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Abstract

Background and Purpose The active ingredients analysis of herbal medicines is crucial for their quality control and efficacy/safety

evaluation. Here, we propose a new strategy for effectively and rapidly analyzing the active ingredients of herbal medicines

based on the public bioinformatics platforms. In the study, the treatment of osteoarthritis (OA) by Herba Lysimachiae (HL)

was used as an example to practice this strategy. Experimental Approach Applying the public databases (PubChem BioAssay

and STRING) to establish the links between herbal compounds and the biolabels (integrin alpha 2b/beta 3) of HL treating

OA, from which herbal compounds that may regulate both biolabels were screened. OA model was used to confirm the analysis

results. Key Results Five compounds (myricetin, fisetin, esculetin, 7-hydroxycoumarin-4-acetic acid, and caffeic acid) from

HL synergistically regulated both biolabels through eleven targets, which may be the active ingredients of HL treating OA.

Conclusion and Implications The experiments in the OA model verified the analysis results. With the help of the analysis

strategy, the present study effectively and rapidly analyzes the active ingredients of HL treating OA. The example in this

research also verifies the feasibility of this strategy, which is of reference significance to the related studies of other herbal

medicines.
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Abstract

Background and Purpose

The active ingredients analysis of herbal medicines is crucial for their quality control and efficacy/safety
evaluation. Here, we propose a new strategy for effectively and rapidly analyzing the active ingredients of
herbal medicines based on the public bioinformatics platforms. In the study, the treatment of osteoarthritis
(OA) by Herba Lysimachiae (HL) was used as an example to practice this strategy.

Experimental Approach
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Applying the public databases (PubChem BioAssay and STRING) to establish the links between herbal
compounds and the biolabels (integrin alpha 2b/beta 3) of HL treating OA, from which herbal compounds
that may regulate both biolabels were screened. OA model was used to confirm the analysis results.

Key Results

Five compounds (myricetin, fisetin, esculetin, 7-hydroxycoumarin-4-acetic acid, and caffeic acid) from HL
synergistically regulated both biolabels through eleven targets, which may be the active ingredients of HL
treating OA.

Conclusion and Implications

The experiments in the OA model verified the analysis results. With the help of the analysis strategy, the
present study effectively and rapidly analyzes the active ingredients of HL treating OA. The example in this
research also verifies the feasibility of this strategy, which is of reference significance to the related studies
of other herbal medicines.

Keywords: bioinformatics; herbal medicines; active ingredients; Herba Lysimachiae; osteoarthritis

Abbreviations: CMC , carboxymethylcellulose; DSS , diclofenac sodium salt; ELISA , enzyme-linked
immunosorbent assay; HL , Herba Lysimachiae; Itga2b , integrin alpha 2b; Itgb3 , integrin beta 3; MIA
, monosodium iodoacetate; OA, osteoarthritis;

What is already known:

The present methods and strategies for analyzing the active ingredients of herbal medicines are still chal-
lenging, owing to the complex disease pathophysiology and herbal composition.

What this study adds:

We propose a new strategy for effectively and rapidly analyzing the active ingredients of herbal medicines
based on the public bioinformatics platforms.

Clinical Significance:

The active ingredients analysis of herbal medicines is crucial for their quality control and efficacy/safety
evaluation.

Introduction

The World Health Organization estimates that about 80% population in the developing countries apply
herbal medicines for their primary health care (Li et al., 2017). Additionally, herbal medicines also play an
important role in the treatment of some major diseases, such as COVID-19 (Yang et al., 2020), cardiovascular
diseases (Hao et al., 2017), and cancers (Wang et al., 2020), etc. Recently, plenty of experimental studies
have been carried out on the mechanism of action of herbal medicines, and the herb targets have been
identified. With the massive accumulation of the previous researches (Chen et al., 2019; Liu et al., 2018b;
Liu et al., 2018c), the analysis of the active ingredients that can regulate these targets will be the research
focus in the future. The active ingredients analysis of herbal medicines is crucial for their quality control and
efficacy/safety evaluation. However, the present methods and strategies are still challenging, owing to the
complex disease pathophysiology and herbal composition. Here, we propose a new strategy for effectively and
rapidly analyzing the active ingredients of herbal medicines based on the public bioinformatics platforms.
This strategy may extend and develop the achievements of the previous herb targets researches, and also
provide the references for the later development and clinical application of herbal medicines, which serves as
a link between the preceding and the following.

PubChem BioAssay and STRING are the public bioinformatics platforms, both of which are open-accessed
and user-friendly. PubChem BioAssay database contains the bioactive targets information of small molecules,
which is generated through the experiments and literatures (Wang et al., 2017). STRING database aims
to achieve a comprehensive and objective protein-protein interaction networks and allows users to visualize

2
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the interaction networks (Szklarczyk et al., 2019). Both public resources can be applied in this strategy.
At present, there are mainly two ways to obtain the information of herbal compounds. One method is
directly based on the compound analysis techniques (Li et al., 2020; Liu et al., 2018a; Wang et al., 2019);
the other method is based on the retrieval from the database and literature (Ding et al., 2020; Li et al.,
2017; Zhang et al., 2017). Herbal medicine contains multiple compounds with different polarities. Using
the different solvents for the preparation of herbal extracts will affect their composition of compounds.
Therefore, the herbal compounds in each extract may not be exactly the same as those in the database
and literature. Compared with the retrieval from the database and literature, the results of the compound
analysis techniques (eg. LC-MS/MS analysis) may better reflect the true composition of herbal extracts (Liu
et al., 2018a; Wang et al., 2019). Previous research has shown that Herba Lysimachiae (HL), the dried entire
plant of Lysimachia paridiformis Franch. var.stenophylla Franch. (Primulaceae), can regulate the synovial
platelet aggregation through the biolabels (integrin alpha 2b (Itga2b) and integrin beta 3 (Itgb3)) (Li et al.,
2020). This is beneficial to alleviate synovial injury in osteoarthritis (OA) (Li et al., 2020). The prevalence
rate of OA is 2-6% around the world and exceeds 40% in people over 70 (Hsu and Siwiec, 2019). Biolabels,
also the herb targets, reflect the holistic effects of herbal medicines on the living organisms (Li et al., 2020;
Li et al., 2019). Biolabels can be used not only to position the therapeutic effects of herbal medicines, but
also to guide the analysis of their active ingredients (Li et al., 2020; Li et al., 2017; Zhang et al., 2017).
Currently, the relevant active ingredients are still unknown. Based on previous research (Li et al., 2020),
we may further use this strategy to carry out the subsequent analysis of the active ingredients. Firstly, LC-
MS/MS technique is used to analyze the herbal compounds; subsequently, the compound targets are searched
in PubChem BioAssay database; then, STRING database is used to analyze the association network between
the biolabels and compound targets. Finally, based on the association network, the links between herbal
compounds and biolabels are established, from which the herbal compounds with the potential to regulate
the biolabels are screened (Figure 1). These compounds may be the active ingredients of herbal medicines
in treating diseases. In the current study, the treatment of OA by HL was used as an example to practice
this strategy. OA model was used to confirm the analysis results.

Materials and methods

Reagents

Myricetin (62822A, 98%), fisetin (62732B, 98%), and diclofenac sodium salt (DSS, 26107B, 98%, positive
drug) were purchased from Adamas Reagent Co., Ltd (Shanghai, PR China). Monosodium iodoacetate
(MIA, S104897, 98%), esculetin (D118867, 98%), and caffeic acid (C108306, 98%) were purchased from
Aladdin Bio-Chem Technology Co., Ltd (Shanghai, PR China). 7-Hydroxycoumarin-4-acetic acid (H1501,
98%) was purchased from TCI (Shanghai) Development Co., Ltd (Shanghai, PR China). Rat integrin alpha
2b (Itga2b, CD41, EL702469) and integrin beta 3 (Itgb3, CD61, EL702475) enzyme-linked immunosorbent
assay (ELISA) kits were purchased from Eterlife Co., Ltd. (Birmingham, UK). Anti-Itga2b (DF7456) and
Itgb3(AF6086) antibodies were purchased from Affinity Biosciences, Inc. (Zhenjiang, PR China). Goat
anti-rabbit IgG H&L (HRP) (ab205718) was purchased from Abcam plc. (Cambridge, UK).

Plant material and extraction

The herb was collected from Guanling County of Guizhou Province, PR China. A voucher specimen (GUCM-
VS-2018-001) of HL is preserved in College of Pharmacy, Guizhou University of Traditional Chinese Medicine.
The preparation of freeze-dried powder of HL was shown in our previous experiment (Li et al., 2020). The
yield of the freeze-dried powder is 12.65% (w/w).

LC-MS/MS technique for the herbal compounds analysis of HL

The chromatographic profile of freeze-dried powder of HL was assessed by an ExionLC chromatographic
system couple with a TripleTOF 5600+ Q-TOF mass spectrometer (AB SCIEX, USA). Herbal compounds
were identified by Progenesis QI software (version: 2.4, Waters, MA, USA) based on the integrated MS/MS
databases derived from NIST and METLIN.
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In-house compound-target database construction

The names of herbal compounds were imported into the PubChem (https://pubchem.ncbi.nlm. nih.gov).
The targets’ information (“Activity”: Active) from the BioAssay results was downloaded to construct the
in-house compound-target database.

Compound-target-biolabel link profile of HL treating OA construction

The association network of compound targets and both biolabels was assessed by STRING v11
(https://string-db.org/). The “repacxn” of compound targets and the gene names of both biolabels were
imported into the input-form as “multiple proteins” and “Homo sapiens” was selected as the reference
organism. The compound targets associated with both biolabels (combined score more than 0.900) were
screened from the association network. Based on these targets, the relevant herbal compounds were re-
trieved from the in-house compound-target database. The above information was used to establish the
compound-target-biolabel link profile of HL treating OA.OA model for the validation ofthe active ingredients
analysis resultsMale Sprague Dawley rats (270g˜, SPF) from Tianjin Hospital of ITCWM Nankai Hospital
(Tianjin, PR China) were randomly divided into control, MIA model, MIA + DSS, and MIA + herbal
compounds-treated groups (MIA + low-, MIA + middle-, and MIA + high-dose), and there were 5 rats in
each group. The protocol was approved by the Animal Ethical and Welfare Committee of Tianjin Hospital
of ITCWM Nankai Hospital (approval No. NKYY-DWLL-2020-058) and followed by the Legislation on the
Protection of Animals Used for Experiment Purposes (Directive 86/609/EEC). Rats were housed in groups
in standard cages, kept under 12 h light/dark conditions, and had free access to food and water throughout.
Animal studies followed with the recommendations made by the British Journal of Pharmacology.

MIA model, MIA + DSS, and MIA + herbal compounds-treated groups were anesthetized with 400 mg/kg
chloral hydrate (i.p.). MIA (exactly 3 mg in 50 μl 0.9% sterile saline) was injected into the knee joint
through the patellar ligament with a 26 G needle. Control rats received injections of 0.9% sterile saline after
anesthesia. After 24 h of modeling, the MIA + low-, MIA + middle-, and MIA + high-dose groups were
intragastrically administrated with the herbal compounds (in 0.5% carboxymethylcellulose (CMC)) at the
dose of 14, 28, and 56 mg/kg in rat, respectively, once daily for 7 days. MIA + DSS group received 14 mg/kg
DSS (in 0.5% CMC, p.o) once a day for 7 days. Control and MIA model groups were orally administrated
with equal volume of 0.5% CMC once a day for 7 days.

The diameter of joints was measured at 24 h after the last treatment via using a digital vernier caliper
(Preisser Products, Germany). Subsequently, the synovial samples were dissected from the joints for
histopathological, immunohistochemical, and ELISA analyses.

Synovial sample was immediately fixed in 4% paraformaldehyde overnight, then embedded in paraffin, sec-
tioned into 5 mm cross-sectional pieces by using a paraffin slicer (RM2016, LEICA, Shanghai, PR China).
Paraffin sections were stained with hematoxylin-eosin for histopathological analysis and stained with pri-
mary and secondary (1:2000) antibodies for immunohistochemistry analysis. Primary antibodies were rabbit
anti-rat Itga2b and Itgb3, at dilutions of 1:100 each. Each slide was observed in a microscope (XSP-C204,
CIC, PR China). The percent areas of Itga2b and Itgb3 were assessed by ImageJ software (ver. 1.8.0;
https://imagej.nih.gov/ij/). The experimental detail followed the Guidelines of British Journal of Pharma-
cology (Alexander et al., 2018).

Synovial samples were homogenized in ice-cold 0.9% saline. The homogenate was centrifuged at 3,000 rpm
for 10 min at 4 , and the supernatant was transferred to another tube. The levels of Itga2b and Itgb3 in the
tissue homogenate was assessed with the ELISA kits according to the manufacturer’s instructions.

The statistical comparison of joint diameter, immunohistochemistry, and ELISA data was performed with
Aov (ANOVA) and Tukey HSD (multiple comparison) in the R Programming Language (version 3.5.2). Sta-
tistical analysis data were presented as mean ± standard deviation and statistical significance was accepted
if P < 0.05.

Results
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Herbal compounds analysis of HL

The chromatographic profile of freeze-dried powder of HL is shown in Figure 2. Ninety compounds (thirty-six
organic acids, thirty flavonoids, six purines, five coumarins, four tannins, and nine others) in HL were iden-
tified (Supplementary Table S1). The MS/MS spectra data of these compounds is shown in Supplementary
File S1.

In-house compound-target database construction

The in-house compound-target database constructed by PubChem BioAssay database is available in Supple-
mentary Table S2. Sixty-four compounds from HL, such as myricetin, esculetin, and caffeic acid, etc., may
act on 451 targets.

Compound-target-biolabel link profile of HL treating OA construction

The association network of compound targets and both biolabels assessed by STRING database is shown
in Supplementary Figure S1. Based on the in-house database and the association network, the compound-
target-biolabel link profile of HL treating OA was established (Figure 3). Five compounds from HL (myricetin,
fisetin, esculetin, 7-hydroxycoumarin-4-acetic acid, and caffeic acid) synergistically regulated both biolabels
(Itga2b and Itgb3) through eleven targets (CBFB, FYN, HDAC1, HSP90AA1, ITGA4, LCK, MAPK1,
PIK3CA, PTPN1, RUNX1, and SYK). These five compounds may be the active ingredients of HL treating
OA.

OA model for the validation of the active ingredients analysis results

Joint swelling is one clinical symptom of OA reflecting the presence of synovitis (Berenbaum, 2013) (Figure
4A). Compared to the joint diameter in the control group, that in MIA model group was increased by 47.6%.
Compared to the joint diameter in MIA model group, that in MIA + DSS group was decreased by 17.2%;
those in MIA + 14, 28, and 56 mg/kg myricetin groups were decreased by 21.9, 20.2, and 18.7%, respectively;
those in MIA + 14, 28, and 56 mg/kg fisetin groups were decreased by 22.8, 20.6, and 21.2%, respectively;
those in MIA + 14, 28, and 56 mg/kg esculetin groups were decreased by 23.7, 19.5, and 19.6%, respectively;
those in MIA + 14, 28, and 56 mg/kg 7-hydroxycoumarin-4-acetic acid groups were decreased by 18.4, 16.9,
and 20.0%, respectively; those in MIA + 14, 28, and 56 mg/kg caffeic acid groups were decreased by 18.0,
17.0, and 14.6%, respectively.

The change of microstructure can directly reflect the synovial damage (Figure 4B and Supplementary File
S2). Synoviocytes in the control group were monolayer and arranged compactly and regularly, and there
was no abnormal inflammatory cell in synovial tissue. A serious inflammatory damage occurred in the MIA
model rats, and irregular synoviocytes arrangement, synovial hyperplasia, and inflammatory cells infiltration
were found in synovial tissue. DSS and the herbal compounds showed the tendency to repair the synovial
tissue damaged by MIA.

Itga2b and Itgb3 are abundantly and predominantly expressed in platelets and promote their aggregation.
The levels of both subunits can represent the number of platelets (Li et al., 2020). In immunohistochemical
analysis (Figure 5 and Supplementary File S3), compared to the percent areas of Itga2b/Itgb3 in the control
group, those in the MIA model group were increased by 95.5/75.6%. Compared to the percent areas of
Itga2b/Itgb3 in MIA model group, those in MIA + DSS group were decreased by 28.6/19.7%; those in MIA +
14, 28, and 56 mg/kg myricetin groups were decreased by 31.3/22.6, 37.5/31.9, and 40.8/41.8%, respectively;
those in MIA + 14, 28, and 56 mg/kg fisetin groups were decreased by 37.2/27.9, 25.4/22.1, and 28.0/36.5%,
respectively; those in MIA + 14, 28, and 56 mg/kg esculetin groups were decreased by 44.0/36.8, 37.2/23.1,
and 31.7/22.3%, respectively; those in MIA + 14, 28, and 56 mg/kg 7-hydroxycoumarin-4-acetic acid groups
were decreased by 31.8/34.6, 41.0/25.7, and 23.7/28.1%, respectively; those in MIA + 14, 28, and 56 mg/kg
caffeic acid groups were decreased by 27.6/37.6, 31.2/35.3, and 29.4/22.6%, respectively.

In ELISA analysis (Figure 6), compared to the levels of Itga2b/Itgb3 in the control group, those in the MIA
model group were increased by 111.3/113.0%. Compared to the levels of Itga2b/Itgb3 in MIA model group,
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those in MIA + DSS group were decreased by 37.7/35.5%; those in MIA + 14, 28, and 56 mg/kg myricetin
groups were decreased by 28.7/46.0, 40.3/51.8, and 26.4/51.1%, respectively; those in MIA + 14, 28, and 56
mg/kg fisetin groups were decreased by 38.4/49.1, 23.9/29.6, and 26.1/40.3%, respectively; those in MIA +
14, 28, and 56 mg/kg esculetin groups were decreased by 43.0/45.0, 36.2/29.9, and 25.3/25.2%, respectively;
those in MIA + 14, 28, and 56 mg/kg 7-hydroxycoumarin-4-acetic acid groups were decreased by 70.8/28.7,
34.4/27.9, and 25.3/44.8%, respectively; those in MIA + 14, 28, and 56 mg/kg caffeic acid groups were
decreased by 25.1/24.4, 25.3/17.7, and 23.9/21.6 %, respectively.

Discussion

The current study provides a new strategy for effectively and rapidly analyzing the active ingredients of herbal
medicines based on the public bioinformatics platforms, which fills the gap in existing research. With the
help of the public resources (PubChem BioAssay and STRING), this analysis strategy has the advantages of
simplicity, convenience, efficiency, rapidness, and low-cost. In the following sections, we briefly discussed this
strategy using the treatment of OA by HL as an example. Itga2b and Itgb3 are two subunits of integrin, both
of which heterodimerize to form a complex (Cordeiro et al., 2016). The expression of both subunits may be
influenced by each other. As shown in Figure 3, eleven compound targets (CBFB, FYN, HDAC1, HSP90AA1,
ITGA4, LCK, MAPK1, PIK3CA, PTPN1, RUNX1, and SYK) are combined with both biolabels to form a
synergistic regulation network with Itga2b and Itgb3 as the core. According to Reactome pathway database
(https://reactome.org), CBFB, RUNX1, and HDAC1 may regulate Itga2b gene transcription; LCK interacts
with SYK to bind to Itga2b and Itgb3; PTPN1 interacts with Itga2b and Itgb3. PIK3CA, MAPK1, and
both biolabels participate in platelet activation pathway annotated by KEGG (https://www.kegg.jp/kegg/).
PIK3CA and MAPK1 may activate Itga2b and Itgb3 through a series of cascade reactions. In platelet
activation pathway of KEGG database, FYN modulates the downstream signal to activate Itga2b as well.
Through the prediction of SRTING database, HSP90AA1 and ITGA4 are very likely to bind to Itgb3 and
regulate this subunit. In Figure 3, each compound may only modulate the biolabels by acting on two to four
targets. Therefore, if some of the targets are mutated, it may lead to the single compound’s efficacy drop,
and even failure. HL is a complex system composed of multi-compounds, five of which (myricetin, fisetin,
esculetin, 7-hydroxycoumarin-4-acetic acid, and caffeic acid) may synergistically regulate the expression of
both biolabels through their interventions on eleven targets. Thus, compared with the intervention mode of
a single compound, the multi-compounds and multi-targets synergistic mode of action of herbal medicines is
more capable of producing stable efficacy in the treatment of diseases and may reduce the possibility of drug
resistance. The above analysis indicates that myricetin, fisetin, esculetin, 7-hydroxycoumarin-4-acetic acid,
and caffeic acid may be the active ingredients of HL treating OA. To verify the analysis results, we examined
the effects of these compounds on the joint swelling, synovial pathological injury, and synovial platelet
aggregation in the OA rat model induced by MIA. Previous studies have shown that all of these compounds,
except for 7- hydroxycoumarin-4-acetic acid, may play the protective roles in OA cartilage (Huang et al.,
2018; Pan et al., 2019; Yamada et al., 1999; Zheng et al., 2017). Besides cartilage, the synovium in OA also
suffers significant damage, and accompanied by synovial platelet aggregation (Alunno et al., 2014; Balbaloglu
et al., 2014; Li et al., 2020). Subsequently, the platelet was activated to trigger thrombus formation in synovial
microcirculation and participate in cartilage damage (Balbaloglu et al., 2014). However, to our knowledge,
no study has shown that these compounds can protect OA synovium by regulating the platelet aggregation.
Therefore, this study also provides a new reference for their mechanism of action in the treatment of OA.
In the MIA-induced OA rat model (Figure 4), the synovium displays obvious damage, including irregular
synoviocytes arrangement and synovial hyperplasia. Meanwhile, the expression of Itga2b and Itgb3 in the
damaged synovium was significantly up-regulated (Figures 5 and 6), indicating a massive aggregation of
platelets at this site. This is consistent with the previous studies (Alunno et al., 2014; Balbaloglu et al.,
2014; Li et al., 2020). The results of the current experiment show that these compounds may reverse the
overexpression of both biolabels induced by MIA, which may protect OA synovium against the platelet
aggregation (Figures 5 and 6).

Joint swelling reflects the presence of synovitis (Berenbaum, 2013). Histopathological analysis in Figure
4 also shows that a large number of inflammatory cells infiltrated into the damaged synovium induced by

6
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MIA. Previous studies have shown that these compounds have anti-inflammatory effects (Chang and Chiang,
1995; Hou et al., 2018; Huang et al., 2018; Tubaro et al., 1988; Zheng et al., 2017), which is conducive to the
recovery of joint swelling and the inflammatory damage in the synovium (Figure 4). Additionally, platelet
aggregation and activation are also the markers of synovial inflammation in OA (Alunno et al., 2014). From
this view, their anti-inflammatory effects may also contribute to the inhibition of platelet aggregation by
these compounds in OA synovium.

Conclusions

With the help of the analysis strategy, the present study effectively and rapidly analyzes the active ingredients
of HL treating OA. The example in this research also verifies the feasibility of this strategy, which is of
reference significance to the related studies of other herbal medicines. Meanwhile, the results also display the
multi-compounds and multi-targets synergistic mode of action of herbal medicines and provide the important
reference information for their basic researches and clinical applications. In addition, based on these results,
we also propose that researchers should use an active ingredients group instead of a single compound to
control the quality of herbal medicines according to the pathogenesis of different diseases.
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