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Objective: Longdan Xiegan Decoction (LXD) is a famous herbal formula in China. It has been proved that LXD has been shown to
have a significant inhibitory effect on suppresses the inflammatory cells associated with uveitis. However, the key functional
combination of component groups and their possible mechanisms remain unclear.

Methods: The community detecting model of the network, the functional response space, and reverse prediction model were utilized
to decode the key components group (KCG) and possible mechanism of LXD in treating uveitis. Finally, MTT assay, NO assay and
ELISA assay were applied to verify the effectiveness of KCG and the accuracy of our strategy.

Results: In the components-targets-pathogenic genes-disease (CTP) network, a combination of Huffman coding and random walk
algorithm was used and eight foundational acting communities (FACs) were discovered with important functional significance.
Verification has shown that FACs can represent the corresponding C-T network for treating uveitis. A novel node importance
calculation method was designed to construct the functional response space and pick out 349 effective proteins. A total of 54
components were screened and defined as KCG. The pathway enrichment results showed that KCG and their targets enriched
signal pathways of IL-17, Toll-like receptor, and T cell receptor played an important role in the pathogenesis of uveitis.
Furthermore, experimental verification results showed that important KCG quercetin and sitosterol markedly inhibited the
production of nitric oxide and significantly regulated the level of TNF-a and IFN-y in Lipopolysaccharide-induced RAW264.7
cells.

Discussion: In this research, we decoded the potential mechanism of the multi-components-genes-pathways of LXD’s pharmacolo-
gical action mode against uveitis based on an integrated pharmacology approach. The results provided a new perspective for the future
studies of the anti-uveitis mechanism of traditional Chinese medicine.
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Introduction

Upveitis belongs to inflammatory disease that concern retinal vessels, retina, choroid, vitreous body, ciliary body, and iris,"
which has a potential risk of blindness. According to the epidemiological survey in the United States and Europe, uveitis
has an annual incidence of 2050 million, and the prevalence rate is about 100—150 million.' Blindness caused by uveitis
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accounts for about 10% of all blind patients.”* Therefore, uveitis not only significantly affects the quality of life of
patients but also places a heavy burden on the family and society.

Since the pathogenesis of uveitis is still unclear, it often brings a lot of confusion to clinical treatment. In the western
medicine treatment of uveitis, pupil dilators, non-steroidal anti-inflammatory drugs, glucocorticoids, and immunosup-
pressants can be used comprehensively based on etiological treatment. However, increasing evidence indicated that TCM
is widely used to treat inflammation-induced complex diseases, including uveitis. There are many different prescriptions
that can be used to treat uveitis*, such as Shaoyao Gancao Decoction, Longdan Xiegan Decoction (LXD), and Qufeng
Huoxue pill. Among them, LXD>® has been widely used in TCM clinical trials, with anti-inflammatory, liver protection,
and immunomodulatory effects, and has been found to successfully control uveitis in TCM clinic. Previous studies of
pharmacology have shown that LXD can effectively alleviate the clinical manifestations of experimental autoimmune
uveitis in rats, reduce the differentiation power of uveal-derived CD4" T cells, and inhibit the expression level of Th1 and
Th17 landmark cytokines IFN-y and IL-17, which is consistent with some conclusions obtained in the following
experimental parts.'® In addition, LXD can also promote the secretion of IL-10 and restore immune balance, thus
accelerating the recovery of autoimmune uveitis, suggesting that LXD may treat uveitis by regulating the immune
response. In addition, histopathological studies showed that LXD had protective effects on the iris, ciliary body, retina,
and other tissues of EAU rats.!! However, LXD, as a traditional Chinese medicine compound, has complex components,
and its main components and molecular mechanism for treating uveitis are still unclear, which need to be further
explored.

LXD is composed of 10 kinds of Chinese herbal medicine: Gentiana scabra Bunge [Gentianaceae] (Longdancao,6g),
Scutellaria baicalensis Georgi [Labiatae] (Huangqin,9g), Gardenia jasminoides J. Ellis [Rubiaceae] (Zhizi,9g),
Bupleurum chinensie DC. [Umbelliferac] (Chaihu,10g), Alisma plantago-aquatica subsp. orientale (Sam.) Sam.
[Alismataceae] (Zexie,12g), Plantago asiatica L. [Plantaginaceae] (Cheqianzi,9g), Rehmannia glutinosa (Gaertn.) DC.
[Scrophulariaceae] (Dihuang, 20g), Angelica sinensis (Oliv.) Diels [Umbelliferae] (Danggui,8g), Glycyrrhiza uralensis
Fisch. ex DC. [Leguminosae] (Gancao,6g), Akebia quinata (Thunb. ex Houtt.) Decne. [Lardizabalaceae] (Mutong,9g). Its
traditional formula is recorded in the Chinese Pharmacopoeia. However, there is no literature to clarify the molecular
mechanism of LXD. Therefore, how establishing a new method to detect the key components of LXD prescription on
uveitis and speculate its hidden mechanisms not only provides a useful treatment strategy for the accurate treatment of
uveitis but also contributes to the understanding of the interaction between drugs and the body and guiding the discovery
of new drugs.

The compound prescription of TCM has many flavors and ingredients, which makes it have the characteristics of
“multi-target, multi-pathway and multi-link”. In addition, the characteristics of TCM research mainly include a holistic
view, dialectical treatment, prescription use and so on, so the network analysis research arises at a historic moment, and it
defeats many previous systematic pharmacological models to crack TCM and TCM prescription models. It is precisely
because it has the characteristics of integrity, systematicness and considering interaction.

Currently, integrated system pharmacology has been extensively employed in treating various kinds of disorders. For
example, Gao and so on'? decipher the potential mechanism of turmeric formula in the treatment of cardiovascular

disease by using integrated pharmacology; Bao et al'’

revealed the potential mechanism of anti-osteoporosis of
Xianlinggubao capsule through network analysis. Yang et al'* developed an integrated system pharmacology model to
discover the effective components and essential targets of Shengdihuang decoction in treating dysfunctional uterine
bleeding. Following the in-depth convergence of bioinformatics, integrated pharmacology and system biology, and the

continual accumulation and improvement of data accuracy based on the robust computational methods'> '

, reliability
and completeness, the research ideas and techniques of integrated systems pharmacology would be widely applied to the
study of key components group and mechanisms of action of TCM prescriptions, providing more methodological
innovations for molecular level research of TCM.

The prescriptions of TCM are widely employed in treating complex disorders in the clinic. Due to the complexity,
however, there is still lack systematic methods to decipher the main underlying synergistic mechanism of the prescrip-
tion. In this study, a integrated system pharmacological model was designed to decipher the potential mechanism of LXD

in the therapy of uveitis, so as to provide methodological reference for the treatment of complex diseases with TCM.
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Figure | The diagram of our proposed network pharmacological strategy. LXD stands for Longdan Xiegan decoction and FACs stands for foundational acting communities.

In this research, for decoding the key functional combined components group and uncovering the molecular mechanism of
LXD in treating uveitis, the integrated optimization strategy by using a combination of Huffian coding and random walk
algorithm and node importance calculation method to capture the key components group (KCG) in the treatment of uveitis with
LXD. Firstly, an active ingredients-targets-pathogenic genes-disease network was construct to obtain FACs by using our
published community detection algorithm and FACs was validated by pathogenic genes coverage, functional pathways coverage
and key nodes contribution. Secondly, the novel designed node importance calculation method was performed to explain the key
response space and effective proteins in FACs, and KCG was detected from key response space based on CCR model. Finally, the
potential mechanism of LXD on uveitis was inferred by functional analysis and experiment in vitro was performed to confirm the
reliability of KCG (Figure 1). This study provides a new network-based approach for the evaluation and selection of appropriate
treatment strategies for complex diseases of TCM.

Materials and Methods

ADME Screening and Active Component Identification
All chemical components of LXD used in this study were extracted from Traditional Chinese Medicine System (TCMSP,
http://Isp.nwsuaf.edu.cn/tcmsp.php),>® but not all chemical components have good medicinal properties. Therefore, we

use published ADME model?' to screen chemical components with better medicinal properties, and the screening criteria
are mainly as follows: The five rules of Lipinski, Oral bioavailability (OB, %F) > 30% and Drug-like (DL) > 0.14.?* The
Lipinski’s rule of 5 refers to: The MW (molecular weight) of the component is not more than 500 Daltons, the number of
hydrogen bond donors, hydrogen bond receptors and rotatable bonds in the compound do not exceed 5, 10, and 10,
respectively. In the structure of the compound, the logP which means the logarithmic value of the compound is ranged
from —2 to 5. Oral bioavailability is a reflection of the ratio of the number of drugs given into the human circulation,
which describes the percentage of the number of drugs in the blood that are absorbed by the gastrointestinal tract and
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passed through the liver to reach the systemic circulation.®> Drug-like property refers to the feature that an ideal drug
should have a suitable physical and chemical traits of successful drugs.>* After screening by ADME, we obtained
potential active ingredients of LXD, but some ingredients did not meet these rules. However, experiments proved that
they had high concentration and strong biological activity, so we also retained these ingredients as active ingredients,
with a total of 35.

Networks Construction

Cytoscape software was used to build the CTP network of LXD prescription.?’

We use Cytoscape plugin
NetworkAnalyzer to analyze the topology parameters of the network.?

Detection of FACs and Effective Space
FACs (foundational acting communities) of LXD in treating uveitis were figured out based on CTP network by utilizing
our previous mathematical algorithm with slight modification.?’

The effective space was established as follows:

v 1 i 1
BCCC > Med{ min; ( Y 6“”) %Y — :max, ( Y 6’“)) <Y (1)
s#v#Etel Ovt V#EX d(v,x) s#v#Etel Ovt V#EX d(v,x)

Med, Min, Max represents median, minimum and maximum of nodes importance, respectively;

oy represents the number of the shortest path between nodes v and t, is the number of the shortest path passing
through node s.

X, v represents nodes (genes)

oyt represents the shortest distance (minimum number of edges) when x and v are connected.

Cumulative Contribution Rate of FACs in CTP Network
The contribution weight (CM) represents the net contribution of FACs in LXD. The R value is employed to indicate the
influence of components through the following methods:

d. — d.(min)
 d.max — d,(min)

n

2R
CC(i) = +— x 100% 2)

n

2R

i

Where dc is the degree of each component, which is calculated by Cytoscape. R is a monitor of the influence of
components. Where n stands for the number of components in the LXD FACs; m is the number of components in the
LXD CT network; Ri stands for the indicator of each component in the LXD FACs, and Rj stands for the indicator of
each component in the LXD CT network.

Develop CCR Model to Select KCG

The KCG is hidden in the components of the key response space. We define the network coverage of each component j in
the key response space as w;. The contribution rate of targeted to pathogenic genes is v;. The maximum expected network
coverage rate of KCG is R. In these variables, R > 0, w; > 0, v; > 0, 1 <j < n, KCG is required to be found from
n components, so that the cumulative contribution rate of targeted to pathogenic genes is the largest. The specific
calculation formula is as follows:

CCR = max Y, vix;
J=1
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Kyoto Encyclopedia of Gene and Genome Pathway
In order to perform functions of FACs, signal pathways for enrichment analysis were collected from the KEGG
database.”® The P value was set to less than 0.05. Analysis results were visualized by Pathview.”’

Experimental Validation
Reagents
The reagents in this study are described in the Supplementary Materials.

Cell Culture and Treatment
Cell culture and processing as described in the Supplementary Material.

Cell Viability Assay

Cell viability was determined as described in the Supplementary Material.

Measurement of NO
Referring to our previous method,”” 10-30 pM quercetin and sitosterol were used to perform NO measure.

Measurement of TNF-a and IFN-y
The level of TNF-a and IFN-y were detected by utilizing the assay kits according to specifications.

Statistical Analysis

SPSS 22.0 was used for statistical analysis. The significance of divergences in multiple comparisons was calculated using
one-way ANOVA. Obtained p-values were corrected by Benjamini-Hochberg false discovery rate (FDR). The p-value <
0.05 was considered statistically significant.

Results

Chemical Analysis

Chemical identification is important for studying the effective parts, effective components and mechanism of action of
Chinese herbal medicine. Through a literature search, the high concentration and bio-active components of LXD were
kept. Table 1 lists the chemical composition of Chinese herbal medicine and the concentration of the identified
components, which supply experimental assistant biochemical space for searching for active components.

Active Components in LXD

By searching the TCMSP database, a total of 1278 components of 10 kinds of Chinese herbal medicine in LXD were
obtained. TCM formulations usually contain a series of ingredients, and ADME screening method is usually used to
screen the active components. After ADME screening, 195 active components in LXD passed the comprehensive
screening criteria (Table S1 in Supplemental Material). In order to further analyze these active components, it can be

seen from Figure 2 that 10 active components in LXD are common to two or more Chinese herbal medicines.

Construction of Weighted Gene Regulatory Network of Uveitis

The pathogenesis of uveitis is the result of a weighted multi-gene regulation. Constructing and interpreting this weighted gene
regulation network is the key step for us to understand the pathogenesis of uveitis and provide an intervention strategy. In the
first step, we use BioGRID (https://thebiogrid.org/) and STRING (https://cn.string-db.org/) database to build PPI network. We
obtained 995 pathogenic genes with correlation scores from Genecards (https://www.genecards.org/). The higher confidence

pathogenic genes were defined as the genes whose relevant score was larger than the median of the correlation scores of all
pathogenic genes. Then, the 767 higher confidence pathogenic genes with relevant scores were mapped to PPI network to
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Table | Experimental Chemical Information of Herbs in LXD Based on Published Literature

Herb Method Component Concentration
Gentiana scabra Bunge [Gentianaceae] HPLC Rutin 0.113 mg/g
[Longdancao) Quercetin 0.015 mg/g
Luteolin 0.011 mglg
Kaempferol 0.045 mg/g
Isorhamnetin 0.021 mglg
Scutellaria baicalensis Georgi HPLC Baicalin 122.4 mglg
[Labiatae] Han-Baicalin 22.25 mglg
[Huanggqin] Baicalein 16.12 mglg
Wogonin 4.719 mglg
Chrysin 0.3295 mg/g
Thousand-layer paper element A 3.110 mgl/g
Gardenia jasminoides ).Ellis HPLC Geniposidic acid 1.05 mg/g
[Rubiaceae] Deacetylated methyl oxalate 1.31 mglg
[Zhizi] Genipin gentian disaccharides 11.40 mg/g
Geniposide 74.64 mglg
Neo-chlorogenic acid 0.25 mg/g
Chlorogenic acid 2.13 mglg
Cryptochlorogenic acid 0.40 mg/g
Crocin | 0.36 mg/g
Bupleurum chinensie DC. HPLC Saikosaponin a 2.672 mglg
[Umbelliferae] Saikosaponin b 1.105 mg/g
[Chaihu] Saikosaponin ¢ 2.328 mg/g
Alisma plantago-aquatica subsp. orientale (Sam.] Sam. HPLC Alisol A 0.189 mg/g
[Alismataceae] Alisol F 2.13 mglg
(Zexie) 24-acetyl Alisol A 0.913 mg/g
23-acetyl alisol B 0.444 mg/g
Plantago asiatica L. [Plantaginaceae] HPLC Geniposidic acid 21.062 mg/g
(Chegianzi) Caffeic acid 0.17 mg/g
Acteoside 1.58 mg/g
Isoacteoside 9.38 mg/g
Rehmannia glutinosa (Gaertn.) DC. [Scrophulariaceae] HPLC Catalpol 2.113 mg/g
(Dihuang) Acteoside 0.409 mg/g
Angelica sinensis (Oliv.) Diels [Umbelliferae] HPLC Ferulic acid 0.36 mg/g
(Danggui) Coniferylferulate 6.11 mg/g
Z-ligustilide 4.34 mg/g
E-ligustilide 0.23 mgl/g
Z-3-butylidenephthalide 0.20 mg/g
E-3-butylidenephthalide 0.08 mg/g
Glycyrrhiza uralensis Fisch. ex DC. [Leguminosae] RP-HPLC Liquiritin apioside 6.33 mg/g
[Gancao) Liquiritin 35.34 mg/g
Isoliquiritin apioside 2.21 mglg
Isoliquiritin 5.85 mg/g
Licochalcone B 0.14 mg/g
Liquiritigenin 0.30 mg/g
Echinatin 0.10 mg/g
Isoglycyrrhizin 0.21 mg/g
Glycyrrhizic acid 121.85 mg/g
Akebia quinata (Thunb. ex Houtt.] Decne. [Lardizabalaceae] HPLC Aristolochic acid A 2.73 mglg
(Mutong)
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Figure 2 Distribution map of active components in different herbs of LXD. DG represents Angelica sinensis (Oliv.) Diels, SDH represents Rehmannia glutinosa (Gaertn.),
MT represents Akebia quinata (Thunb. ex Houtt.) Decne., CQZ represents Plantago asiatica L., LD represents Gentiana scabra Bunge, ZX represents Alisma plantago-
aquatica subsp., ZZ represents Gardenia jasminoides J. Ellis, CH represents Bupleurum chinensie DC, HQ represents Scutellaria baicalensis Georgi, GC represents
Glycyrrhiza uralensis Fisch. ex DC.

build a weighted gene regulatory network. The weighted gene regulatory network contained 704 nodes and 36,636 edges
(Figure 3). The genes whose correlation scores were more than 100 included CDH1, APC, BRCA2, MLHI1 et al. Although
there is no direct evidence of the association between the above genes and uveitis, studies have shown that mice with CDH1
deletion are more likely to develop prostatic inflammation and chronic uterine inflammation.>**' The expression of MLH] is
significantly increased in chronic gastritis caused by Helicobacter pylori.** These results show that the weighted gene
regulation network and the ranked weighted genes can reflect the pathogenesis of uveitis and provide a reliable reference
for the next construction of the CTP network.

CTP Network Construction

In order to analyze the relationship between active components and their responding targets in LXD formula, a component-target
network was constructed by using Cytoscape. The consequences show that the LXD network consists of 195 active components,
905 target proteins and 8754 interactions. The topology parameters of these CT networks are further analyzed by
NetworkAnalyzer, and it is found that the average degrees of components and targets of LXD are 44.82 and 9.68, respectively.
These results mean that one target can be regulated by multiple components and each component can target multiple genes.
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Figure 3 Weighted pathogenic genes regulatory network. Nodes size represents the weight of pathogenic genes, different colors represent different scores of nodes.

Furthermore, we map the disease-weighted gene regulatory network and component target network to PPI network to obtain CTP
network. The CTP network contains 5525 nodes and 126,687 edges.

FACs Predication and Validation

FACs Predication

CTP network is a complex network containing target genes and pathogenic genes. How to obtain the key drug effect
module in this network is the basis of understanding the mechanism of LXD in treating uveitis. In this study, we
integrated random walk and Huffman encoding information mapping algorithm into our integrated system pharmacolo-
gical model. The algorithm finds 8 FACs with significant functional significance in CTP network through heuristic
optimization (Table S2 in Supplemental Material and Figure 4).

FACs Validation

To verify whether the predicted FACs in LXD could stand for the corresponding C-T network for the treatment of uveitis. Several
methods were employed to validate the reliability and accuracy of FACs. The first method is to calculate the ratio of the number
of pathogenic genes contained in FACs to the number of pathogenic genes in CTP network, and the higher the ratio, it indicates
that FACs can retain pathogenic genes in CTP network to the maximum extent. The second method is to investigate the ratio of
gene enrichment pathway in FACs and CTP network. The third method is to calculate the cumulative contribution rate of
important nodes in FACs to the cumulative contribution rate of nodes in the CTP network. A high percentage implies that FACs
can retain significant nodes in the corresponding CTP network. The specific results are as follows:

Compared the Number of Pathogenic Genes in FACs and CTP Network
To evaluate whether the number of uveitis pathogenic genes in FACs is close to that in the corresponding CTP network.
The acknowledged pathogenic genes of uveitis were collected from the published literature for further analysis. Results
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Figure 4 Predicted FACs of LXD in CTP network. The green node represents the specific components of the LXD, and the yellow node represents the related targets.

showed that the CTP network of LXD contains 20 pathogenic genes. The FACs of LXD contain 19 pathogenic genes.
Compared with CTP network of LXD, the ratio of pathogenic genes in FACs reached 95%, confirming the predicted
FACs with higher pathogenic gene coverage (Figure 5). These results show that FACs has highly consistent with the CTP
network in the number of pathogenic genes, and also confirm that our developed FACs prediction model is reliable and
accurate.

Validated the Genes Enriched Pathways in FACs and CTP Network

Another indicator of the representation and influence of predicted communities is their functional coherence, which can
be obtained through the related gene enrich pathways.** In this study, we use this strategy to determine whether the FACs
discovered in LXD can represent its complete CTP network at the functional level. Our analysis shows that the gene
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A Pathogenic gene CTP Network Pathogenic gene motifs CTP Network FACs

Figure 5 The number of overlapped pathogenic genes between CTP network and FACs in LXD (A-C). (A-C) use the Venn diagram to visualize the overlap number
between CTP network and FACs in LXD.

enrichment pathway of FACs in LXD accounts for 91.2% of the gene enrichment pathway of LXD CTP network
(Figure 6). The gene enrichment pathway involved in the FACs of LXD is highly consistent with that of its CTP network.
This result confirmed that FACs and CTP network have a high degree at the functional level, and once again validated the
reliability and accuracy of our FACs detection model.

Prion disease

Glioma

ErbB signaling pathway

PI3K-Akt signaling pathway

AGE-RAGE signaling pathway in diabetic complications
Oxidative phosphorylation

T cell receptor signaling pathway

PD-L1 expression and PD-1 checkpoint pathway in cancer
EGFR tyrosine kinase inhibitor resistance

Rap1 signaling pathway

Non-small cell lung cancer

MAPK signaling pathway

Ras signaling pathway

Arachidonic acid metabolism

Inflammatory mediator regulation of TRP channels
Insulin resistance

Prostate cancer

VEGF signaling pathway

Serotonergic synapse

Thermogenesis

Sphingolipid signaling pathway

Parkinson disease

Alzheimer disease

ligand. tor il
9 P!

Non-alcoholic fatty liver disease

Qualue
0.00000000006

0.00000000004

0.00000000002

Count
® 30
@ 50
@
[ X

Thyroid hormone signaling pathway

Linoleic acid metabolism

Kaposi sarcoma-associated herpesvirus infection
Fluid shear stress and atherosclerosis

C-type lectin receptor signaling pathway [ ]
Steroid hormone biosynthesis [ J
Phospholipase D signaling pathway [ ]
Endocrine resistance [

cTP KFC
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Validated the Important Nodes in FACs and CTP Network

The importance of nodes in network is one of the crucial topological parameters to characterize the influence of nodes in
the network.”” We evaluate the importance of nodes in FACs and CTP network by using our published mathematical
model. Based on the results of the calculation, an R value is assigned to the FACs. The details are shown in Figure 7. The
sum of 8 FACs reaches 92.19% cumulative contribution rate of that in CTP network. The results show that our model can
get the most important topological structure in CTP network.

Effective Proteins Selection and Validation from Key Response Space

Drug action is the initial interaction between drugs and body cells, and its process involves the interaction between
a variety of proteins and even genes, which is more complex. The occurrence and development of various diseases often
involve the transcription and translation of genes and the interaction of a variety of proteins, which form a complex
network that has not been completely cracked so far. The intervention effect of drugs is often shown as the effective
components of drugs acting on single or multiple nodes of the network, thus promoting the therapeutic effect throughout
the whole network. The importance of nodes is an important factor to be considered in optimizing the network. At
present, the main methods to describe the importance of nodes are degree, intermediate number, neighborhood
connectivity, shortest path et al. These methods mainly depended on the nature of a certain aspect of the network to
depict the importance of nodes in the network. In this study, we design a new network importance calculation method
based on key functional communities, which takes into account the influence and near centrality of nodes. We identify
349 Effective Proteins from key functional communities.

In order to verify the functional accuracy and reliability of our method of finding Effective Proteins by node importance
based on key functional communities, and compared with other methods, we analyzed the enrichment of LXD target genes
and pathogenic genes in KEGG and Gene Ontology (GO), respectively, and took the intersection of the two as the main
intervention in KEGG and GO. Based on our method, the KEGG analysis and GO analysis of 349 effective proteins accounted
for 97.73% and 93.67% of the intervention KEGG and GO analysis, respectively (Figure 8C). Based on the relatively common
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Figure 7 The contribution coefficient of network topological between C-T network and FACs in LXD. A bar diagram was used to visualize the cumulative contribution rate
between C-T network and FACs in LXD.
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Figure 8 The model we designed is compared with other widely used models. (A) The Venn diagram shows the overlap between the GO term of the four models and the
intervention GO term. (B) The Venn diagram shows the overlapping pathways of the four models and the intervention pathway. (C) Comparison of our model with other
models in terms of intervention pathway and GO term. (D) Barplot was used for enrichment analysis of effective protein pathways.

calculation methods of node importance, including degree, intermediate number and neighborhood connectivity, the Effective
Proteins are obtained, respectively. The Effective Proteins obtained by this method were analyzed by GO and KEGG pathway
enrichment analysis and then compared with the intervention approach and intervention GO. The consequences (Figure 8A
and B) show that the percentage of Effective Proteins enrichment pathways (Figure 8D) found in intervention pathways and
intervention GO items in our model is markedly higher than that in the degree model, intermediate centrality model and
neighborhood connectivity model. These results show that our model has higher accuracy and better functional coverage than
other node importance models. The above results confirm the accuracy and reliability of our method of finding Effective
Proteins by node importance based on key functional communities and further prove that the selected effective protein plays
an important part in the pathogenesis of uveitis.
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Key Component Group Selection and Validation

Establishing CCR model to optimize key response space to get key component groups, ultimately to explaining the
molecular mechanism of LXD in treating uveitis. According to the results of cumulative contribution, the components
which rank in the top 10 include LXD3 (Sudan III), LXD4 (Ent-epicatechin; ent-Epicatechin), LXD5 (baicalein;
wogonin), LXD20 (sitosterol; sitosterol), LXD45 (sophorin; acacetin), LXD77 (baicalin flavone; Panicolin), LXD90),
LXD156 (glycerol; Glycyrin), LXD182 (stigmasterol; Stigmasterol), LXD185 (epberberine; epiberberine) can contribute
55.87% of the effective target coverage. For further analysis, 47 components can contribute 90.26%. 54 components can
contribute 95.42% of the effective protein target coverage, so we selected 54 components as key component group (Table
S3 in Supplemental Material and Figure 9). The higher target coverage of effective proteins, the higher evidence that key

component group may be dominant and have a combined effect in the treatment of uveitis.

In order to analyze the role of LXD in the therapy of uveitis at the functional level, we analyzed the pathway using
Key component group targets and uveitis pathogenic genes, respectively. There were 171 enrichment pathways of core
components (p < 0.05) and 116 enrichment pathways of pathogenic genes (p < 0.05). The Key component group target
enrichment pathway accounts for 77.58% of the pathogenic gene enrichment pathway. These main targets are usually
enriched in PI3K-Akt signal pathway (Hsa04151), Ras signal pathway (Hsa04014), MAPK signal pathway (Hsa04010),
Rapl1 signal pathway (Hsa04015), Sphingolipid signal pathway (Hsa04071), cAMP signal pathway (Has04024) and so
on. For example, PI3K and Akt play a key role in HLA-B27-associated acute anterior uveitis, which is closely related to
the anti-inflammatory protection of endotoxin tolerance.** Activation of P38 mitogen-activated protein kinase (MAPK)
can mediate IL-17 (+) uveal T cell response and aggravate ocular inflammation associated with uveitis.>> The discovery
of angiotensin converting enzyme 2 (ACE2) promotes the establishment of Ras-ACE2/Ang-(1-7)/Mas protective axis.
Studies have shown that increasing the expression of ACE2 can alleviate the ocular inflammatory reaction of experi-
mental autoimmune uveitis mice by regulating the ocular immune response, including the differentiation of Th1/Th17
cells and the polarization of M1/M2 macrophages.*®

Some sphingomyelin metabolites, especially ceramides, act as bioactive messengers to trigger and regulate inflammation
and inflammatory diseases. Based on this, the increase of total phospholipids has been found in retina of EIU (endotoxin-
induced uveitis) rats. The study on the mechanism of protective lipids and pro-inflammatory lipids will become a useful
treatment for EIU inflammation.>” CAMP (cyclic adenosine monophosphate) is an important intracellular substance involved
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Figure 9 Accumulative contribution rate score of active components in LXD.
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in regulating substance metabolism and biological function and is the “second messenger” of life information transmission. It
has been found that increasing the intracellular cAMP level of iTregs before transplantation can improve the therapeutic effect
of iTregs on established EAU (experimental autoimmune uveitis).*® The results show that the strategy of combining the key
reaction network with CCR model to optimize the formulas of TCM is reliable, and the predicted KCG may play a therapeutic
role by mediating T cell proliferation, differentiation and cytokines secreted.

Analysis of Potential Mechanism of LXD in the Treatment of Uveitis

Uveitis is a disease closely related to autoimmunity and inflammation, which is often mediated by Th17 cells (IL-
23/IL-17) and/or Thl cells and their cytokines. In the above analysis, we found that there are 116 pathways shared
by CACG and pathogenic genes, including several signal pathways of IL-17 (Hsa04657), Toll-like receptor
(Hsa04620) and T cell receptor (Hsa05166). More and more evidences showed that these pathways may relate
to the pathogenesis or therapeutic targets of uveitis.*>>*° In order to explore the therapeutic mechanism of LXD
on a systematic level, we constructed an integrated signaling pathway using three molecular pathways (Figure 10).
In order to determine the specific position where LXD acts on the signal pathway, we regard the first three
columns as the upstream of the pathway and the other columns as the downstream positions of the pathway.
Among them, IL-17 signal pathway (Hsa04657) is one of the preferred ways for LXD to treat uveitis. LXD
regulates 25 targets such as IL-17RA, IL-17RB, IL-17RC and IL-17RE upstream of IL-17 signal pathway
(Hsa04657) and 34 downstream targets such as IL-6, TNF- o and MMP3. Most of the targets (Hsa04620) of
LXD regulating Toll-like receptor signal pathway are located downstream of this pathway, such as PKA, AKT and
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Figure 10 Enrichment pathway diagram of FACs in LXD for uveitis.
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RAF-1. In addition, it (Figure 10) shows that LXD can also affect the activation of T cell receptor signals to play

a vital role in treating uveitis. Therefore, LXD plays therapeutic role in uveitis by regulating ER-AKT/ERK key

cascades, synergistically affecting cell cycle and promoting apoptosis.

Experimental Validation of Important KCG in vitro
MTT assay was used to detect the effects of quercetin and sitosterol on RAW264.7 cell viability. Quercetin and sitosterol had
no effects on RAW264.7 cell viabilities at 10, 20, 30, 40, and 50 mM compared with the control group (Figure 11A and B).
Therefore, three concentrations (10, 20, and 30 mM) were used in subsequent experiments.
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NO is a modulator of intercellular information transmission and has the powerful function of mediating inflammatory
reactions and cellular immunity. To evaluate the results obtained from the network analysis model further, key
ingredients in the KNMSs of each formulation have opted for experimental validation. Quercetin and sitosterol from
LXD were used to detect the potential anti-inflammatory effects of LPS-induced RAW264.7 cells. In contrast to the
control group, NO level in IPS-treated cells was significantly increased by 310.90%, while quercetin (20 and 30 mM)
decreased extracellular NO level by 77.41% and 86.26%, sitosterol (10 and 20 mM) significantly decreased extracellular
NO level by 78.43% and 121.84%, respectively, in a concentration-dependent manner (Figure 11C and D). Our results
showed that quercetin and sitosterol inhibited lipopolysaccharide induced nitric oxide production in RAW264.7 cells. Our
results showed that quercetin and sitosterol inhibited the production of nitric oxide in Lipopolysaccharide-induced
RAW264.7 cells.

ELISA kits were used to assay effect of quercetin and sitosterol on pro-inflammatory cytokine (TNF-o and IFN-y)
levels. Normally, RAW264.7 cells produce small amounts of pro-inflammatory cytokines. When they were stimulated by
LPS, the levels of IFN-y and TNF-a were significantly higher by 896.24% and 639.40% in quercetin’s effects, while they
were markedly increased by 764.86% and 802.52% in sitosterol’s effects, compared to the control group. However, after
pretreatment with 10, 20 and 30 pM, quercetin reduced TNF-a levels by 278.19%, 445.19%, 625.42%, IFN-y levels by
117.36%, 283.76%, 501.63%, respectively (Figure 11E and G), while sitosterol reduced TNF-a levels by 274.77%,
228.82%, 518.46%, and reduced the levels of IFN-y by 267.70%, 500.00%, 467.70%, respectively (Figure 11F and H).

Yin et al'®

used animal experiments to verify that LXD can inhibit the expression levels of IFN-y and IL-17, the
landmark cytokines of Thl and Thl7, and effectively alleviate the clinical manifestations of experimental autoimmune
uveitis in rats. In our experiment, we found that the level of IFN-y decreased under the action of quercetin or sitosterol,

a specific component of LXD, which is consistent with the experimental results of Yin.

Discussion

At present, the efficacy of synthetic drugs in the treatment of uveitis is not ideal, and most of them have adverse
reactions.*' In China, the clinical application of some classical prescriptions in the treatment of uveitis has a long
history and remarkable curative effect. However, from a molecular point of view, the TCM formula usually play
therapeutic roles via multi-components, multi-targets and the multi-pathways.** ** Thus, decoding the inherent
attribute of complex ingredients and their unclear targets of TCM prescriptions has become an urgent problem to be
solved.

With the rapid development of bioinformatics, the network analysis of TCM has become a booming field of modern
research of TCM in recent years.lz’“*‘7 Therefore, the use of this method, combined with rich TCM treatment
experience, is expected to crack the internal mechanism of TCM prescriptions for complex diseases. Online pharmacol-
ogy methods can help us search for potentially active ingredients and targets on the basis of a wide range of databases,
and visually display the network of drug targets.*® The interaction between drugs and targets is abstracted as a network,
and then the influence of drugs on the biological network where targets are located can be studied as a whole. This
research strategy can help us to incisively understand the underlying mechanism of TCM in the systematic context of
interaction. However, the mode of drugs on the biological network still exists redundancy and noise in the integrated
systems pharmacology research.?’

In order to address this issue, we introduce an information map method, which integrated random walk rules and
Huffman coding theory. The algorithm can heuristically optimize the discovery of communities in CTP networks. The
optimized FACs results were used to uncover the mechanism of LXD in treating uveitis. In this process, the contribution
coefficient model is applied to verify the predicted FACs, and the accuracy and reliability of the proposed strategy are
verified.

After ADME screening, a total of 195 active components of LXD prescription were found. For example, B-sitosterol
is common in four Chinese herbal medicines, DG, MT, ZZ, and HQ, which can down-regulate the levels of IL-1 B, IL-6,
and TNF- o and improve inflammatory reaction. Kaempferol shared by LD, ZZ, CH, and GC can regulate the secretion of
cytokines and reduce the expression of inflammatory proteins, and its anti-inflammatory mechanism may be concerned
with the inhibition of the activation of the NF-kB pathway. In addition, it was also found that quercitrin shared by CH
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and GC had anti-inflammatory effects, and its anti-inflammatory molecular mechanism may be related to the inhibition of
TNF-0, NO, iNOS and COX-2 production. In addition to the common components, most Chinese herbal medicines have
their own unique components, such as isoglycyrrhizin, a specific component of GC, which down-regulates the expression
of inflammatory factors such as TNF-a, IL-6 and IL-4 by inhibiting NF-xB and MAPK signaling pathways; aristolochic
acid A, a specific component of SDH, may catalyze the release of arachidonic acid by directly blocking phosphate A2
(PLA2), which has certain anti-inflammatory activity.

In order to analyze the core component group and mechanism of the prescription of uveitis, we used the target
prediction tool to predict the targets of the active components in LXD, and constructed the CTP network. The degree
distribution of the CTP network confirmed that the same component can target to different genes, and multiple
components can also band to the same target, which fully reflects the complexity of multi-components and multi-
targets of TCM in the treatment of complex disorders. After constructing the CTP network, we found that the genes and
components with a larger degree may have the important role in therapy and intervention. For example, as a common and
safe dietary ingredient, quercetin has the potential anti-inflammatory ability. Intraperitoneal injection of quercetin

significantly reduced inflammation in the S-antigen-induced uveitis rat model.*’

The experimental results show that
4B—8)-ent-epicatechin has an immunomodulatory effect and is expected to join the research and development of new
immunotherapeutic agents.>® Glabridin exerts its anti-inflammatory effect by inhibiting the production of cytokines,
inhibiting the activity of cyclooxygenase (COX), down-regulating the level of NO, inhibiting the activation of cyclic
guanosine monophosphate (¢cGMP) and activating BKCa channel.>’ NODS, IL-6, HLA-B27 and IL2RA are all
component targets with a high nodal degree. Blau syndrome,’” an autoimmune inflammatory disease that can cause
uveitis, has been proved to be secondary to a single amino acid NODS mutation with a large nodal degree. In recent
years, targeted therapy for IL-6 pathway is being extended to immuno-inflammatory diseases, including uveitis.”> HLA-
B27 and IL2RA genes are closely associated with acute anterior uveitis and intermediate uveitis, respectively,”**> with
the development of genetic engineering, more effective treatments for uveitis will emerge in the near future.

Biological events mainly refer to uncertain biological interaction events, and many uncertain events together
constitute a complex biological regulation network. For a long time, we have been exploring new methods to crack
the network structure and its key components, resulting in some new concepts such as probabilistic network community,
which has been proved to provide an effective and manageable way to quickly characterize the main functional units of
disease progression.>® Therefore, it is particularly important to identify motifs in biological networks, including the key
steps to determine overlapping and non-overlapping topics.’” Shi et al pointed out that revealing the community structure
of complex networks can help us better understand how networks work.”® 8 FACs in the CTP network were predicted by
using network communities prediction model. Coverage of disease-causing genes, cumulative contribution of key nodes
and coverage of functional pathways were used to validate the accuracy and reliability of FACs. The verification results
show that the cumulative contribution rate of FACs in the number of pathogenic genes, the number of gene enrichment
pathways and important nodes are highly consistent with CTP network. This shows that our FACs detection model can
maximize the consistency of pathogenic genes, functional pathways and network topology in formulas of TCM.

KEGG enrichment analysis of all FACs in LXD showed that the prescription could treat uveitis through IL-17 signal
pathway, T cell receptor signal pathway and Toll-like receptor signal pathway. Among these pathways, IL-17 signal
pathway involves in the early inflammation of uveitis. IL-17 promotes the production of other inflammatory cytokines
and participates in the recruitment of neutrophils, monocytes and Thl cells, which together with other inflammatory
cytokines induce inflammation. The increase of serum IL-17 level in patients with uveitis can be used as a marker of
disease activity.’® Toll-like receptor (TLR), which is the most important pattern recognition receptor in the innate
immune system, can recognize pathogen-related molecular patterns of microorganisms. Basic and clinical studies have
shown that TLRs are involved in the pathogenesis of uveitis, and are considered a promising target for the treatment of
visual threat uveitis.®

T-cell-mediated uveitis has been widely recognized. It has been found that a new anti-mouse CD3¢ antibody Dow?2
can recognize mouse CD3¢ and inhibit T-cell-mediated inflammation in uveitis model. This antibody is expected to

protect patients with uveitis from severe eye inflammation.
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In order to find the key functional response space and effective proteins in FACs, we fully consider the connectivity and
central control power of these FACs network nodes, and give them new node importance calculation scores. The nodes whose
importance scores are larger than the median scores of all nodes in the network are reserved as key response space, and the
protein is called effective protein. This method can remove noise to the maximum extent. The follow-up functional analysis
also proved that the accuracy of our node importance calculation method is about 5% higher than that of the traditional node
calculation method, which further proves the accuracy of the method of constructing functional response space.

According to the pathway enrichment analysis results of the above effective proteins, they are often involved in
PI3K-Akt signal pathway (hsa04151), MAPK signal pathway (hsa04010), Ras signal pathway (hsa04014) and T cell
receptor signal pathway (hsa04660) (Figure 8D). Hoekzema et al found that endotoxin tolerance induced by
continuous low-dose injection of endotoxin can effectively reduce the degree of uveitis in rats, and P13K-Akt
signaling pathway plays an important part in regulating the expression of cytokines induced by endotoxin. Gene
expression microarray analysis suggests that differentially expressed genes P13K and Akt may play a key role in the
pathogenesis of acute anterior uveitis.’’*** Jing et al proved that inhibition of MAPK signal pathway can effectively
reduce local inflammation in (EAU) rats with experimental autoimmune uveoretinitis; Huang et al confirmed that
inhibition of MAPK signal pathway mediates anti-inflammatory effect in mouse uveitis model experiment.®* %3
Renin-angiotensin system (Ras) is an important hormonal system regulating cardiovascular function, which is related
to a variety of autoimmune diseases. The established protective axis of Ras (ACE2/Ang- (1-7)/Mas) is becoming
a new target for reducing ocular inflammation.® Autoimmune or non-infective uveitis is an intraocular inflammation
that affects the neuroretina and threatens vision. It is driven by strong T cells, but the exact pathogenesis of
(Microbiome and Autoimmune uveitis) is not fully understood.*”

In order to obtain the components that act on these key effective proteins, we designed CCR model, which can
quickly find the key component groups from the functional response space. For further functional analysis, the key
components in the key response space of the prescription were also analyzed and verified. The results suggest that
baicalin (Baicalin), the key component of LXD, may affect the treatment of uveitis by indirectly acting on T cell receptor
signal pathway. Studies have shown that baicalin has an immunomodulatory effect by activating aromatics receptors,
regulating Treg/Teff balance and CD4'T cell proliferation, thus improving experimental autoimmune uveitis.®®
Additionally, we will conduct in vivo studies in the future to validate the accuracy and reliability of our proposed
integrated system pharmacology model.

Compared with other published work, integrated system pharmacology strategy based on a combination of Huffman
coding and random walk algorithm and node importance calculation method, KCG prediction and validation strategy.
This study is a computational mining work based on network pharmacology data, which provides a feasible scheme to
reduce the verification scale for the experiment. Our proposed integrated prediction and verification strategy provide
a methodological reference for optimizing the core component group and explaining the molecular mechanism of TCM
in treating complex diseases.

However, there still exist some unsolved issues in this research. Firstly, more components should be selected from the
key response space to validate the accuracy and reliability of our proposed integrative approach. Secondly, the precise
mechanisms decoded by our model need further validation, for example, the enrichment pathway of key component
group targets we obtained needs further pharmacology experiments in vitro and in vivo. Finally, the undirected network

used in this research miss the activation or inhibition effects of the targets.
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