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olecular targets of Salvia
miltiorrhiza (SM) in ox-LDL induced macrophage-
derived foam cells based on the integration of
metabolomics and network pharmacology

W. J. Xu, a L. M. Chen,b Z. Y. Wei,b P. Q. Wang,a J. Liu,b J. J. Dong,b Z. X. Jia,b

J. Yang,b Z. C. Ma,b R. B. Su,b H. B. Xiao*b and A. Liu*a

The identification of network targets is one of the core issues used to reveal the molecular mechanism of

traditional Chinese medicine (TCM) and is also the grand challenge of modernization of TCM. In this study,

a protein–protein interaction (PPI) network was constructed based on the integration of network

pharmacology and metabolomics, which was used as an effective approach to elucidate the relationship

between disease pathway proteins and the targets of active small-molecule compounds. The

intermolecular transfer process of the drug effect of active compounds in Salvia miltiorrhiza (SM) was

revealed and visualized using the PPI network. Our study indicates that PTGS2 was the most important

disease protein regulated by the active compounds in SM. Furthermore, the drug targets that can be

linked to PTGS2 were regarded as direct targets and the direct targets of the active compounds were

identified, respectively. Western blot and co-immuno precipitation (Co-IP) were used to verify the results

of the network analysis and reveal the intermolecular transfer process of the effect of Tan IIA. Biological

validation revealed that Tan IIA-EDN1-PTGS2-anandamide was a major intervention way of Tan IIA on

early atherosclerosis (AS). This work provides a new perspective for the discovery of drug targets and the

specific approaches regulated by the active compounds in SM on disease pathway proteins, which is

beneficial for understanding the mechanism of action of bioactive compounds and expanding their

clinical applications.
Introduction

Atherosclerosis (AS) is one of the leading causes of disability
and death worldwide. Recent studies have demonstrated that
oxidized modication of low-density lipoprotein (LDL) is the
link or key factor in triggering foamy macrophage formation,
which is considered as an important initial event at the onset of
AS.1,2 Salvia miltiorrhiza (SM) is a herb widely used in traditional
Chinese medicine (TCM) for the treatment of cardiovascular
disease.3,4 The aqueous extract, ethanol extract and the major
water-soluble constituents, including danshensu, salvianolic
acid A (Sal. A) and salvianolic acid B (Sal. B) have an inhibitory
effect on LDL oxidation and demonstrate an obviously advan-
tage in the prevention and cure of AS.5–7 However, the mecha-
nisms of action have not been well studied, which has limited
their clinical applications. At present, most pharmacology
studies based on the holistic view of system theory has been
a Academy of Chinese Medical Sciences,

om

is and Transformation, Beijing University

. E-mail: hbxiao69@163.com
limited to the obscure description of the overall outline of the
biological system before and aer drug intervention. Whereas,
how the bioactive components affect the disease metabolic
network still remains unclear. Therefore, perfecting the
research strategy on the whole metabolic network is benecial
towards elucidating the scientic essence of TCM and identi-
fying the network targets, which have vital practical signicance
for accelerating the internationalization of TCM.

Systems biology techniques, such as omics and bio-
informatics have facilitated the analysis of complicated systems
and relational networks. In view of the advantages of their
techniques, metabolomics and network pharmacology have
become important platforms for highlighting the pharmaco-
logical bioactivity and biochemical mechanism of TCM.8–12

Metabolomics is considered as the “biochemical phenotype” of
the whole functional state of an organism, which can reect the
perturbations of endogenous metabolites instantly and sensi-
tively. The main analytical methods used in metabolomics
include NMR and UPLC, which have been widely applied
towards metabolite identication in vitro or in vivo.13–15 The
development of analytical techniques has broadened the
application of metabolomics; a typical research area is
This journal is © The Royal Society of Chemistry 2018
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identifying drug(s)-affected pathways.16,17 However, the proteins
in the drug(s)-affected pathways obtained by metabolomics are
mainly downstream disease-related proteins. Network phar-
macology has been proven successful in target identication,
however, it lacks the detailed representation of the regulation
processes on specic metabolic pathways or molecular
networks, resulting in the weak disease specicity of the target
networks. Identifying the relevance between the disease
pathway and drug target network followed by elucidating the
transfer process of drug action from upstream drug targets to
downstream disease proteins systematically is critical towards
revealing the mechanism of drug action.

In our previous study, global metabolomics was applied to
reveal the metabolic perturbation in ox-LDL induced foamy
macrophages, which was then used to identify the potential
biomarkers and disease pathways in early AS.18 Herein,
a protein–protein interaction (PPI) network was built based on
the integration of metabolomics and network pharmacology to
explore the regulatory mechanism of SM on disease pathway
proteins. This work provides valuable methodological guidance
towards visualizing the interaction of drug targets and disease
proteins, which is benecial for understanding the complex
mechanisms of multi-target therapy.
Data source and methods
Chemicals and reagents

High-glucose Dulbecco's modied eagle medium (DMEM) and
fetal bovine serum (FBS) were purchased from HyClone for cell
culture. Trypsin/EDTA solution and dimethylsulfoxide (DMSO)
and phosphate buffered saline (PBS) were obtained from
Solarbio (Beijing, China). Ox-LDL was obtained from Yiyuan
Biotechnologies (Guangzhou, China). PTGS2 (Abcam, ab15191),
EDN-1 (Abcam, ab2786) and b-actin (Santa, Sc-47778) were used
in the Western blot and co-immuno precipitation (Co-IP) anal-
yses. Tan IIA and Sal. A were purchased from Chengdu Herb-
purify Co., Ltd (Chengdu, China).
Data sources

The disease pathway network of early AS was constructed using
an ox-LDL induced foamy macrophages model based on
untargeted metabolomics in our previous study.18 The proteins
involved in the disease pathway network were collected as the
disease pathway proteins for further study. Both the lipid-
soluble and water-soluble components of SM showed signi-
cant activity on AS; the components with a high content and
activity were absorbed as candidates in this article.19–21 As
a result, tanshinone IIA (Tan IIA), cryptotanshinone, salvianolic
acid A (Sal. A), salvianolic acid B (Sal. B), danshensu and pro-
tocatechualdehyde were selected as the major bioactive
components for further target research. The target proteins of
six active components in SM were collected via two data mining
methods using the chemical composition database ChEMBL22

(https://www.ebi.ac.uk/chembl/#) and protein interaction data-
base STITCH 3.1 (ref. 23) (http://stitch.embl.de/) in 2017. The
names of each active component were entered into ChEMBL as
This journal is © The Royal Society of Chemistry 2018
the search keywords for data mining. The target information of
six active components in SM was provided in the “compound
target summary” of the database. In the STITCH database, the
interaction score revealed the binding degree between the
components and proteins. A higher score means the higher the
reliability of the data. The active interaction sources included
many items: text mining, experiments, databases, co-
expression, neighborhood, gene fusion, co-occurrence and
predictions. The target proteins with a score higher than 0.70
(high condence) were included for the PPI network
construction.

Pathway enrichment analysis

Protein enrichment analysis was carried out in PANTHER™
Version 12.0 (ref. 24) (http://www.pantherdb.org/) for the
disease pathway proteins and drug target proteins, respectively.
The results of the biological process, molecular function and
pathway were obtained using enrichment analysis.

Network construction

Firstly, the target PPI network of each active component was
built using Cytoscape 3.2.1 based on the STRING score values
(higher than 0.70 with high condence) and the target proteins
without the combination of any other protein at high con-
dence were ignored in our further study. The disease PPI
network was also constructed in a similar way. Then, the target
PPI network and disease PPI network were merged together to
identify the core targets, which can be connected to the disease
pathway proteins discovered using metabolomics. The detailed
regulatory process of the active components in SM were ob-
tained and visualized based on the integrated PPI network.

Biological validation

Macrophages (Raw 264.7) were provided by the National infra-
structure of cell line resource (Beijing, China). In this experi-
ment, the cell samples were divided into four groups: the
control group, model group, Tan IIA-treated group (50 mmol
L�1) and Sal. A-treated group (80 mmol L�1). The cell culture was
referred to the previous procedure.18 Cell samples of the
different groups were harvested for western blotting analysis
and Co-IP.

PTGS2 and EDN-1 were chosen to validate the expression
patterns in the different groups. A standard western blotting
procedure was performed as described previously.25 The blots
were probed with PTGS2 (Abcam, ab15191; 1 : 1000 dilution)
and EDN-1 (Abcam, ab2786; 1 : 1000 dilution) with b-actin
(Santa, Sc-47778; 1 : 1000 dilution) used as an internal refer-
ence. The bands of the western blot were quantied by
measuring the band intensity. The results were expressed as the
fold change upon normalizing to the control group. Co-IP
method can directly investigate the combination of disease
pathway proteins and drug target proteins. In this work, PTGS2
was identied as the most important disease pathway protein.
The PPI network result of Tan IIA and Sal. A showed the inter-
action of PTGS2 and EDN-1, which indicated PTGS2 can be
regulated by Tan IIA and Sal. A through EDN-1. Therefore,
RSC Adv., 2018, 8, 3760–3767 | 3761
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PTGS2 and EDN-1 were selected for experimental validation
using Co-IP. Standard Co-IP analysis was performed as
described previously.26 The protein extracts were incubated with
agarose-conjugated antibodies in lysis buffer at 4 �C for 3 h and
precipitated via centrifugation. The precipitate was washed 4
times and then boiled for 5 min in 1� loading buffer. The
supernatant was run on an SDS-PAGE gel aer centrifugation,
followed by western blotting.
Fig. 1 The enrichment analysis in biological processes, molecular
functions and pathways of disease proteins involved in foamy
macrophages.
Results and discussions
Analysis of the disease pathway proteins

In our previous study, ve metabolites were identied to
discriminate the foamy macrophages of the control group and
six metabolic pathways related to early AS were also discovered
based on untargeted metabolomics.18 The proteins involved in
the disease pathway network were used in the enrichment
analysis and drug target study. Detailed information on the
disease pathway proteins is shown in Table 1 including the
critical metabolites inuenced by specic disease proteins. The
metabolomics results indicate that the anandamide-related
pathway plays a major role in foam cell formation and the
metabolic disturbances of anandamide may be an important
feature of foamy macrophages. There are three anandamide-
related proteins, namely prostaglandin-endoperoxide synthase
(PTGS2), arachidonate 12-lipoxygenase (A12LOX) and arach-
idonate 15-lipoxygenase (A15LOX), which should be meaningful
for drug target discovery and mechanistic studies. Recently,
chronic inammation has been considered as an important
pathologic event in early AS and arachidonic acid-derived lipid
molecules have been reported to be related to inammation.27,28

Notably, PTGS2 is a key catalytic enzyme in arachidonic acid
metabolism and is reasonable as a potential target for the
prevention and treatment of AS. Furthermore, gene ontology
(GO) enrichment analysis was applied to clarify the biological
Table 1 Information of disease pathway proteinsa

Protein name Gene symbol

3-b-Hydroxy-delta-(5)-steroid dehydrogenase HSD3B2
3-a-Hydroxysteroid dehydrogenase Akr1c9
Arachidonate 12-lipoxygenase ALOX12
Arachidonate 15-lipoxygenase ALOX15
Cholesterol monooxygenase CYP11A1
Prostaglandin-endoperoxide synthase PTGS2
Steroid 21-monooxygenase CYP21A2
Steroid 17-a-monooxygenase CYP17A1
3-Oxo-5-a-steroid 4-dehydrogenase SRD5A2
Estrone sulfotransferase CLF_112599
Steryl-sulfatase STS
5-Oxoprolinase (ATP-hydrolyzing) OPLAH
Steroid b-isomerase ksi
Bile acid-CoA: amino acid N-acyltransferase BAAT
g-Glutamylcyclotransferase GGCT
Soluble epoxide hydrolase Ephx2
Microsomal epoxide hydrolase EPHX1
Long-chain-fatty-acid-CoA ligase ACSL1

a The critical metabolites inuenced by specic disease protein are ident

3762 | RSC Adv., 2018, 8, 3760–3767
processes, molecular functions and pathways. Functional clas-
sication of the disease proteins is shown in Fig. 1. Among the
six pathways, inammation mediated by the chemokine and
cytokine signaling pathway (P00031) was generally recognized
as the initial step in the pathogenesis of AS.29 Androgen/
estrogen/progesterone biosynthesis (P02727) also has a direct
impact on AS and progesterone or its analogue used in the
hormone replacement therapy (HRT) may attenuate the cardio
protective effects of estrogen.30 The downstream pathway
proteins can regulate endogenous metabolites directly, which
are more sensitive for drug target discovery and mechanistic
studies.
Metabolites

Pregnenolone; progesterone
5a-Androstane-3,17-dione; androsterone
Anandamide; 12(S)-hydroxyarachidonylethanolamide
Anandamide; hydroxy arachidonylethanolamide
Pregnenolone; cholesterol; 20a,22b-dihydroxycholesterol
Anandamide; prostaglandin E2 ethanolamide
Pregnenolone; 21-hydroxypregneolone
Pregnenolone; 7a-hydroxypregnenolone
5a-Androstane-3,17-dione; androst-4-ene-3,17-dione
Pregnenolone; pregnenolone sulfate
Pregnenolone; pregnenolone sulfate
5-Oxoproline; L-glutamate
Pregnenolone; progesterone
Glycocholate; choloyl-CoA; glycine
5-Oxoproline
5,6-DHET; 5,6-EET
5,6-DHET; 5,6-EET
(9Z,12Z,15Z)-Octadecatrienoic acid; a-linolenoyl-CoA

ied in bold.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The enrichment analysis of active components in SM. (A) The
results of biological processes of target proteins; (B) venn diagram.
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Identication of targets of active components in SM

In this paper, Tan IIA, cryptotanshinone, Sal. A, Sal. B, dan-
shensu and protocatechualdehyde are regarded as the active
components of SM used for drug target identication. The
Fig. 3 Disease pathway protein–target protein interaction (PPI) netwo
protocatechualdehyde; (C) salvianolic acid A (Sal. A); (D) danshensu; (E) t
proteins, while pink ellipsoids represent the target proteins of the active
target protein of Tan IIA colored in red.

3764 | RSC Adv., 2018, 8, 3760–3767
target proteins of the six active components in SM were
collected from the database and the detailed results shown in
Table 2. The protein–protein interactions of the target proteins
in each active component were analysed, respectively, removing
the proteins without the interaction of others. To facilitate the
biological function of the potential targets identied, GO
enrichment analysis was performed and the results of the bio-
logical process displayed in Fig. 2A. Only the target of proto-
catechualdehyde met the requirements, thus the enrichment
analysis result was ignored. The biological process analysis
revealed that Tan IIA, Sal. A and Sal. B participated in several
important metabolic processes in the organisms giving rise to
a prospective therapeutic effect. Additionally, seven common
biological processes were discovered in the three active
components in SM, including the response to stimulus, devel-
opmental process, cellular process, metabolic process, biolog-
ical regulation, cellular component organization or biogenesis
and immune system process, which constitute the main bio-
logical processes of SM (Fig. 2B). In addition, ALOX12 as
a specic protein exists in both disease pathway proteins and
rk of the active components in SM: (A) salvianolic acid B (Sal. B); (B)
anshinone IIA (Tan IIA). Green ellipsoids represent the disease pathway
components in SM. ALOX12 has both the disease pathway protein and

This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra12725a


Fig. 4 Biological validation results. (A) and (B) Western blot results obtained for PTGS2 and EDN-1 in different groups; (C) co-immuno
precipitation results obtained for PTGS2 and EDN-1.
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target proteins of Tan IIA (Fig. 3E). Lipoxygenases (LOXs) play
a critical role in many diseases by participating in the metab-
olism of polyunsaturated fatty acids. ALOX12 is involved in
many metabolic diseases, such as inammatory responses,
neurodegenerative disorders and cardiovascular disease.31,32

Recently, studies have indicated ALOX12 as an activity mediator
of inammation, expressed by the early events leading to AS.33

Searching for specic LOX inhibitors has been an avenue for
targeted drug development. Thus, it is reasonable to believe that
Tan IIA may perform therapeutic action via ALOX12 directly.

Interaction of disease pathway proteins and target proteins

The interaction of disease pathway proteins and target proteins
were obtained by STRING and the PPI networks were merged in
Cytoscape (Fig. 3A–E). In the PPI networks, the orange ellipsoids
represent the disease pathway proteins and the green ellipsoids
are the target proteins of the active components in SM. ALOX12
is both a disease pathway protein and target protein of Tan IIA
and colored in pink. There were no interactions between the
target proteins of cryptotanshinone with any disease pathway
protein. The disease pathway network contains two parts, one
comprised of PTGS2, ALOX12 and ALOX15, while another was
cytochrome P450 family 17 subfamily A member 1 (CYP17A1),
hydroxy-delta-5-steroid dehydrogenase (HSD3B2), CYP21A2,
CYP11A1 and steroid sulfatase (STS). For most of the active
components, the target proteins affecting the disease pathway
through PTGS2, only Tan IIA showed a regulatory function on
both parts, which may be a reason for its marketable pharma-
cological effects. The PPI network results revealed PTGS2 was
This journal is © The Royal Society of Chemistry 2018
the foremost disease pathway protein regulated by the drug
targets, which was consistent with our metabolomics results
and the physiological function of PTGS2. Therefore, the target
proteins that can be connected with PTGS2 were regarded as the
direct targets of the active components in SM, which were
highlighted with a blue line. In this way, the direct targets of the
active components were identied as follows. Endothelin 1
(EDN-1), signal transducer and activator of transcription 3
(STAT3) were found as the direct targets of Sal. A while mitogen-
activated protein kinase 8 (MAPK8), interleukin 4 (IL4) and
STAT3 were the direct targets of Sal. B. In the network of dan-
shensu, B-cell leukemia/lymphoma 2 (BCL2) and heme oxy-
genase 1 (HMOX1) can be connected with PTGS2 directly, which
have been identied as direct targets. The network of Tan IIA
was the most complicated and seven direct targets were
discovered, namely MAPK1, tumor protein p53 (TP53), EDN-1,
matrix metallopeptidase 2 (MMP2), hydroxyprostaglandin
dehydrogenase 15 (HPGD), KRAS proto-oncogene, GTPase
(KRAS) and MMP9. It is noteworthy that EDN-1 was the direct
target for both Tan IIA and Sal. A, which may be a crucial target
for SM and valuable to study in depth. The PPI network plays
a crucial role in visualizing the specic interactions between the
drug targets and disease pathway proteins, which manifests
promising advantages towards revealing the correlation
between drugs and diseases.

Biological validation

PPI network analysis is a useful tool to reveal the mechanism of
a drug in a multi-target system. Clarication of the critical
RSC Adv., 2018, 8, 3760–3767 | 3765
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disease proteins and drug targets is the foundation for further
elucidating the correlation between drugs and disease. Herein,
western blot and Co-IP analyses were used to verify the results of
the PPI network. The validation experiments investigated two
aspects, target protein identication and their interaction.
PTGS2 was the most critical disease pathway protein while EDN-
1 was a direct target protein related by Tan II A and Sal. A, which
were most suitable for biological validation. Western blotting
analysis and co-immuno precipitation were used to validate the
protein expression and protein–protein interactions.

The biological validation results are presented in Fig. 4. The
western blot results showed the higher expression of PTGS2 in
the model group and aer treatment with Sal. A, the content
decreased (Fig. 4A). This infers that PTGS2 is a key disease
protein and Sal. A displayed an obvious regulatory effect, which
was consistent with the results of the PPI network. The results
for EDN-1 also supported the discovery in the PPI network
(Fig. 4B). EDN-1 was predicted as a drug target of Tan IIA and
there was a similar protein expression in the control and model
groups. While aer treatment with Tan IIA, the expression level
of EDN-1 increased when compared with the control and model
groups, which provided evidence that Tan IIA displayed a regu-
latory effect on EDN-1 expression. This indicated that EDN-1
was the common target of Sal. A and Tan IIA (Fig. 3C and E),
and the drug performed its action through the protein–protein
interaction of PTGS2 and EDN-1. Co-IP was applied to represent
the interaction between the disease pathway protein and drug
target protein, and this interaction was enhanced when treated
with Tan IIA and Sal. A (Fig. 4C). The biological validation
results support the conclusion of the network pharmacology in
which PTGS2 and EDN-1 are the disease protein and drug
target, respectively. Their interaction plays a crucial role in the
prevention and treatment of early AS.
Intermolecular transfer process of drug effect

Interpreting the relevance of components, efficacy and discov-
ering new drug targets have been the hot topics and challenges
of TCM modernization. The unclear relationship between the
components and the target is a great barrier for TCM research
and also restricts its clinical applications. Metabolomics and
network pharmacology are important platforms for the phar-
macological study of TCM, which can explain the overall outline
of the biological system from a macroscopical view and also
depict dynamic process of specic metabolic pathways on
a micro-level. The curative effect of a drug is transferred from
upstream drug targets to the downstream disease pathway
proteins, which then regulates the metabolic state of an
organism. Elucidating the intermolecular transfer process of
the drug effect based on a drug target proteins-disease pathway
proteins network is benecial towards revealing the specic way
of drug intervention. In this article, Tan IIA-EDN1-PTGS2-
anandamide was identied as a major intervention pathway
of Tan IIA on early AS based on the strategy of the integration of
metabolomics and network pharmacology. Clarifying the
effective association of the component-target and disease–drug
via decomposing the complex target network into several
3766 | RSC Adv., 2018, 8, 3760–3767
transfer processes of drug effect can help simplify the complex
system and guide its clinical application effectively.

Conclusions

In summary, a strategy based on the integration of metab-
olomics and network pharmacology was established in this
article to reveal the molecular mechanism of TCM and inter-
molecular transfer process of drug effects. The PPI networks of
disease pathway proteins and target proteins of the active
components in SM were constructed, respectively. The typical
intermolecular transfer process of Tan IIA (Tan IIA-EDN1-
PTGS2-anandamide) was identied and validated using a bio-
logical approach. This work provided a practical way for eluci-
dating the relevance of the ingredients and their therapeutic
effect, which is a breakthrough towards revealing the specic
pathways regulated by the ingredients.
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