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Background and Purpose: Insulin resistance (IR) is one of the factors that results in 
metabolic syndrome, type 2 diabetes mellitus and different aspects of cardiovascular dis-
eases. Moringa oleifera seeds (MOS), traditionally used as an antidiabetic food and tradi-
tional medicine in tropical Asia and Africa, have exhibited potential effects in improving IR. 
To systematically explore the pharmacological mechanism of the anti-IR effects of MOS, we 
adopted a network pharmacology approach at the molecular level.
Methods: By incorporating compound screening and target prediction, a feasible com-
pound-target-pathway network pharmacology model was established to systematically pre-
dict the potential active components and mechanisms of the anti-IR effects of MOS. 
Biological methods were then used to verify the results of the network pharmacology 
analysis.
Results: Our comprehensive systematic approach successfully identified 32 bioactive com-
pounds in MOS and 44 potential targets of these compounds related to IR, as well as 37 
potential pathways related to IR. Moreover, the network pharmacology analysis revealed that 
glycosidic isothiocyanates and glycosidic benzylamines were the major active components 
that improved IR by acting on key targets, such as SRC, PTPN1, and CASP3, which were 
involved in inflammatory responses and insulin-related pathways. Further biological research 
demonstrated that the anti-IR effects of MOS were mediated by increasing glucose uptake 
and modulating the expression of SRC and PTPN1.
Conclusion: Our study successfully predicts the active ingredients and potential targets of 
MOS for improving IR and helps to illustrate mechanism of action at a systemic level. This 
study not only provides new insights into the chemical basis and pharmacology of MOS but 
also demonstrates a feasible method for discovering potential drugs from traditional 
medicines.
Keywords: network pharmacology, Moringa oleifera seeds, IR, active components, action 
mechanism

Introduction
Insulin resistance (IR) is caused by the resistance of cells to the effects of insulin. 
Due to this phenomenon, the biological effects of insulin on target tissues, such as 
liver, muscle, and adipose tissue, are reduced or lost. As a result, glucose uptake is 
reduced and glucose output from the liver is increased, leading to a variety of 
pathological and clinical manifestations.1 Prolonged IR is known to cause health 
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disorders, including obesity, type 2 diabetes mellitus, non- 
alcoholic fatty liver, and cardiovascular diseases.2–5

The mechanism of IR is very complicated and involves 
various pathways and targets, including increased phos-
phorylation of insulin receptor substrate (IRS) protein via 
serine/threonine kinases, such as mitogen-activated protein 
kinase (MAPK) 8, I-kappa-B-kinase beta (IKKB), and 
protein kinase C; increased IRS-1 proteasome degradation 
via the mTOR signaling pathway; decreased activation of 
signaling molecules including phosphoinositide 3-kinase 
(PI3K) and serine/threonine-protein kinase (AKT); and 
increased activity of phosphatases including tyrosine-pro-
tein phosphatases (PTPs), phosphatidylinositol 3,4,5-tri-
sphosphate 3-phosphatase and dual-specificity protein 
phosphatase (PTEN), and protein phosphatase 2A 
(PP2A).6–10 IR is the main pathophysiological symptom 
of type 2 diabetes mellitus. IR is mainly ascribed to 
dysfunction of glucose transporter 4 (GLUT4), which 
transports glucose from the cytoplasm to membrane. 
GLUT4 dysfunction is related to insulin signaling pathway 
abnormalities in adipose and skeletal muscle cells.11 

Obesity can affect type 2 diabetes mellitus due to deposi-
tion of excess free fatty acids and triglycerides in the liver 
and muscles. In the liver, excessive oxidation of free fatty 
acids eventually results in the secretion of large amounts 
of reactive oxygen species (ROS), which activate c-Jun 
N-terminal kinase (JNK). After activation, JNK phosphor-
ylates threonine and serine residues in IRS-1 and inhibits 
tyrosine phosphorylation of insulin-stimulated IRS-1, 
thereby preventing the coupling of IRS-1 to the regulatory 
subunit p85 of PI3K.12 In obesity, a large number of 
inflammatory cytokines, such as resistin and leptin, are 
also secreted by adipose tissues and activate the produc-
tion of cytokine signaling inhibitors (suppressor of cyto-
kine signaling, SOCSs) in hepatocytes and muscle cells. 
Excessive SOCSs bind to insulin receptor-IRS-1/2, thus 
blocking the insulin-induced tyrosine phosphorylation of 
IRS-1/2, and ultimately inhibiting PI3K/Akt activation, 
leading to IR.13,14

Moringa oleifera (MO) is a perennial angiosperm plant 
belonging to the Moringa genus and the Moringaceae 
family. MO is also known as the horseradish tree or the 
drumstick tree in tropical Asia and Africa, and is com-
monly used for medicinal and nutritional purposes.15 MO 
is used as a traditional medicine in tropical Africa, 
America, and Asia for therapeutic applications in several 
disorders including arterial hypertension and diabetes.16,17 

The leaves, fruits, flowers, and immature pods of this tree 

are used as a highly nutritious vegetable in tropical regions 
of Africa, America, and Asia.18,19

The seeds, leaves, and fruits of MO contain significant 
amounts of important phytochemicals such as polysacchar-
ides, phenolics, flavonoids, isothiocyanates, benzylamines, 
vitamins, sterols, and amino acids.18,20–22 To date, phenolics, 
flavonoids, sterols, isothiocyanates, and benzylamines are 
the most commonly reported components of M. oleifera 
seeds (MOS).23–27 Among these components, glucosinolates, 
isothiocyanate, and thiocarbamates are characteristic and 
exert multiple potent bioactivities.21,23–28

MOS extracts have been shown to possess pharma-
cological properties and commercial utility, such as 
metal antidote, anti-oxidant, anti-asthmatic, anti- 
arthritic, anti-bacterial, and antitumor, nematicidal, 
hypoglycemic and hepatoprotective activities as well as 
alleviating scopolamine-induced learning and memory 
impairment in mice.16,21,29–31 The extracts of M. olei-
fera leaf and M. oleifera bark have been shown to 
alleviate IR.32–37 However, the potential of MOS to 
improve IR remains to be fully elucidated.

In contrast to the classical principle of “one drug cor-
responds to one target, one target corresponds to one 
disease”, compound medicines or traditional medicines, 
which usually consist of multiple medicines or compli-
cated active components act on multiple targets in a syner-
gistic manner. Clarification of the mechanisms of action of 
multi-component and multi-targeted medicines is a chal-
lenge. With the rapid development of bioinformatics, net-
work pharmacology has become a novel approach to 
effective and systematic investigations of the mechanism 
of action, and discovery potential bioactive ingredients in 
traditional medicines.38 Network pharmacology is a pro-
mising bioinformatics method used to investigate the 
mechanism underlying the interactions between drugs 
and their protein targets, and is especially applicable to 
natural botanical medicines with multiple component. 
Thus, network pharmacology combines systems biology, 
omics, and computational biology to elucidate the mechan-
ism of drug action with a holistic perspective at the sys-
temic level.39,40

In this study, we first evaluated the anti-IR effect of 
MOS extracts. Second, to elucidate the potent active com-
ponents and investigate the mechanism by which the anti- 
IR effects of MOS are mediated, we adopted a network 
pharmacology approach involving drug-likeness evalua-
tion, oral bioavailability prediction, component target pre-
diction, IR-related to target collection, and network 
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construction combined with network analysis. Third, we 
used molecular docking technology to verify the results of 
our network analysis. Finally, the key network analysis 
results were further verified by biological research in a 
HepG2 cell model. As a result, we identified glycosidic 
isothiocyanates and glycosidic benzylamines as potential 
major active components by acting on three core targets 
consisting of proto-oncogene tyrosine-protein kinase 
(SRC), tyrosine-protein phosphatase non-receptor type 1 
(PTPN1), and caspase-3 (CASP3). The three core targets 
were significantly related to the regulation of inflammatory 
response, IR, and insulin pathway. To our knowledge, this 
study is the first to use a network pharmacological 
approach to study the anti-IR effects and mechanism of 
action of MOS, providing a powerful and promising plat-
form for the development and application of MOS to IR- 
related disease therapy.

Materials and Methods
Chemical Constituents Database Building
All chemical constituents of M. oleifera seeds were collected 
from online published literature in the following electronic 
literature databases: PubMed (http://www.ncbi.nlm.nih.gov), 
SciFinder (http://scifinder.cas.org), and the China National 
Knowledge Infrastructure (CNKI) (http://cnki.net/). A total 
of 46 chemical constituents were collected.

Active Compound Screening
As an orally administered medicine, we predicted the oral 
bioavailability (OB), drug-likeness and Caco-2 permeabil-
ity of MOS. OB in vivo (%F), the fraction of the orally 
administered dose that reaches the systemic circulation 
unchanged, is a good indicator of the efficiency of oral 
administration for drug delivery into the systemic circula-
tion, and one of the most commonly used pharmacokinetic 
parameters in drug screening cascades.41,42 According to 
Lipinski’s rule of five, drug-likeness (DL) describes the 
pharmacokinetic and pharmaceutical properties of com-
pounds, including molecular weight, hydrogen bond 
donors, hydrogen bond acceptors, octanol-water partition 
coefficient log P (AlogP) and rotatable bonds,43 and is an 
important indicator of the chemical suitability of the com-
pound. Compounds that meet both the OB and DL criteria 
are more likely to be accepted as candidate compounds. 
Orally administered medicine is required to permeate the 
intestine for absorption. Caco-2 permeability is a valuable 
predictor of in vivo intestinal permeability. Therefore, in 

this study, the active compounds were screened by OB 
≥30%, DL ≥0.18 and Caco-2 ≥–0.4.43,44 Isothiocyanates 
and benzylamines in MO have been reported to have 
significant pharmacological activity on the improvement 
of IR.45,46 Therefore, all isothiocyanates and benzylamines 
were selected for further investigation regardless of 
whether these compounds met the requirements.

Protein Target Database Construction
Active Compound-Target Prediction
Predicting interactions between active compounds and tar-
get proteins can help decipher the underlying biological 
mechanisms and is a critical phase in the drug discovery 
process. In general, an active compound may interact with 
multiple target proteins. The structures of all of the candi-
date active compounds were transformed into SDF or 
Canonical SMILES formats. To obtain as many targets as 
possible, several databases were employed to this study, 
including the Swiss Target Prediction (Swiss, http://www. 
swiss target prediction.ch/),47 Similarity Ensemble 
Approach (SEA, http://sea.bkslab.org/), PharmMapper 
Server (PharmMapper, http://lilab.ecust.edu.cn/pharmmap 
per/submit_file.php)48 and STITCH (http://stitch.embl.de/) 
databases, and all of the targets were limited to Homo 
sapiens. The obtained targets were then imported into 
UniProt (https://www.uniprot.org/) to obtain the standard 
gene name and predict their functions.

Protein Target Database Construction
GeneCards is a human gene database (http://www.gene 
cards.org/) that provides comprehensive, user-friendly 
information on all annotated and predicted human genes, 
and automatically integrates gene-centric data from 
approximately 150 web sources, including genomic, tran-
scriptomic, proteomic, genetic, clinical and functional 
information.49 IR-associated targets were screened from 
GeneCards using “insulin resistance” as the key search 
term and a cut-off score ≥10. By comparing IR-associated 
targets with active compound targets, the common targets 
were screened to build the protein target database.

Network Construction, Gene Ontology 
(GO) Analysis and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) Pathway 
Analysis
Protein-protein interactions (PPI) are critically important 
in many cellular processes, including signal transduction, 
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regulation of gene expression, and cell migration.43 The 
targets obtained were imported into STRING (https:// 
string-db.org/) to study protein-protein interactions.50 To 
improve the reliability of the data, the protein-protein 
interactions were further filtered with a minimum com-
bined score of 0.7 (high confidence),51 and the targets 
without interactions were removed. The remaining PPIs 
were used for network construction and analysis. The 
DAVID (Functional Annotation Result Summary, https:// 
david.ncifcrf.gov/summary.jsp) webserver was used for 
GO enrichment analysis and KEGG pathway analysis. 
GO enrichment and KEGG pathways with P-values 
<0.01 were selected, while IR-resistance irrelevant path-
ways were not.43 Compound-target-pathway networks 
were constructed using Cytoscape 3.7.0 (http://www.cytos 
cape.org/). In graphical representations of the networks, 
compounds, targets and pathways were described by 
nodes, and the interactions were encoded by edges.

Target Verification by Molecular Docking 
Using the Molecular Operating 
Environment Tool
The Molecular Operating Environment (MOE, version 
2018) tool is used to predict the binding affinities of 
related compounds from a known active series and the 
binding mode of a known active ligand in addition to the 
identification of new ligands by virtual screening. The 
candidate compounds were drawn by ChemDraw in the 
SDF format. Crystallographic structures of proteins were 
downloaded from the Protein Data Bank (https://www. 
rcsb.org/). The candidate compounds and the correspond-
ing targets were uploaded to the software of MOE to 
obtain docking scores (S values). It is generally believed 
that the lower the energy when the conformation of ligand 
binding to the receptor is stable, the greater the possibility 
that an interaction will occur; binding energy (docking 
score, S) ≤− 5.0 kJ/mol was used as the screening 
criterion.52

Experimental Validation
Chemicals and Reagents
MOSs were purchased from Kunming district (Yunnan 
Province, China) in 2019. The materials were authenti-
cated by the authors, and a voucher specimen (ID 
2,019,001) was deposited at the authors’ laboratory. 
HepG2 cells were purchased from the Bioresource 
Collection and Research Center (Shanghai, China) and 

cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) (Thermo Fisher Scientific, New York, USA) 
with 10% heat-inactivated fetal bovine serum (FBS), and 
1% penicillin/streptomycin. Insulin (Sigma, 91077C) and 
CCK-8 (Dojindo, CK04) were also used.

Sample Preparation
MOS (10 kg) was extracted with H2O (10 L, 3χ1 h). The 
aqueous extracts were evaporated under reduced pressure 
and lyophilized to yield a dark brown dried aqueous 
extracts (2650 g). The MOS residue was further extracted 
with 90% ethanol (10L, 3χ1 h). The ethanol extracts were 
then evaporated under reduced pressure, and lyophilized to 
yield a dark brown dried ethanol extract (413 g).

Cell Viability
HepG2 cells (1×104 cells per well) were seeded in a 96- 
well flat-bottomed culture plates and incubated at 37°C 
overnight in a humidified environment under 5% CO2 and 
95% air to allow cell adherence. Cells were then treated 
with MOS extracts. After removal of the medium, 100 χL 
CCK8 was added to each well and the plate was incubated 
for a further 2 h. The absorbance was measured at 570 nm 
with a microplate reader (BioTek Instruments).

Glucose Consumption Assay in the HepG2-Insulin 
Resistance Model (HepG2-IR)
HepG2 cells (1×104 cells per well) were treated with 
insulin (10–6 mol/L) for 24 h with or without MOS 
extracts (1.0 ng/mL–10 μg/mL). Glucose concentration 
was quantified using glucose oxidase-peroxidase (GOD- 
POD) kits (Nanjing Jiancheng Biology Engineering 
Institute, F006-1-1). The absorbance of samples was mea-
sured at 505 nm and glucose uptake was calculated based 
on the difference between the glucose content of the final 
cell supernatant and the original medium. Each sample 
was analyzed in triplicate.

Western Blot Analysis
HepG2 cells (1×104 cells per well) were seeded in a 96- 
well flat-bottomed culture plate and incubated at 37°C 
overnight in a humidified environment under 5% CO2. 
The proteins were extracted from HepG2 cells. The sam-
ples were then separated by 10% SDS-PAGE and trans-
ferred to 0.45 µm polyvinylidene difluoride (PVDF) 
membranes. Total proteins were analyzed by immunoblot-
ting using anti-SRC (Boster Biological Technology Co. 
Ltd. PB9059; 1:1000), anti-CASP3 (Boster Biological 
Technology Co. Ltd. PB9188; 1:1000), anti-PTPN1 
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(Boster Biological Technology Co. Ltd. A00613-1; 
1:1000), and anti-β-actin (Affinity T0022; 1:3000) as pri-
mary detection antibodies. Finally, the membranes were 
visualized using an ImageQuantLAS imaging system 
(General Electric Company, Boston, USA). This experi-
ment was repeated in triplicate. For quantitative analysis, 
the density of bands was analyzed using Image J software 
(National Institute of Mental Health, Bethesda, 
MD, USA).

Statistical Analysis
All statistical analyses were performed using GraphPad 
Prism 7.0 software. All data were expressed as mean ± 
standard deviation (SD) of triplicate experiments. One- 
way analysis of variance (ANOVA) was used to analyze 
the data from multiple groups. A P-value <0.05 was con-
sidered to indicate statistical significance.

Results
Database Construction
Compounds Database Construction and Target 
Prediction
A total of 46 chemical constituents of MOS were identi-
fied in multiple databases, and 32 active compounds were 
screened (Figure 1). It is worth noting that isothiocyanates 
and benzylamines have relatively low OB values, but are 
known to produce effective anti-IR activity or improve 
glucose tolerance.45,46 Hence, eight isothiocyanates and 
15 benzylamines were also selected for inclusion in the 
next step of our analysis, despite not fulfilling the criteria 
for OB and DL. Indeed, the present data showed that 
almost all candidate compounds showed low oral bioavail-
ability (OB ≤30%) and poor drug-like characteristics (DL 
≤0.18). However, isothiocyanates and benzylamines were 
dominant active components in MOS. In addition to the 
potential pharmacological effects of compounds, another 
nine compounds (OB ≥30%, DL ≥0.18 and Caco-2 ≥–0.4), 
including phenylpropanoids and flavonoids, were also 
regarded as candidate compounds. Screening of MOS 
yielded a total of 32 candidate compounds.

By searching the Swiss Target Prediction, Similarity 
Ensemble Approach, and PharmMapper Server databases, 
a total of 71 targets of candidate compounds were identi-
fied. These targets were tyrosine-protein phosphatase-asso-
ciated targets, insulin-like growth factor-binding proteins, 
mitogen-activated protein kinase-associated targets, and 
other anti-tumor- or anti-inflammatory-associated targets.

Protein Target Database Construction
By searching GeneCards, 555 IR-associated targets (score 
≥10) were identified. By comparison of 555 IR-associated 
targets with 71 compound targets, and considering protein- 
protein interactions (PPI score >0.7), a total of 44 common 
targets were screened and used to build the protein target 
database (Table 1). The PPIs of 44 IR-associated targets are 
shown in Figure 2. The thickness of the line between the two 
targets indicates the strength of the supported data, with 
thicker lines indicating stronger interactions.43 These targets 
included mainly anti-inflammatory-associated targets, such 
as MAPKs, nitric oxide synthases (NOSs), anti-diabetic- 
associated targets, such as PTPN1, PTPN11, IGF1R, 
PIK3R1, and other inflammatory- or IR-associated targets.

Figure 1 Structures of 32 potentially active compounds.
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Bioinformatics Analysis
Gene Ontology and KEGG Pathway Enrichment 
Analysis
GO enrichment analysis was then performed to further inves-
tigate the molecular function, biological process, and cellular 
component of the component’s targets using DAVID 

bioinformatics resources (version 6.8). The top 15 GO 
enrichment terms are shown in Figure 3 and the pathway 
enrichment categories (P <0.01) are shown in Figure 4. 
According to the GO enrichment analysis, the functions of 
target proteins were classified into two categories: inflamma-
tory response and insulin resistance. In detail, the top three 

Table 1 Forty-Four Insulin Resistance-Related Targets of M. oleifera Seeds Information

No Target Name Uniprot ID Gene Name

1 72 kDa type IV collagenase P08253 MMP2
2 Matrix metalloproteinase-9 P14780 MMP9

3 Tyrosine-protein kinase BTK Q06187 BTK

4 Tyrosine-protein phosphatase non-receptor type 1 P18031 PTPN1
5 Tyrosine-protein phosphatase non-receptor type 11 Q06124 PTPN11

6 Proto-oncogene tyrosine-protein kinase Src P12931 SRC

7 Hepatocyte growth factor P14210 HGF
8 Phosphoenolpyruvate carboxykinase P35558 PCK1

9 Eukaryotic translation initiation factor 4E P06730 EIF4E
10 Cathepsin D P07339 CTSD

11 Prothrombin P00734 F2

12 Fibroblast growth factor 2 P09038 FGF2
13 GTPase HRas P01112 HRAS

14 Mitogen-activated protein kinase 1 P28482 MAPK1

15 Mitogen-activated protein kinase 8 P45983 MAPK8
16 Mitogen-activated protein kinase 10 P53779 MAPK10

17 Mitogen-activated protein kinase 14 Q16539 MAPK14

18 Epidermal growth factor receptor P00533 EGFR
19 Glycogen synthase kinase-3 beta P49841 GSK3B

20 Caspase-3 P42574 CASP3

21 Peroxisome proliferator-activated receptor gamma P37231 PPARG
22 Microtubule-associated protein tau P10636 MAPT

23 Estrogen receptor P03372 ESR1

24 3-phosphoinositide-dependent protein kinase 1 O15530 PDPK1
25 Insulin-like growth factor 1 receptor P08069 IGF1R

26 Progesterone receptor P06401 PGR

27 Vascular endothelial growth factor A P15692 VEGFA
28 C-X-C chemokine receptor type 4 P61073 CXCR4

29 Glucose-6-phosphatase P35575 G6PC

30 Nitric oxide synthase P35228 NOS2
31 Nitric oxide synthase P29474 NOS3

32 Receptor tyrosine-protein kinase erbB-2 P04626 ERBB2

33 RAC-alpha serine/threonine-protein kinase P31749 AKT1
34 ALK tyrosine kinase receptor Q9UM73 ALK

35 Cyclic AMP-responsive element-binding protein 1 P16220 CREB1

36 Focal adhesion kinase 1 Q05397 PTK2
37 Hepatocyte growth factor receptor P08581 MET

38 Phosphatidylinositol 3-kinase regulatory subunit alpha P27986 PIK3R1

39 Vascular endothelial growth factor receptor 2 P35968 KDR
40 Transcription factor p65 Q04206 RELA

41 Tumor necrosis factor receptor superfamily member 1A P19438 TNFRSF1A

42 Heat shock protein HSP 90-alpha P07900 HSP90AA1
43 Induced myeloid leukemia cell differentiation protein Mcl-1 Q07820 MCL1

44 Prostaglandin G/H synthase 2 P35354 PTGS2
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terms in the GO biological processes were as follows: the 
PI3K/Akt signaling pathway, IR and focal adhesion via insu-
lin-like growth factor II binding, and insulin-like growth 
factor I binding and transmembrane receptor protein tyrosine 
kinase activation in the cytosol, extracellular exosome and 
membrane raft. Insulin-like growth factor binding indicates 
that insulin-like growth factors bind insulin-like growth fac-
tor systems to exert their biological effects. Insulin-like 
growth factors are involved in the regulation of metabolic 

pathways53 and insulin sensitivity.54 Insulin-like growth fac-
tor 1 receptor (IGF1R), a transmembrane receptor, belongs to 
the receptor tyrosine kinase family,55 which has been shown 
to increase the sensitivity of the liver and muscle to insulin 
and to improve the ability of insulin to mediate physiological 
functions that protect against type 2 diabetes.56 Insulin sti-
mulates translocation of the IGF2R to the cell surface, pro-
moting insulin-like growth factor 2 (IGF2) clearance. IGF2 
may increase glucose uptake into human adipocytes.57 

Figure 2 Protein-protein interactions (P > 0.7) of 44 insulin-resistance-related targets of MOS.
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Tyrosine phosphorylation of key proteins in the insulin sig-
naling pathway is critical for insulin action.57,58

According to the KEGG enrichment analysis and 
after deleting irrelevant broad-spectrum pathways,43 a 

total of 37 potential pathways were identified with a 
cut-off P-value of 0.01. The top three enriched pathways 
with the lowest P-values. Therefore, considered to be 
the most important pathways (Figure 4), were PI3K/Akt 

Figure 3 Top 15 GO enrichment terms.

Figure 4 KEGG pathway enrichment analysis of 44 insulin-resistance-related targets.
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signaling pathway, IR, and focal adhesion. The PI3K/ 
Akt pathway is an important insulin signaling pathway 
that is closely related to type 2 diabetes caused by IR. 
This pathway plays an important role in the regulatory 
effects of insulin on blood sugar, the activation of glu-
cose transporters, and the initiation of glucose uptake 
into cell storage or decomposition.59 Insulin-like growth 
factor I ameliorates type 2 diabetes by binding to insu-
lin-like growth factor I receptor located on the cell 
membrane, resulting in activation of its downstream 
PI3K/Akt pathway.56 Dysregulation of the PI3K/AKT 
pathway in various tissues leads to conditions such as 
obesity and type 2 diabetes by increasing IR. In turn, IR 
exacerbates the PI3K/AKT pathway, forming a vicious 
cycle.60 Focal adhesion, otherwise known as cell-matrix 
adhesion, plays essential roles in important biological 
processes, including cell motility, proliferation and dif-
ferentiation, as well as regulation of gene expression 

and cell survival. Furthermore, focal adhesion was iden-
tified as an important pathway in IR.61 Focal adhesion 
kinase (FAK), a non-receptor tyrosine kinase, has 
recently been implicated in the regulation of IR by 
regulating glucose uptake in skeletal muscle cells.61,62

The two main therapeutic effects of MOS are 
mediated by its ability to regulate inflammatory 
responses and improve IR. Through the synergistic 
effects on these two systems, MOS can alleviate IR. 
Thus, the theory of MOS treatment is based on its 
ability to modulate the release of inflammatory factors 
that interfere with insulin function.

Network Analysis
A global view of the compound-target-pathway network, 
which contained 117 nodes and 561 edges (Figure 5), was 
constructed to further understand the molecular mechan-
ism by which MOS functions to improve IR. This network 

Figure 5 The compound-target-pathway network of MOS. Different species of active compounds are depicted by different shapes and colors. The compounds are classified 
into three groups: isothiocyanates (yellow hexagons), benzylamine (green squares), and phenolic compounds (purple diamonds).
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suggested the existence of complex correlations among 
different compounds and targets, and provided a clear 
understanding of the complex network relationships in 
terms of the “one ingredient-multiple targets” and “one 
target-multiple ingredients” models.

The top three target nodes linked to the greatest 
number of compound nodes were SRC, PTPN1, and 
microtubule-associated protein tau (MAPT) 
(Figure 6A). These targets are involved in multiple 
pathways. For example, focal adhesion and the vascu-
lar endothelial growth factor (VEGF) signaling path-
way, IR and the insulin signaling pathway, the MAPK 
signaling pathway, and regulation of the actin cytoske-
leton. The top three compound nodes linked to the 
greatest number of target nodes were quercetin (com-
pound 28), caffeic acid (compound 30), and ferulic 
acid (compound 32). However, isothiocyanates and 
benzylamines are known to be active compounds that 
improve IR.45,46 As isothiocyanates and benzylamines 
might function synergistically to improve IR, we iden-
tified SRC, PTPN1, and CASP3 as the top three targets 
linked to the greatest number of isothiocyanates and 
benzylamines (Figure 6B). These targets are involved 

in multiple important pathways, such as focal adhesion, 
IR, the insulin signaling pathway, and the MAPK sig-
naling pathway. These results indicate that MOS 
improves IR in a multi-target, multi-pathway, and 
synergistic manner.

Target Validation by Molecular Docking Analysis
Although SRC, PTPN1 and MAPT were linked to the 
greatest number of compound nodes, SRC, PTPN1, and 
CASP3 were the top three targets linked to the greatest 
number of isothiocyanates and benzylamines. SRC, 
PTPN1, and CASP3 were selected as targets for dock-
ing, because isothiocyanates and benzylamines were 
the dominant active constituents that improve IR. 
Docking scores (S values) between compounds and 
targets were calculated by MOE. Three pairs of com-
pound-target docking relationships were built and the 
results are shown in Figure 7 and Table 2. The S values 
of the vast majority of compounds were below −5.0. 
However, the S values of compound 24 were greater 
than −5.0 for the three targets. The S values of com-
pounds 30, 31 and 32 were also greater than −5.0 for 
the target SRC. Among them, all targets of diglycosidic 

Figure 6 (A) Top 10 target nodes linked to the greatest number of compound nodes. (B) Top 10 target nodes linked to more isothiocyanates and benzylamines. (Red bars 
indicate the top 3 target nodes).

Figure 7 Line chart of molecular docking results (S values) of 32 potentially active compounds related to SRC, PTPN1, and CASP3.
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isothiocyanates (compounds 3–6) showed the most 
effective binding, and all targets of glycosidic benzy-
lamines showed good binding. These results provided 
important evidence in support of the discovery if pos-
sible effective compounds shown in Figure 7. Taken 
together, isothiocyanates and benzylamines are the 
major and effective constituents that mediate the anti- 
IR effects of MOS.

Experimental Validation
Effects of MOS Extracts on Glucose Consumption in 
Insulin-Resistant HepG2 Cells
The cytotoxic effects of MOS extracts were investigated in 
insulin-resistant HepG2 cells. There were no significant dif-
ferences in the cytotoxic effects of MOS on cells treated with 

extracts in the range of 1.0 ng/mL to 10 μg/mL. Treatment 
with aqueous and ethanol extracts of MOS both significantly 
increased glucose consumption by HepG2-IR cells in a con-
centration-dependent manner. As shown in Figure 8, the 
glucose consumption of HepG2-IR cells treated with MOS 
extracts at 10 ng/mL, 100 ng/mL, 1 μg/mL or 10 μg/mL was 
approximately 2.0-fold higher, respectively, than that in the 
control culture without MOS extracts. Previous publications 
have reported that benzylamine-rich and isothiocyanate-rich 
MO leaf or bark extracts effectively improved glucose toler-
ance, and lowered blood insulin levels.32–36,45,46 These 
results further highlighted the roles of benzylamines and 
isothiocyanates as the major effective anti-IR-mediating 
components of MOS.

Effects of MOS Extracts on SRC, PTPN1 and CASP3 
Protein Expression
The major effective compounds of MOS, such as isothio-
cyanates and benzylamines, are not commercially avail-
able and difficult to purify in the laboratory. Therefore, we 
used aqueous and ethanol extracts of MOS to verify the 
effects of these components on SRC, PTPN1, and CASP3 
targets. SRC, a non-receptor tyrosine kinase and a member 
of the SRC family of protein tyrosine kinases, regulates a 
wide range of cellular functions, and hyperactivity of SRC 
is involved in impaired glucose metabolism.63 The HepG2 
cells in the model groups were treated with 1 μm insulin. 
SRC expression in the model groups was significantly 
higher than the blank control groups (Figures 9 and 10). 
This demonstrated the successful generation of the model, 
and confirmed that insulin upregulates SRC expression in 
HepG2 cells compared with that in the model group.64 In 
the concentration range of 100 ng/mL–10 μg/mL, the 
ethanol extract of MOS significantly suppressed SRC 
expression in HepG2 cells (Figure 9). Similarly, in the 
concentration range of 10 ng/mL–10 μg/mL, the aqueous 
extract of MOS also significantly suppressed SRC expres-
sion in HepG2 cells (Figure 10). At 10 ng/mL, the aqueous 
extract of MOS significantly effects suppressed SRC 
expression, whereas the ethanol extract of MOS had no 
effect. In the concentration range of 10 ng/mL–10 μg/mL, 
the aqueous and ethanol extracts of MOS both signifi-
cantly downregulated the PTPN1 expression compared 
with that in the model group (Figures 9 and 10). 
Moreover, the aqueous extract of MOS exerted more 
effective suppression of PTPN1 than the ethanol extract 
of MOS.

Table 2 Detailed Docking Values (S) of 32 Potential Active 
Compounds for SRC, PTPN1, and CASP3

No S Values

SRC PTPN1 CASP3

C1 –8.8023 –7.5962 –7.5124
C2 –8.0728 –6.9954 –6.4653

C3 –10.0180 –7.7476 –7.7922

C4 –10.4765 –7.7453 –7.9740
C5 –9.5334 –8.0208 –8.0186

C6 –10.0954 –7.8279 –8.3764

C7 –8.6289 –7.1602 –6.4492
C8 –8.4004 –6.8420 –7.3100

C9 –7.6191 –6.7834 –6.2220

C10 –8.0049 –6.4859 –6.3921
C11 –7.8532 –6.5912 –6.2071

C12 –7.5936 –5.9957 –5.6559

C13 –9.3009 –7.4201 –6.9591
C14 –8.1607 –6.6996 –5.6281

C15 –8.4988 –6.8709 –6.4413

C16 –8.3103 –6.8233 –6.4525
C17 –9.0767 –6.6219 –6.2159

C18 –8.5782 –6.9519 –6.2016

C19 –9.0273 –7.2380 –7.1297
C20 –8.1360 –6.2017 –5.8356

C21 –8.2599 –6.7558 –6.2464

C22 –8.0738 –6.9272 –6.3024
C23 –8.1500 –6.6772 –6.1072

C24 –4.6001 –4.2518 –3.9973
C25 –6.9794 –6.1323 –5.0903

C26 –7.2991 –5.7699 –5.3888

C27 –7.6191 –5.6586 –5.6399
C28 –8.0049 –6.0650 –6.0198

C29 –6.9749 –5.9232 –5.3604

C30 –5.4811 –4.9803 –4.6022
C31 –5.1250 –4.9735 –4.6347

C32 –8.1607 –5.4300 –4.8043
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CASP3 is involved in the activation cascade of cas-
pases responsible for apoptosis execution. CASP3 induces 
islet beta cell apoptosis. In this study, CASP3 expression 
in model group was significantly higher than that in the 
blank control group. However, the ethanol extract of MOS 
treated group did downregulate CASP3 expression. In the 
concentration range of 10 ng/mL or 100 ng/mL, treatment 
with the aqueous extract of MOS significantly downregu-
lated CASP3 expression, but it did not significantly sup-
press CASP3 expression following treatment (1 μg/mL or 
10 μg/mL). It can be speculated that this results is due to 
the toxic effects of MOS extracts on CASP3 expression in 
HepG2 cells. In the molecular docking analysis (Figure 7), 

the S values of most compounds and CASP3 were greater 
than those of the other targets. This demonstrated that 
compounds in MOS improve IR mainly by acting on 
SRC and PTPN1B rather than CASP3.

Discussion
MOS is known to exert anti-diabetic effects possibly by 
improving IR, although the active components and their 
mechanisms of action are unclear. In this study, we used 
the network pharmacology approach to predict the 
potentially active components and their mechanisms of 
action. Our network pharmacology analysis revealed 
that glycosidic isothiocyanates and glycosidic 

Figure 8 Glucose consumptions of MOS extracts in the HepG2-IR model (A) MOS aqueous extract; (B) MOS ethanol extract; Model vs Control, ##P < 0.01; MOS aqueous 
extract or MOS ethanol extract vs Model, *P < 0.05, **P < 0.01).
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benzylamines were the major active components respon-
sible for improving IR. Biological studies showed that 
the aqueous and ethanol extracts of MOS both exhibited 
anti-IR effects, although the effects of the aqueous 
extract of MOS were stronger than those of the ethanol 
extract. Our biological studies implicated the macropolar 
compounds as the active compounds, which was consis-
tent with the results of our network pharmacology ana-
lysis. Although most glycosidic isothiocyanates and 
glycosidic benzylamines did not meet the screening 
requirements, these compounds were still included in 
the network construction because of their reported anti- 
IR effects. Hence, structural modification of glycosidic 
isothiocyanates and glycosidic benzylamines is high-
lighted as a viable approach to the development of 
novel anti-IR agents.

The results of preliminary KEGG pathway analysis 
included cancer related pathways, such as proteoglycans 

in cancer, pathways in cancer, and prostate cancer, because 
many targets such as SRC, CASP3, and IGF1R were 
involved in either multiple cancer pathways or insulin 
resistance-related pathways. It can be speculated that the 
mechanisms underlying the pathogenesis of IR and tumor-
igenesis show some similarities through the involvement 
of common pathways such as the PI3K/PTEN/Akt signal-
ing pathway.65 Although IR is involved in the pathogen-
esis of cancers,66 the aim of this study was to clarify the 
pathogenesis of IR rather than cancer. Therefore, to estab-
lish an effective network pharmacology model, we deleted 
irrelevant broad-spectrum pathways, such as those 
involved in cancer. Subsequently, the predominant inflam-
matory response- and insulin-resistance-related pathways 
were found to include the PI3K/Akt signaling pathway, IR, 
and focal adhesion. Growing evidence has indicated the 
role of the chronic low-grade inflammatory response in the 
pathogenesis of IR.67

Figure 9 Effect of MOS ethanol extract on the expression of SRC, PTPN1, and CASP3 (Model vs Control, ##P < 0.01; MOS ethanol extract vs Model, **P < 0.01).

Figure 10 Effect of MOS aqueous extract on the expression of SRC, PTPN1, and CASP3 (Model vs Control, ##P < 0.01; MOS aqueous extract vs Model, **P < 0.01).
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The molecular docking analysis results (Figure 7) 
showed that the pattern of binding ability of most of the 
potent active compounds and three targets were as follows: 
SRC ≥PTPN1 ≥CASP3. Combined with the results of 
Western blot analysis, our molecular docking analysis 
results clearly demonstrated that the anti-IR effects of 
MOS were exerted mainly via SRC and PTPN1 rather 
than CASP3. KEGG pathway analysis indicated that 
SRC was involved in processes such as focal adhesion, 
VEGF signaling, and prolactin signaling and PTPN1 was 
involved in IR and the insulin signaling pathway. 
Although PTPN1 was involved in only two pathways, as 
one of the top three targets, it was identified as a key target 
linked to a large number of compounds.

Although network pharmacology can provide us with a 
vast amount of information in mechanistic studies and pre-
diction of the potent active compounds in a complicated 
multiple component system, the results of network pharma-
cology should be analyzed with a degree of caution. 
Furthermore, biological verification is an essential step to 
confirm that the predicted key targets are the actual key 
targets and to rule out the existence of irrelevant or non- 
objective pathways. Numerous natural products, such as 
flavonoids, phenols, and phenyl propanoids, show the ability 
to regulate glucose metabolism and improve IR activity.11,68 

Although glycosidic isothiocyanates and glycosidic benzyla-
mines have been reported to play a major role in anti-IR 
activity, other compounds such as 26, 27, 28, 29, 30, 31 and 
32 may possess potential activity mediated via various path-
ways. Moreover, these compounds may play a synergistic 
role in the anti-IR activity of MOS.

To date, there is no consensus on the criteria for a 
network pharmacology method. The chemical constituents 
databases, active compound screening rules, protein target 
databases, PPI screening score, and molecular docking 
software vary widely between different studies. Thus, the 
results of the same study might be a little bit different. 
Therefore, comprehensive and effective criteria for the 
design of future network pharmacology studies are 
required to ensure the reliability and consistency of results.

Conclusion
In this study, we adopted a systematic network pharmacol-
ogy approach to investigation of the anti-IR effects of 
MOS. Furthermore, network pharmacology analysis com-
bined with validation of our experimental results in a 
HepG2-IR cell model indicate that the anti-IR effects of 
MOS are manifested by mechanisms that regulate 

inflammatory responses, insulin resistance and the insulin 
signaling pathway. Moreover, glycosidic isothiocyanates 
and glycosidic benzylamines are implicated as the major 
active components that act on SRC and PTPN1 as impor-
tant targets. Our results provide the basis of further studies 
to fully elucidate the anti-IR effects of MOS.
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