antagonists. 0ey compete for aldosterone receptors to in-
hibit reabsorption in different parts of the tubules, inhibiting
water reabsorption and increasing urine output [31]. 0is
belongs to the category of diuretics, which is different from
the screening scope of this study.

Some of the components in the equivalent molecular
group have been studied experimentally, which can provide
some reference for the further selection of the components.
Moon DO et al. demonstrated that β-sitosterol promotes
apoptosis by regulating the ERK and PI3KAkt signaling
pathways [32], which is not conducive to the treatment of
heart failure. Animal experiments on Kaempferol have
shown that Kaempferol can treat heart failure by inhibiting
the MAPK signaling pathway, NF-kappa B signaling path-
way, and PI3KAkt signaling pathway, activating the VEGF
signaling pathway and upregulating the expression of
GSK3β [33–37]. Min Z’s experiment proved that quercetin
could significantly reduce the phosphorylation of ERK and
inhibit myocardial cell fibrosis [38]. Meanwhile, quercetin
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can also treat heart failure by upregulating the expression of
GSK3β factor and cAMP and inhibiting the expression of the
NF-kappa B signaling pathway [39–41]. Although animal
studies and clinical trials have shown that Luteolin can
improve myocardial fibrosis and protect cardiac function by
reducing myocardial oxidative stress [42, 43], other studies
have shown that Luteolin can affect angiogenesis by
inhibiting the VEGF signaling pathway [44, 45]. 0is sug-
gests that more trials are needed to confirmwhether Luteolin
has side effects in patients with heart failure. Rutaecarpine
has been shown to protect cardiomyocytes by inhibiting the
NADPH oxidase-ROS pathway [46], a mechanism not
identified in our study. Similarly, animal studies have shown
that berberine can protect cardiac myocytes by upregulating
the expression of BCL2 and activating AMPK and eNOS

signaling pathways [47, 48]. Gao L’s experiment showed that
Isorhamnetin could inhibit cardiac hypertrophy by blocking
the pi3k-akt signaling pathway [49].

Results of molecular docking showed that the Affinity of
ligand and receptor was higher. 0is indicated that the li-
gand could well bind to the receptor, thus inhibiting the
expression of this pathway. As mentioned above, inhibiting
these three pathways can delay the progression of heart
failure.

Interestingly, it can be evident from Figure 2 that the
enrichment of tumor-related pathways is relatively high.
Most of the genes enriched in these pathways are related to
cell proliferation, survival, angiogenesis, and inflammatory
factors, mainly involving genes such as PIK3CG, MAPK1,
BCL2, NOS3, EGF, etc. 0ese genes have been linked to
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cancer [50–52]. Studies have shown that tumor growth is
associated with increased levels of inflammatory cytokines
and a significant decrease in ventricular systolic function
[53]. We know that heart failure has the same risk factors as
cancer. Patients with heart failure have a higher rate of
cancer than healthy control populations [54]. We also know
that modern anticancer therapies are often associated with
cardiotoxicity, which exacerbates or accelerates acute or

chronic heart failure [55]. It may be that a combination of
traditional Chinese medicine can reduce the risk of cancer in
patients with heart failure [56], but more experiments and
studies are needed to confirm this view.

However, there were a few shortcomings in this study.
Due to limited funds, this study did not obtain the blood
composition of FXHJ by mass spectrometry but selected
database screening, which may cause certain errors.
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2

41

Figure 4: Number 1 is the combination of protopine and VEGFA. Number 2 is the combination of Rutaecarpine and VEGFA. Number 3 is
the combination of Rutaecarpine and TNF. Number 4 is the combination of 8-(3-Methylbut-2-enyl)-2-phenylchromen-4-one and PIK3CG.
Number 5 is the combination of 8-(3-Methylbut-2-enyl)-2-phenylchromen-4-one and PTGS2. Number 6 is the combination of protopine
andMAPK1. Among them, the solid blue line represents a hydrogen bond, the dotted yellow line represents a salt bridge, the dotted gray line
represents hydrophobic interaction, and the dotted green line represents pi-Stacking between benzene rings.

Table 1: 0e figures in the table represent the affinity of molecular docking (kcal/mol). 0e red figure indicates that the compound has the
highest affinity to the target.

Compound VEGFA TNF PIK3CG PTGS2 MAPK1
Protopine −7.8 −9.2 −9.4 −5.4 −9.5
Cavidine −7.4 −8.4 −8.6 −5.1 −9.3
Rutaecarpine −7.8 −9.8 −9.2 −8.9 −9.1
8-(3-Methylbut-2-enyl)-2-phenylchromen-4-one −7.5 −8.7 −9.6 −10.7 −9
Luteolin −7.2 −7.8 −8.8 −9.7 −8.6
Quercetin −7.2 −7.2 −7.7 −9.7 −8.6
Isorhamnetin −7.2 −7.3 −7.8 −9.7 −8.5
Berberine −7.2 −8.6 −8.5 −6 −8.5
Liquiritigenin −7.3 −7.6 −8.8 −9.3 −8.4
Kaempferol −6.9 −6.9 −7.5 −9.8 −8.3
Stigmasterol −6.9 −8.3 −8.3 −7.9 −8.2
Phellopterin −6.5 −7.4 −8 −8.3 −8.1
Palmatine −6.2 −8 −7.5 −5.2 −7.8
Isocorypalmine −7 −7.8 −7.7 −4.9 −7.7
Anhydroicaritin −7.7 −8 −8.6 6.6 −7.5
2-7-Dihydrohomoerysotrine −6 −7.4 −7.1 −2.8 −6.3
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Secondly, although animal experiments and clinical trials
have shown that FXHJ has a beneficial therapeutic effect,
there is still a lack of experimental research on some
components. Further research is needed to determine
whether these components will cause side effects.

In summary, this study revealed the mechanism of FXHJ
in the treatment of heart failure through the research
method of network pharmacology and summarized the
previous experimental results of the research group. It
wishes to point out the direction for new drug development
and further research. At the same time, the concept of the
equivalent molecular group provides innovative ideas for the
transformation and research of the modernization of TCM.
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Background and Aim. Antineoplastic drug-induced cardiotoxicity (ADIC) becomes the second leading cause of death for tumor
survivors after tumor recurrence andmetastasis, and there may be great room for development in the future of traditional Chinese
medicine (TCM). However, the theory of anticardiotoxicity of TCM has not yet formed a system.,is study aimed to explore the
material basis and the rule of TCM against ADIC based on network pharmacology and data mining. Methods. ,e targets of
antineoplastic drugs with cardiotoxicity were obtained from the National Center for Biotechnology Information (NCBI) database,
China national knowledge infrastructure (CNKI) database, and Swiss Target Prediction platform.,en, the cardiotoxicity-related
targets were derived from the Gene Cards, Disgenet, OMIM, and DrugBank databases, as well as the drug of current clinical
guidelines.,e targets both in these two sets were regarded as potential targets to alleviate ADIC.,en, candidate compounds and
herbs were matched via Traditional Chinese Medicine Systems Pharmacology (TCMSP) platform. Cytoscape3.7.1 was used to set
up the target-compound-herb network. Molecular docking between core targets and compounds was performed with Auto-
dockVina1.1.2. ,e rules of herbs were summarized by analyzing their property, flavor, and channel tropism. Results. Twenty-one
potential targets, 332 candidate compounds, and 400 kinds of herbs were obtained. Five core targets including potassium voltage-
gated channel subfamily H member 2 (KCNH2), cyclin-dependent kinase 1 (CDK1), matrix metalloproteinase 2 (MMP2),
mitogen-activated protein kinase1 (MAPK1), and tumor protein p53 (TP53) and 29 core compounds (beta-sitosterol, quercetin,
kaempferol, etc.) were collected. Five core herbs (Yanhusuo, Gouteng, Huangbai, Lianqiao, and Gancao) were identified. Also, the
TCM against ADIC were mainly bitter and acrid in taste, warm in property, and distributed to the liver and lung meridians.
Conclusion. TCM against ADIC has great potential. Our study provides a new method and ideas for clinical applications of
integrated Chinese and western medicine in treating ADIC.

1. Background

Since the 1970s, there have been reports of cardiotoxic re-
actions caused by anthracyclines [1]. With the continuous
enrichment of cancer treatment methods, the survival time
of cancer patients has been greatly improved, and there are
more and more reports of cardiac toxicity. According to
statistics, about 51% of cancer patients die from recurrent

disease, and about 33% of them die from heart disease, which
is related to the increased incidence of coronary artery
disease and valve heart disease [2]. At present, there are
many research studies related to cardiotoxicity in tumor
treatment drugs. For example, tyrosine kinase (TK) is a
ubiquitous phosphorylase that controls many signaling
pathways, such as VEGF and EGFR. Inhibition of this
pathway by antibodies has become a new method of clinical
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treatment, which is accompanied by damage to heart
function after inhibition of signal transduction. For example,
sunitinib can inhibit more than 50 different kinases to play
an antitumor effect, but at the same time, inhibiting AMPK
affects the oxidative stress response and increases the chance
of heart failure [3]. ERBB receptor antibody is a commonly
used drug in the clinical treatment of breast cancer. At the
same time of treatment, it inhibits the signal transduction of
neuromodulin 1 (NRG-1), affects the metabolism of car-
diomyocytes, and leads to the development of cardiac
toxicity [4]. Cardiotoxic reactions caused by anthracycline
antibiotics are more common. During doxorubicin che-
motherapy, reactive oxygen species (ROS) production, DNA
damage, and mitochondrial dysfunction can be caused,
resulting in increased left ventricular wall pressure and
decreased left ventricular ejection fraction (LVEF), ar-
rhythmia and highly symptomatic congestive heart failure,
and other adverse consequences [5]. Radiation therapy is
widely used in cancer treatment, and it also causes heart-
related side effects during treatment. Its combination with
anthracycline drugs also increases the risk of disease, which
causes atherosclerosis, valve insufficiency, and other diseases
[6].

At present, although the detection of certain biological
markers can predict the impairment of cardiac function,
such as troponin levels are associated with diastolic dys-
function caused by anthracyclines [7], the mechanism of
most cardiac toxic drugs is still unclear. Only by using
certain β-blockers, ACEI inhibitors, angiotensin receptor
blockers, and other drugs for symptomatic treatment, the
side effects of radiotherapy and chemotherapy can be alle-
viated [8]. ,e period of cardiotoxicity also has a great
impact on tumor treatment. Early toxicity affects the
progress of tumor treatment, and the tumor growth cannot
be controlled in time, which leads to the deterioration of the
condition; the late onset of toxicity often leads to the de-
struction of cardiac function, affecting the quality of life of
patients. Moreover, the complexity of clinical symptoms
increases the difficulty of distinguishing cardiac toxicity and
cardiac dysfunction [9]. ,erefore, an in-depth study of the
mechanism of tumor cardiotoxicity can choose a more
appropriate treatment approach for tumor patients and
improve the quality of life of tumor patients.

TCM shows remarkable curative effects in clinical
treatment of many diseases, and Chinese herbal medicine is
a treasure trove of natural compounds, which have the
advantages of wide source, multiple effective compounds,
stable compound structure, and guaranteed safety. Reports
have demonstrated that Xinmailong injection is effective for
the treatment of cardiotoxicity caused by sequential che-
motherapy of trastuzumab and anthracyclines in breast
cancer, which could effectively improve the clinical symp-
toms of patients, attenuate myocardial injury, reduce blood
viscosity, and inhibit expressions of serum IL-6 and TNF-α
[10]. It was confirmed that Danshen injection has particular
preventive effects on cardiotoxicity caused by chemotherapy
of pyrroxine or epirubicin, and the effect includes protecting
the myocardium, relieving myocardial damage, and im-
proving cardiac function [11]. However, there is less research

on the Chinese herbs medicine against cardiac toxicity
caused by antineoplastic drugs. A meta-analysis study
showed that Wenxin grenules can prevent and reduce
tachycardia caused by anthracyclines, but its efficacy in
improving overall efficiency and preventing and reducing
atrial premature beats, ventricular premature beats, atrial
fibrillation, and SOD levels is not clear; meanwhile, Baox-
inkang can protect myocardial SOD activity [12]. ,erefore,
it is of great value to further explore Chinese herbs medicine
against cardiac toxicity caused by antineoplastic drugs and to
develop related preparations. However, TCM and com-
pound medicines have the characteristics of multi-
compound, multitarget, and multimechanism system
regulation. If a single drug, single target, and single research
idea are used for research, it is difficult to systematically
reflect the intervention mechanism of TCM; as an emerging
research discipline, Chinese medicine started late in this
field, and no research has systematically summarized the
rules of TCM against cardiac toxicity caused by antineo-
plastic drugs.

Network pharmacology is a combination of system
pharmacology, multidirectional pharmacology, bio-
informatics, data mining, and other multidisciplinary. By
constructing a network to analyze the relationship between
the various compounds and the key nodes in the network, it
could show the material basis and mechanism of action of
Chinese medicine or compound [13, 14]. ,erefore, it is
currently widely used in the research of the mechanism of
action and new drug development of Chinese medicine and
compound.

In this study, we used the method of network phar-
macology, used the relevant targets of cardiac toxicity caused
by antineoplastic drugs as entry points, and matched the
relevant ligands and TCM. As a result, we systematically
predicted and analyzed the complex relationship between
the target, compound and TCM, meanwhile initially dis-
cussed the material basis and general rules, which could
provide ideas and theoretical basis for the follow-up se-
lection of TCM, theoretical discussion, new drug develop-
ment, and clinical integration of traditional Chinese and
Western medicine. ,e flow chart of this study is shown in
Figure 1.

2. Materials and Methods

2.1. +e Collection of Potential Targets for Herbs against
Antineoplastic Drug-Induced Cardiotoxicity. ,e ADIC is
mainly manifested as arrhythmia, heart failure, and ischemic
heart disease [15]. To obtain relevant targets, cardiotoxicity-
related words, such as “arrhythmia,” “heart failure,” and
“myocardial ischemia,” were used as keywords to query the
following electronic databases: Genecards database [16]
(https://www.genecards.org/), OMIM database [17] (https://
omim.org/), DrugBank database [18], and Disgenet database
[19] (http://www.disgenet.org). Results were merged, and
duplicates were removed to obtain target group I. ,e sdf
format files of antineoplastic drugs, including anthracyclines
(doxorubicin (DOX), epirubicin, pirarubicin, aclarubicin,
idarubicin, amrubicin, and daunorubicin), taxanes
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(paclitaxel and docetaxel), and tyrosinase inhibitors, were
derived from Pubchem, and used to predict compound
targets via the SwissTargetPredicition platform [20] (http://
www.swisstargetprediction.ch/). ,en, we supplemented the
results by consulting the literature about the targets related
to human epidermal growth factor receptor 2 (HER-2)
inhibitors and immune checkpoint blockade therapy. After
removing the duplicate targets, we obtained target group II.
,e recommended drugs for ADIC were confirmed by
consulting guidelines and consensus [21–23], and their
targets were set as target group III. ,en, the intersection of

target group I and II were merged with target group III to get
the final dataset of potential targets for TCM against ADIC.
,e information of these targets was standardized using the
Uniprot database [24] (https://www.uniprot.org/).

2.2. Candidate Compound Screening and Target-Compound
NetworkConstruction. By searching the Traditional Chinese
Medicine Systems Pharmacology (TCMSP) platform [25]
(http://tcmspw.com/tcmsp.php), the compounds that can
act on relevant targets are collected. According to the

Targets of
antineoplastic drugs

Targets of
cardiotoxicity

Connection of relative
compounds and

herbs acting on targets

Targets-compounds-herbs network

Potential core herbs Molecular docking
Schematic diagram of

molecular docking

Standardize targets
information

Figure 1: Whole framework based on network pharmacology.
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pharmacokinetic parameters (ADME) and the Lipinski rules
[26], candidate compounds were screened. ,e specific
screening criteria were oral availability (OB)≥ 30%, drug
likeness [27] (DL)≥ 0.18, drug half-life> 4 h, topological
polar surface area [28]< 140 angstroms, rotatable bonds
number [29]≤ 10; and molecular weight≤ 500Da. Consid-
ering that the parameters provided by the TCMSP platform
is predicted by the computer, part of the data may be in-
consistent with the actual situation, and the deleted com-
pounds were checked one by one to supplement the relevant
active compounds after the initial screening. ,e revised
compounds were regarded as candidate compounds. Along
with these compounds, the potential targets were imported
into Cytoscape3.7.2 software [30] to construct a target-
compound network and calculate the topology parameter
(degree) of the nodes in the network. Core targets, com-
pounds, and herbs were defined based on the degree.

2.3. Herb Matching and Target-Compound-Herb Network
Construction. We collected herbs containing candidate
compounds and constructed the compound-herb network.
,e “target-compound” network and the compound-herb
network were combined through themerge functionmodule
in the Cytoscape3.7.2 to establish the target-compound-herb
network. Furthermore, we identified key nodes based on the
degree of each node in the network and evaluated the
strength of efficacy of the Chinese medicines and com-
pounds in treating ADIC.

2.4. Characteristics of the Candidate Herbs. A frequency
analysis was performed to summarize the rules of candidate
herbs against ADIC. Characteristics under investigation
included property, flavor, and channel tropism. Considering
the heterogeneity of the information on characteristics from
different sources, the priority order of standards we adopted
in this study was Chinese Pharmacopoeia (2015) [31], Chi-
nese Pharmacy (“,irteenth Five-Year Plan” textbook) [32],
and Chinese Dictionary of Clinical Medicine [33]. Herbs
lacking of relevant information were deleted.

2.5. Molecular Docking of the Target-Compound. To assess
the credibility of the connection between the target and the
compound and identify new candidate herbs for ADIC
treatment, molecular docking of the core compounds with
core targets was carried out. Five targets with the highest
degree in the “target-compound-herb” network were treated
as receptors, and core compounds, as well as anti-ADIC
drugs (atenolol, captopril, dexrazoxane, enalapril, irbe-
sartan, metoprolol, and telmisartan) recommended by the
guideline, were treated as ligands.

,e crystal structure of the 5 proteins was downloaded
from the Protein Data Bank (http://www.rcsb.org/pdb) and
saved in a PDB format. ,e three-dimensional (3D) con-
former structure of candidate compounds was downloaded
from the PubChem database (https://pubchem.ncbi.nlm.
nih.gov/) and saved in a SDF format that was subse-
quently converted to a PDB format with Open babel 2.4.1.

Ligands and receptors were prepared via AutoDock Tools
(v.1.5.6) and PyMOL (v.2.3). ,e work of preparing re-
ceptors included deleting the original ligands and water
molecules from the crystal structure of receptors, adding
nonpolar hydrogens, and calculating Gasteiger partial
charges. ,e flow of handling ligands contained applying
energy minimization and assigning atomic charges and
atom. All the prepared receptors and ligands were saved in a
pdbqt format.

,en, the affinity indicating binding strength between
the ligand and the target protein was evaluated with
Autodock Vina (v.1.1.2). Affinity<−4.25 kcal/mol means
that ligands and receptors have possibility of combination,
affinity<−5.00 kcal/mol indicates good binding strength,
and affinity<−7.00 kcal/mol suggests satisfactory binding
strength [34]. Pymol 2.3 and LigPlot 2.2 were used to vi-
sualize and analyze the docked conformations, and from the
binding conformations of the docking results of each
compound, the docking results with lower binding energy
and better conformation were selected for presentation.

3. Results

3.1. Target Acquisition and Screening. A total of 84 anti-
neoplastic drug-induced cardiotoxicity targets were ob-
tained through Swisstarget Prediction and the literature, and
2,059 cardiotoxicity-related targets were obtained through
the disease databases. A total of 40 targets were obtained
from the intersection of the aforementioned two datasets.
Additional 4 targets (ACE, AGTR1, AGTR2, and IFNAR1)
of the anti-ADIC drugs (ACEI, ARB, and beta-blockers)
recommended by clinical guidelines were also counted.
Among these 44 targets, 21 were successfully matched to
compounds that met the ADME and Lipinski screening
criteria and were defined as potential targets for herbs
against ADIC, as shown in Table 1.

3.2. Candidate CompoundAcquisition andTarget-Compound
Network Construction. ,e potential targets were mapped
by 13,729 small-molecule compounds in the TCMSP da-
tabase, among which 332 candidate compounds met the
ADME and Lipinski criteria. ,e target-compound network
constructed by the potential targets and candidate com-
pounds is shown in Figure 2. ,e network consisted of 353
nodes and 337 edges. ,e red nodes in the figure represent
target points, the blue nodes represent compounds, the
edges represent relations between two adjacent nodes, and
the degrees represent the number of connected edges of
nodes.,e larger the degrees are, the greater regulatory roles
the nodes play in the entire network. Figure 2 shows that
KCNH2, CDK1, MMP2, MAPK1, and TP53 were the core
targets, and their corresponding degrees were 239, 16, 15, 14,
and 12, respectively. Single targets with multiple compounds
dominated the network but not vice versa.

3.3. Herb Acquisition and Target-Compound-Herb Network
Construction. A total of 446 herbs were matched to the 332
compounds through the TCMSP database, 46 of which were
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not included in the Chinese Pharmacopoeia (2015), Chinese
Pharmacy (“+irteenth Five-Year Plan” textbook), and
Chinese Dictionary of Clinical Medicine, so we finally col-
lected 400 herbs. Based on this, we constructed a compound-
herb network. ,e network contained 732 nodes and 1,925
edges. Among them, the top 8 herb nodes with the highest

degree were Yanhusuo, Gouteng, Huangbo, Gancao, Lian-
qiao, Guanhuangbo, Leigongteng, and Duzhong, and they
contained 42, 27, 22, 21, 20, 18, 18, and 17 candidate
compounds, respectively. ,e targets of herbs were collected
through the bridging of candidate compounds. ,e results
showed that Yanhusuo, Gouteng, Lianqiao, Huangqin,

Table 1: Information of potential targets.

ID Gene symbol Uniprot ID Protein name
1 ACE P12821 Angiotensin-converting enzyme
2 AGTR1 P30556 Type-1 angiotensin II receptor
3 CA1 P00915 Carbonic anhydrase I
4 CD274 Q9NZQ7 Programmed cell death 1 ligand 1
5 CDK1 P06493 Cell division control protein 2 homolog
6 EGF P01133 Proepidermal growth factor
7 EGFR P00533 Epidermal growth factor receptor
8 ERBB2 P04626 Receptor tyrosine-protein kinase erbB-2
9 F3 P13726 Tissue factor
10 HDAC6 Q9UBN7 Histone deacetylase 6
11 IGFBP3 P17936 Insulin-like growth factor-binding protein 3
12 INSR P06213 Insulin receptor
13 KCNH2 Q12809 Potassium voltage-gated channel subfamily H member 2
14 MAPK1 P28482 Mitogen-activated protein kinase 1
15 MAPK3 P27361 Mitogen-activated protein kinase 3
16 MMP2 P08253 72 kDa type IV collagenase
17 NTRK1 P04629 High affinity nerve growth factor receptor
18 PARP1 P09874 Poly [ADP-ribose] polymerase 1
19 PDE5A O76074 CGMP-specific 3′, 5′-cyclic phosphodiesterase
20 SLC2A1 P11166 Solute carrier family 2, facilitated glucose transporter member 1
21 TP53 P04637 Cellular tumor antigen p53

Figure 2: Target-compound network.
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Huangbo, Guanhuangbo, Xiakucao, and Nvzhenzi con-
tained the most targets (9, 9, 9, 9, 8, 8, 8, and 8, respectively).
,erefore, we speculate that the abovementioned herbs have
stronger regulatory effect on alleviating ADIC in the 400
herbs. ,e number of candidate compounds and targets of
the herbs is shown in Figure 3.,emedian of the compound
degree was 4, and compounds with a degree greater than 8
were considered as potential core compounds. ,e top 5
compounds were beta-sitosterol, quercetin, daucosterol,
kaempferol, and oleic acid. ,e remaining compounds are
shown in Table 2.

In order to present the relation among potential targets,
compounds, and herbs more concisely, our study recon-
structed the target-compound-herb network by selecting
herbs with degree ≥5 and their related compounds and
targets, as shown in Figure 4. In the figure, the red nodes
represented targets, the blue nodes represented compounds,
and the green nodes represented herbs.,e size of each node
was positively correlated with the degree.

3.4. Properties, Tastes, and Meridian Tropism of Herbs. By
analyzing the information of properties, tastes, and meridian
tropism of the 400 herbs intervening ADIC, our results showed
that herbs with bitter taste had the highest frequency, followed
by acrid and sweet taste, and the proportion of the three tastes
was 80.51%; most herbs were warm. In terms of the meridian
tropism, herbs belonging to liver meridian tropism accounted
for the most proportion among the 400 herbs, which was
21.36%, herbs belonging to lung meridian tropism accounted
for 17.48%, and herbs belonging to both liver and lung me-
ridian tropism accounted for 38.83%. ,e results are shown in
Table 3 and Figure 5.

3.5. Molecular Docking. Twenty-nine core potential com-
pounds were molecularly docked with 5 core targets in-
cluding KCNH2 (PDBID: 6SYG), CDK1 (PDBID: 4Y72),
TP53 (PDBID: 3Q05), MMP2 (PDBID: 1RTG), and MAPK1
(PDBID: 6SLG). A total of 145 pairs of receptor-ligand
combinations were obtained, among which 79 combinations
had affinity<−7 kcal/mol, accounting for 54.48%. Twenty-
five combinations were in the target-compound network,
with the strongest binding in MMP2-coptisine (−10.2 kcal/
mol) and the weakest in KCNH2-arachidonic acid
(−4.4 kcal/mol). ,e average value of the 25 combinations
was −6.684 kcal/mol, suggesting that the binding between
the potential core targets and the compounds was strong.

,e remaining 120 combinations were outside the tar-
get-compound network. ,e top 3 combinations with the
highest affinity were CDK1-coptisine (−11.3 kcal/mol),
CDK1-emodin (−10.7 kcal/mol), and MAPK1-diosgenin
(−10.6 kcal/mol). ,ere were 6 combinations with
affinity<−10.2 kcal/mol. ,e docking strength of these 6
combinations exceeded that of the 25 combinations in the
target-compound network. ,e docking results indicated
that the number of potential compound-target combina-
tions may be far greater than that of the compound-target
combinations included in the TCMSP database, which
shows that there are still a large number of connections

between active TCM compounds and cardiotoxicity targets
waiting to be further studied and excavated. ,e docking
results can provide data support for future experimental
screening of related TCM and compounds. ,e results are
shown in Figure 6.

Comprehensively considering the molecular docking
affinity value and the degree value in the target-compound-
herb network, the results of docking with affinity<−10 kcal/
mol in the network and those with the top 4 affinity outside
the network were shown in the 3D and 2D format. It can be
seen from the figure that each compound ligand is em-
bedded in the active pocket of the receptor target and in-
teracts with multiple residues of the target through
hydrophobic interaction and hydrogen bond. ,e diagrams
are shown in Figures 7(a)∼7(h).

4. Discussion

A number of reports have shown the potential of natural
herbs in decreasing the cardiotoxic effects of chemothera-
peutic agents on healthy cells, without negatively affecting
their antineoplastic activity [35]. Subsequent improvement
in heart function and quality of life may make chemotherapy
more sustainable and reduce treatment-related mortality.
Besides, most of TCM has anticancer effects with few side
effects. Some physicians, thus, turned to use TCM as an
alternative or complementary treatment to prevent and treat
ADIC [36]. However, systematic studies of TCM inter-
vention on ADIC are still insufficient. It is of great clinical
significance to study the intervention mechanism of TCM
against ADIC and to develop related pharmaceutical
preparations on this basis.

4.1. Targets. In this study, 5 core targets (KCNH2, CDK1,
MMP2, MAPK1, and TP53) were identified from the target-
compound-herb network. Dysfunction of KCNH2 activation
will lead to the decrease of hERG current and a prolongation of
the action potentials recorded in cardiomyocytes [37]. Dys-
function of KCNH2 expression is related to QT prolongation
syndrome [38]. Inhibition of the KCNH2 potassium channel
can lead to cardiotoxicity [39].

,e overexpression of four regulatory factors of cell cycle
including CDK1 was shown to efficiently induce cell division
in postmitotic mouse, rat, and human cardiomyocytes, lead
to a significant improvement in cardiac function after acute
or subacute myocardial infarction, and improve heart
function as indicated by significant improvement in the
ejection fraction, stroke volume, and cardiac output.

MMP-2 can hydrolyze sarcomeric proteins in the heart,
remodel the extracellular matrix, and lead to cardiotoxicity.
Anthracycline drugs such as DOX can enhance the activity
of MMP-2 in cardiomyocytes and may cause heart failure, so
inhibition of MMP-2 activity can interfere with the car-
diotoxicity of anticancer drugs [40].

DOX-induced mitochondrial reactive oxygen species
(ROS) release was demonstrated to activate ERK-mediated
heat shock factor 2 (HSF2) nuclear translocation and AT1 R
upregulation, which caused DOX-damaged heart failure
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[41]. It is suggested that the activation of the ERK2 pathway
of the mitogen-activated protein kinase (MAPK) family can
protect cardiomyocytes from DOX-induced cardiotoxicity
[42].

,e wild-type p53 protein, which is encoded by the TP53
gene, plays an important role as a tumor suppressor in

regulation of cell cycle arrest, DNA repair, and apoptosis.
,e association between p53 overexpression, mutations, and
drug resistance has been reported in bladder, breast, ovarian,
and other types of cancer. Mutation of p53 protein was
indicated to decrease sensitivity to anthracycline treatments
in human bladder TCC cells [43]. Reactivation of mutant

Table 2: Information of candidate core compounds (degree> 8).

MolID MolName CAS Degree OB DL
MOL000358 Beta-sitosterol 83-46-5 225 36.91391 0.75123
MOL000098 Quercetin 117-39-5 174 46.43335 0.27525
MOL000357 Sitogluside 474-58-8 170 20.63194 0.6241
MOL000422 Kaempferol 520-18-3 122 41.88225 0.24066
MOL000675 Oleic acid 112-80-1 109 33.12836 0.14243
MOL000006 Luteolin 491-70-3 83 36.16263 0.24552
MOL000008 Apigenin 520-36-5 75 23.06216 0.21306
MOL000511 Ursolic acid 77-52-1 72 16.7749 0.75457
MOL000908 Beta-elemene 515-13-9 45 25.63362 0.060519
MOL000356 Lupeol 545-47-1 36 12.12076 0.77716
MOL000561 Astragalin 480-10-4 35 14.02685 0.73616
MOL002773 Beta-carotene 7235-40-7 28 37.18433 0.58358
MOL000472 Emodin 518-82-1 28 24.39832 0.23916
MOL000874 Paeonol 552-41-0 26 28.78724 0.039185
MOL001689 Acacetin 480-44-4 20 34.97357 0.24082
MOL002008 Myricetin 529-44-2 20 13.74833 0.31057
MOL004328 Naringenin 67604-48-2 20 59.2939 0.21128
MOL001308 Elaidic acid 112-79-8 17 33.12836 0.14262
MOL001002 Ellagic acid 476-66-4 17 43.06456 0.43417
MOL000546 Eiosgenin 512-04-9 14 80.87792 0.80979
MOL001439 Arachidonic acid 506-32-1 13 45.57325 0.20409
MOL000481 Genistein 446-72-0 13 17.93288 0.21384
MOL002714 Baicalein 491-67-8 12 33.51892 0.20888
MOL000390 Daidzein 486-66-8 11 19.44106 0.18694
MOL001789 Isoliquiritigenin 961-29-5 11 85.3218 0.14805
MOL001842 Pinoresinol 487-36-5 11 4.250519 0.5159
MOL001458 Coptisine 3486-66-6 10 30.67185 0.85647
MOL000173 Wogonin 632-85-9 10 30.68457 0.22942
MOL002891 Magnoflorine 2141/9/5 9 0.479985 0.54735

Yanhusuo
Gouteng
Lianqiao

Huangqin
Huangbo

Guanhuangbo
Xiakucao
Nvzhenzi

Niuxi
Mahuang

Leigongteng
Gancao

Banzhilian

9
9

8
8
8
8

7
7
7
7
7

7
7

4 62 8 100

Top 13 herbs with targets number

(a)

Yanhusuo
Gouteng

Lianqiao

Huangqin

Honghua
Huanglian

Liangmianzhen

Huangbo

Guanhuangbo

Juhua
Baiqucai

Muhudie
Shaji

Yinyanghuo

Leigongteng
Duzhong

Bichengqie

Gancao

42
27

22
21

20
18
18

17

14
14

13
12
12
12

12
12

12
12

20 300 40 5010

Top 18 herbs with degree

(b)

Figure 3: Distribution of candidate compounds and target sites in herbs.

Evidence-Based Complementary and Alternative Medicine 7



p53 in those tumor cells may restore p53 tumor-suppressor
function and sensitize mt-p53 cells to chemotherapy
treatments [44]. ,erefore, this study speculates that regu-
lation of TP53 can enhance the sensitivity of tumor to
anthracycline and other chemotherapy drugs, so as to reduce
the dosage of these drugs and decrease their cardiotoxicity
accordingly.

4.2. Compound. ,e core compounds obtained in this study
included beta-sitosterol, quercetin, kaempferol, and oleic
acid. Studies have shown that one of the core mechanisms of
cardiotoxicity caused by anthracyclines is that ROS and
reactive nitrogen species (RNS) will accumulate along with

the metabolism of anthracyclines. A large amount of ROS
and RNS may activate cytotoxic signals [45] in car-
diomyocytes, leading to cardiac dysfunction through DNA
damage, mitochondrial dysfunction, decreased antioxidant
enzymes, and intracellular calcium homeostasis [46].

,e intake of beta-sitosterol can enhance the storage of
nonenzymatic antioxidants such as glutathione 1, vitamin C,
and vitamin E [47]. Glutathione, the main antioxidative
stress buffer in the cell, is widely used in cancer treatment. It
mainly exists in the form of reduced glutathione (GSH) and
oxidized glutathione (GSSG) in the human body. Experi-
ments have shown that beta-sitosterol has a protective effect
on the reduction of antioxidants containing GSH in colon

Figure 4: Target-compound-herb network (degree of herb ≥5).

Table 3: Properties and tastes of herbs.

Taste Frequency Proportion (%) Nature Frequency Proportion (%)
Bitter 222 35.58 Warm 107 33.23
Acrid 165 26.44 Cold 97 30.12
Sweet 150 24.04 Slight cold 48 14.91
Astringent 31 4.97 Cool 36 11.18
Sour 29 4.65 Slight warm 24 7.45
Salty 16 2.56 Hot 10 3.11
Light 11 1.76

Liver meridian: 198

Lung meridian: 162

Stomach meridian: 132

Spleen meridian: 114

Kidney meridian: 103

Heart meridian: 72 Large intestine meridian: 68

Small intestine meridian: 16

Pericardium meridian: 7

Triple energizer meridian: 2

Bladder meridian: 34

Gallbladder meridian: 19

Figure 5: Meridian tropism of herbs.
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and liver tissues induced by 1, 2-dimethyl hydrazine [48].
,erefore, it is speculated that beta-sitosterol may mitigate
ADIC by increasing the content of nonenzymatic antioxi-
dants to compensate for the absence of antioxidant enzymes
caused by anthracyclines.

Research showed that quercetin had significant anti-
cancer activities against MCF-7, SKBR-3, andMDA-MB-231
human breast cancer cells and CT26 mouse colon cancer
cells. It could also reduce the cardiotoxicity caused by DOX
in the Balb/c mice model [49].

Some studies demonstrated that kaempferol protected
against DOX-induced cardiotoxicity by regulating the 14-3-
3c, MAPK, and ADMA/DDAHII/eNOS/NO pathway,
inhibiting the activation of p53-mediated, mitochondrion-
dependent apoptotic signaling, and improving mitochon-
drial function [50]. It has been reported that kaempferol
dose dependently restored hemodynamic, left ventricular
functions, decreased cardiac injury marker enzymes in se-
rum, increased antioxidant levels, and reduced lipid per-
oxidation, TNF-α level, and apoptosis, so to alleviate
cardiotoxicity [51].

Oleic acid has been found to have an excellent antiox-
idant effect. It was shown that oleic acid had a protective
effect on myocardial mitochondrial injury induced by
adrenaline in several aspects, such as inhibiting the elevated
levels of lipid peroxidation andmitochondrial DNA damage,
maintaining membrane intactness and the level of gluta-
thione and keeping mitochondrial enzyme and membrane
potential stable in rat experiments [52].

In conclusion, the potential core targets and compounds
screened in this study were related to cardiotoxicity, which
may play an important protective role in exploring the ef-
fects of TCM on ADIC.

4.3. Molecular Docking. ,e results of molecular docking
showed that, in the target-compound network, the combi-
nation of MMP2-coptisine performed best, with affinity of
−10.2 kcal/mol.,ere is considerable accumulating evidence
suggesting a role of MMP-2, MMP-3, MMP-9 in promoting
tumor cell invasion and infiltration [53,54].,e activation of
the PI3K/Akt pathway associated with matrix metal-
loproteinases (MMPs) is essential for the growth and sur-
vival of cancer cells. Coptisine is a natural isoquinoline
alkaloid. Studies have confirmed that coptisine has an im-
provement effect on cardiovascular disease in vitro and in
vivo. It has strong antioxidant activity, helps maintain cell
membrane integrity, improves mitochondrial respiratory
dysfunction, and reduces cardiomyocyte apoptosis [55]. At
the same time, it can protect cardiomyocytes from hypoxia
or reoxidation-induced damage by inhibiting autophagy
[56]. Simultaneously, coptisine can intervene in cancer
through multiple ways. For instance, coptisine was found to
induce apoptosis by strengthening the expression of the
67kD laminin receptor/cGMP pathway in various human
hepatoma cells [57]. It can also affect a variety of apoptosis-
related targets, including Apaf-a, ROS, Bcl-2-XL, Bax, cy-
tochrome c, Bid, AIF, XIAP, caspase-3, and caspase-9 to
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inhibit the activity, adhesion, and migration of HCT-116
cells [58]. ,e abovementioned studies proved the reliability
of this target-compound combination relationship in the
network. We speculate that if coptisine is developed as a
clinical drug, it may reduce the dose of cardiotoxic anti-
tumor drugs, and at the same time, it may alleviate the
oxidative stress response in cardiomyocytes caused by an-
titumor drugs, thereby improving myocardial function.

In addition to the target-compound network, the mo-
lecular docking results also showed that the six combinations
of CDK1-coptisine, CDK1-emodin, MAPK1-diosgenin,
CDK1-luteolin, CDK1-Apigenin, and CDK1-ellagicacid had
good binding activity. Among them, emodin has been widely
used in clinics because of its various pharmacological
properties such as anticancer, antibacterial, antiviral, and liver
protection properties [59]. Luteolin has been used clinically as
a natural flavonoid. Clinical trials have shown that prepa-
rations containing luteolin have good anti-inflammatory ef-
fects [60], and in the treatment of glioma, combined with
olaparib (PARP inhibition agent) or ionizing radiation
treatment has certain clinical value [61]. ,erefore, it can be
regarded as one of the candidate drugs dealing with ADIC in
future experimental or clinical researches.

4.4. Herbs. In order to better cooperate with tumor drug
treatment, the selected herb can not only protect the heart
but also has a certain antitumor effect. ,e core herbs ob-
tained in this study included Yanhusuo, Gouteng, Huangbai,
Lianqiao, and Gancao. Yanhusuo has the most therapeutic
potential. Modern pharmacological research showed that
corydalis had many functions such as antiarrhythmia,
antimyocardial infarction, coronary artery expansion, an-
titumor, and antithrombosis functions [62], and the extract
from corydalis had a protective effect on myocardial is-
chemia-reperfusion injury, which was closely associated
with the inhibition of myocardial apoptosis through mod-
ulation of the Bcl-2 family [63]. Tetrahydropalmatine (THP),
an effective compound of corydalis, with the analgesic effects
on bone cancer pain may underlie the inhibition of
microglial cell activation and the increase in proin-
flammatory cytokine. Meanwhile, THP can reverse the
ventricular tachycardia induced by drugs in rabbits and exert
an antiarrhythmia effect [64].

Alkaloid extracted from Gouteng may intervene in
tachycardia and arrhythmia through blocking the calcium
channel and opening the potassium channel [65]. Iso-
rhynchophylline, extracted from Gouteng, has the potential
of inhibiting cardiac hypertrophy through Nrf2 nuclear
translocation and the MAPK pathway [66].

Huangbai has showcased a wide range of pharmaco-
logical effects, including anticancer, anti-inflammatory, and
antimicrobial effects. ,e compound ((21S, 23R) epoxy-24-
hydroxy-21β, 25-diethoxy) tirucalla-7-en-3-one has a rela-
tively strong effect as adriamycin against four tumors.
Polysaccharides from an aqueous extract of phellodendri act
on cell-mediated stimulation and humoral immunity instead
of tumor cell inhibition to exert tumoricidal activity [67].
Meanwhile, Huangbai has an antiarrhythmic effect [68].

,e main components of Lianqiao suspense are phillyrin,
forsythiaside, chlorogenic acid, and so on. Phillyrin can im-
prove heart function by regulating the myocardial contractility
index and reduce myocardial fibrosis after myocardial in-
farction, which showed an effect similar to that of enalapril
[69]. Forsythiaside can effectively prevent hydrogen peroxide-
induced mitochondrial membrane potential depolarization.
Cytochrome C, caspase-9, and caspase-3 are markers of mi-
tochondrial-dependent apoptotic pathways that induce cell
death, which is an oxidative stress reaction. Forsythiaside can
effectively prevent this reaction induced by hydrogen peroxide
[70]. Chlorogenic acid (CGA) attenuates TNF-α-induced
cardiomyocyte apoptosis by inhibiting JNK [71]. Li et al. found
that CGA could inhibit isotype-induced cardiac hypertrophy
through blocking the NF-κB signaling pathway [72]. CGA can
significantly reverse the decline in cardiac mitochondrial
membrane potential induced by TNF-α. ,erefore, it is sug-
gested that inhibiting TNF-αmay help maintain the stability of
mitochondrial membrane potential and prevent adriamycin-
induced cardiotoxicity in isolated rat hearts [73].

Gancao has protective effects on the heart, and the hy-
drolysates of its main components glycyrrhizin is glycyr-
rhetinic acid, which has the effect of intervening the
permeability transition (MPT) of rat heart mitochondria [74].
,e extract of Gancao can maintain the integrity of the cell
membrane, improve lipid homeostasis, and stabilize actin.
Gancao extract can reduce ROS levels and repair antioxidant
status, thus helping to repair DNAdamage andmitochondrial
function. ,e SIRT-1-mediated pathway and its downstream
activator PPARS are important for the maintenance of cell
function. Glycyrrhiza extract could restore nuclear SIRT-1
and PPAR-c levels in H9C2 cardiomyocytes reduced by DOX
interference [75]. It is concluded that Gancao extract can
antagonize the cardiotoxicity induced by DOX and maintain
the normal function of cardiac myocytes.

,e herbs mentioned above may have the potential of
mitigating ADIC; meanwhile, some of them have extra ben-
eficial effects on cancer patients.,is will provide an alternative
scheme for related trials on treating ADIC with TCM. At the
same time, the information of herbal taste and meridian
tropism can lay a certain foundation for the theoretical dis-
cussion and research of TCM on ADIC in the future. Herbs
with multiple targets might be of great importance due to their
potential broad-spectrum effects against ADIC. A combination
of herbs containing various compounds corresponding to
multiple targets might be an alternative strategy. ,e obtained
core herbs and compounds can provide reference for the
prescription exploration in integrating traditional Chinese and
Western medicine to treat ADIC.

5. Strengths and Limitations

,e advantage of this study lies in the use of network
pharmacology, data mining, and molecular docking methods
to obtain herbs and compounds that can potentially resist
ADIC from a large number of TCM,which can save economic
cost and time in the future study. Meantime, many rare
diseases still lack effective means, and the efficacy of some
common diseases is not ideal. Chinese medicine may have
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certain advantages, but screening out the ideal herb is very
time consuming and costly, such as artemisinin. ,e
method used in this research can provide a reference for
similar research to narrow the selection scope. ,e defi-
ciency of this study is that we focus on the relation among
targets, compounds, and herbs, but the efficacy of herbs
between the targets and the compounds and the compound
content of each herb have not been fully discussed. ,ere is
a wide variety of antitumor drugs, and new drugs are
emerging one after another.,e drugs selected in this study
came from the existing literature. However, some new
drugs with potential cardiotoxicity are not included be-
cause of insufficient clinical evidence and no relevant re-
ports have been seen so far. ,us, we will continue to
follow-up related progress in the future.

6. Conclusions

,is study constructed a target-compound-herb network
using ADIC-related targets from multiple databases and
compounds and herbs matched from the TCMSP platform.
Core targets (KCNH2, CDK1, andMMP2), compounds (beta-
sitosterol, quercetin, and kaempferol), and herbs (Yanhusuo,
Gouteng, Huangbai, Lianqiao, and Gancao) that may be
helpful in treatingADICwere identified from the network.,e
binding activity between the core targets and the core com-
pounds were strong, verifying the reliability of their connec-
tion beyond the network. Most of the candidate herbs were
bitter, acrid, and warm, belonging to liver and lung meridians.
,ese conclusions provide new ideas for the screening of herbs
that can intervene ADIC in an advanced, evidence-based, and
systematic way, and also provide reference for the prescription
combining TCM and Western medicine.
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