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Abstract:  

Background: Liver fibrosis leads to loss of liver function. Xiaoyaosan decoction (XYS) as a 

classical Traditional Chinese Medicine (TCM) formula is used to treatment liver fibrosis in 

clinical and alleviated CCl4-induced liver fibrosis in our previous study. 

Xiaoyaosan decoction was composed of many ingredients, and the active ingredients is not clear. 

The Aim of this study is to explore the clarified compounds or compound combinations to treat 

liver fibrosis. 

Methods: Network pharmacology combined with transcriptomics analysis were used to analyze 

the Xiaoyaosan decoction (XYS) and liver depression and spleen deficiency syndrome liver 

fibrosis. This consisted constructed XYS-Syndrome-liver fibrosis network, the predict formula 

named LLAAF was develop from the network by topological analysis according to network 

stability. The anti-fibrosis effect was evaluated by in vitro and in vivo study. 

Results: According to the network XYS-Syndrome-liver fibrosis network, luteolin, licochalcone 

A, aloe-emodin, and acacetin formula (LLAAF) was predicted from 8 key compounds and 255 

combinations in XYS, and LLAAF had a synergistic effect on the proliferation inhibition of 

hepatic stellate cells (HSCs) compared to each individual compound alone. The treatment of 

XYS and LLAAF showed a similar anti-liver fibrotic effect that reduced histopathological 

changes of liver fibrosis, Hyp content and levels of α-SMA and collagen I in CCl4-induced liver 

fibrosis in rat. Transcriptomics analysis revealed LLAAF regulated PI3K-Akt, AMPK, FoxO, 

Jak-STAT3, P53, cell cycle, focal adhesion, and PPAR signaling. Furthermore, LLAAF was 

confirmed to regulate Jak-STAT and PI3K-Akt-FoxO signaling in vitro and in vivo. 
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Conclusions:  This study developed a novel anti-liver formula, LLAAF from XYS demonstrated 

the anti-liver fibrotic activity may be involved in the regulation of Jak-STAT and PI3K-Akt-

FoxO signaling. 
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1. Background 

Liver fibrosis is a pathological condition characterized by the replacement of normal liver tissue 

with scar tissue due to a variety of liver diseases, such as hepatitis B, hepatitis C, autoimmune 

liver diseases, as well as alcohol-induced or nonalcoholic fatty liver disease. It occurs due to a 

repeated damage and repair process, which is directly related to excessive accumulation of the 

extracellular matrix [1]. Excessive liver fibrosis can lead to hepatic cirrhosis and loss of liver 

function as well as digestive tract bleeding and hepatocellular carcinoma [2]. Liver fibrosis is 

involved in multiple liver cell types, including hepatic parenchymal cells, Kupffer cells, 

endothelial cells, hepatic stellate cells (HSCs), and infiltrated blood inflammatory cells, which 

proliferate and replace lost liver cells as well as produce the extracellular matrix in the injured 

liver [3]. Molecularly, upon the expression of liver disease-induced fibrogenic factors, like 

transforming growth factor-β (TGF-β) as a profibrotic mediator, HSCs will start to proliferate 

from their quiescent state due to the loss of cytoplasmic retinoid into proliferative and fibrogenic 

myofibroblasts, which express alpha-smooth muscle actin (α-SMA) and extracellular matrix type 

I, III, and IV collagen, and depose them into the space of the lost hepatic parenchymal cells, 

resulting in liver fibrosis [4]. However, the molecular mechanisms of hepatic fibrogenesis remain 

to be defined, and there is still a lack of effective drugs for the treatment of liver fibrosis [5]. 

Chinese herbal medicines have demonstrated anti-fibrotic effects in vitro and in vivo [6-

10], The advantage of Chinese herbal formulae (CHFs) is that they use the synergy of various 

herbs containing different active ingredients to achieve an efficient treatment for human disease 

although a number of CHFs need to be precisely analyzed for their constituents and active 

compounds. Treatment of patients with traditional Chinese medicine (TCM) is based on 

syndrome (ZHENG) differentiation [11]; for example, a sub-type of liver fibrosis is referred to as 
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liver depression and spleen deficiency syndrome (LDSDS) in TCM, and it is often treated with 

Xiaoyaosan (XYS) [12], a classic CHF derived from “Prescriptions of the People’s Welfare 

Pharmacy” in the Song dynasty of China (960–1127 AD). It consists of Bupleurum falcatum L., 

Angelica archangelica L., Paeonia lactiflora Pall., Atractylodes macrocephala Koidz., Poria 

cocos (Schw.) Wolf, Glycyrrhiza uralensis Fisch, Zingiber officinale Roscoe and Mentha piperita 

L. [12, 13]. Previous studies have shown that XYS treatment alleviates liver injury and improves 

liver fibrosis in vivo and in vitro [14] through TGFbeta/Smad and Akt/FoxO3 signaling 

pathways. Molecularly, the formula exerts anxiolytic-like effects through downregulation of 

TNF-α/JAK2-STAT3 signaling [15].  Since the complexity of CHFs due to their multiple 

compounds, targets, and biological activities, it has been difficult to assess their real and multiple 

compounds combined pharmacological effects and mechanisms. Following the recent 

development of transcriptomics, network pharmacology and systems biology provides novel 

methodologies for such analyses and a better understanding of the molecular mechanism for 

different CHFs, like Huangqi decoction [16], Yinchenhao decoction [17], and Fuzhenghuayu 

formula [18]. They also provide approaches for determining the synergistic effects of active 

compounds from XYS on liver fibrosis.  

In previous study, we have searched five  TCM databases (TCM@Taiwan, TCMSP, 

TCMID, TCM-PTD, and HIT database) to identify the active compounds of XYS and performed 

bioinformatics analysis of the target genes and signaling pathways. In this study, we developed a 

novel formula with luteolin, licochalcone A, aloe-emodin, and acacetin (LLAAF) from XYS 

base on the pharmacology network analysis, and then assessed their anti-liver fibrotic effects in a 

rat liver fibrosis model induced by CCl4, and predicted the anti-liver fibrotic mechanisms using 
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transcriptomics analysis. Furthermore, we verified their anti-liver fibrotic mechanisms using 

Western blotting experiments in vitro and in vivo.  

 

2. Materials and methods  

2.1 Reagents 

Luteolin, licochalcone A, aloe-emodin, acacetin, Paeoniflorin, ferulic Acid and glycyrrhizic Acid 

all ≥98% pure by HPLC were purchased from Shanghai Traditional Chinese Medicine 

Standardization Center (Shanghai, China), the chemical structures were showed in Figure S1 and 

S2C. CCl4 and olive oil were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, 

China). The alanine aminotransferase, aspartate aminotransferase, albumin, and total bilirubin 

kits were purchased from Shino-Test Corporation (Tokyo, Japan). The hyaluronic acid, laminin, 

type IV collagen, and type III procollagen kits were from Shanghai Enzyme Biotechnology Co., 

Ltd. (Shanghai, China). Hydroxyproline (Hyp) was purchased from Nanjing Institute of 

Bioengineering (Nanjing, China), and colchicine was from Banna Pharmaceutical Co., Ltd. 

(Xishuangbanna, China). Methanol (≥98% pure by HPLC) and formic acid (≥98% pure by 

HPLC) were from Thermo Fisher Scientific (Waltham, MA, USA). The antibodies against 

human smooth muscle actin (α-SMA) and type I collagen A2 (collagen IA2) were from Abcam 

(Cambridge, MA, USA); the antibodies against p-Akt, Akt, p-Smad3, Smad3, p-STAT3, p-

FoxO3a, and GAPDH were from Cell Signaling Technology Inc. (Danvers, MA, USA); and the 

antibodies against c-Myc, FoxO3a, and STAT3 were obtained from Proteintech (Rosemont, IL, 

USA). Fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s medium (DMEM) were from 

Gibco Life Technologies (Gaithersburg, MD, USA), and human TGF-β1 was from Promega 

(Madison, WI, USA). 
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2.2 Preparation of XYS 

The four Chinese herbal medicines of XYS purchased from Shanghai Huanghai Pharmaceutical 

Co., Ltd. (Shanghai, China), and prepared following the established methods [14], which 

contained 10 g of Bupleurum falcatum L., 10 g of Angelica archangelica L., 10 g of Paeonia 

lactiflora Pall., 10 g of Atractylodes macrocephala Koidz., 10 g of Poria cocos (Schw.) Wolf, 5 g 

of Glycyrrhiza uralensis Fisch, 3 g of Zingiber officinale Roscoe, and 3 g of Mentha piperita L. 

Detection on Paeoniflorin, ferulic acid and glycyrrhizic acid was performed via ultraperformance 

liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) for the quality control of 

XYS. (Fig. S2 A-B). 

 

 

2.3 Analysis of XYS active compounds and potential gene targets  

The active compounds and potential targets of XYS were retrieved from five different TCM 

databases (i.e., TCM@Taiwan, TCMSP, TCMID, TCM-PTD, and HIT). We first screened XYS 

for its pharmacokinetic and pharmacodynamic properties (oral bioavailability, OB, ≥30% and 

drug-likeness, DL, ≥ 0.18) for the potential active compounds in these five databases and then 

performed further network pharmacological analysis. Next, we identified the potential target 

proteins of XYS through the molecular similarity match tool, such as the simplified molecular 

input line entry specification (SMILES) in SEA (http://sea.bkslab.org/) and Swiss for target 

prediction. After that, we expanded the target protein prediction from the STRING database 

according to the human protein-protein interactions (PPIs) to obtain the liver fibrosis-related 

targets using the three existing resources, including OMIM, Genecards, and Disgene, with the 

http://sea.bkslab.org/
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keywords of “hepatic fibrosis” and “liver fibrosis.” Finally, we performed Heatmap analysis 

using the OmicsBean online tool and pathway enrichment analysis using OmicsBean, Reactome, 

and DAVID (all databases and software information are listed in Supplemental Table 1).  

 

2.4 mRNA microarray analysis  

This study was approved by the Ethics Committee of Shanghai University of Traditional Chinese 

Medicine, and all participants provided a written informed consent form before enrollment into 

this study. Blood samples from chronic hepatitis B patients with or without LDSDS (n = 16 for 

each group) were collected and subjected to total cellular RNA isolation using the TRIzol reagent 

(Cat# 15596-018; Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s protocol. 

The RNA integrity number was assayed using an Agilent Bioanalyzer 2100 (Agilent 

Technologies, Santa Clara, CA, USA), further purified using an RNeasy Mini Kit (Cat# 74106; 

QIAGEN, Hilden, Germany) and an RNase-Free DNase kit (Cat# 79254; QIAGEN), and then 

stored at -80 °C until use. For the cDNA microarray analysis, each sample was labeled using a 

Low Input Quick Amp Labeling Kit, One-Color (Cat# 5190-2305; Agilent Technologies) and 

hybridized to the cDNA array using a Gene Expression Hybridization Kit (Cat# 5188-5242; 

Agilent Technologies), according to the manufacturer’s protocol. The arrays were then scanned 

by using an Agilent Microarray Scanner (Cat# G2565CA; Agilent Technologies) with default 

settings, and the raw data were extracted using the Feature Extraction software 10.7 (Agilent 

Technologies) and normalized using the Quantile algorithm, Gene Spring Software 11.0 (Agilent 

Technologies). The transcriptomic data of the differentially expressed genes (DEGs) were 

obtained after the SAS online software analysis for a fold change >1.5 and p-value < 0.05.  
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Similarly, liver tissues from the CCl4-treated control and XYS or LLAAF treated rats (n = 

3 for each group) were collected for the isolation of total cellular RNA and cDNA microarray 

analysis. For the DEGs, we utilized a fold change > 2 and p-value < 0.05 as the criteria. 

 

2.5 Bioinformatics analyses of the DEGs  

We constructed the XYS-induced DEG networks and the XYS- or LLAAF-targeted mRNA 

networks using Cytoscape software and calculated the related parameters for significant network 

nodes according to a previous study [19]. We evaluated the network stabilization according to the 

method of Liu et al. [20]. We then utilized the GeneMAIA tool to construct the PPI network of 

LLAAF and its four individual compounds and the MCODE tool in Cytoscape software to 

extract their core subnetwork using p < 0.05. After that, we compared the composition of the 

core subnetwork using the Venn analysis tool and the Omicsbean tool plus the Venn analysis tool 

to predict the mechanism of action of these different compounds. In addition, we performed gene 

ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) database pathway 

enrichment analyses using the online Omicsbean analysis tool.  

 

2.6 Prediction of potential compound combinations of XYS 

We evaluated the relevant network stability parameters, including the network centralization 

(NC), characteristic path length (CPL), network heterogeneity (NH), and robustness (R) levels 

using Cytoscape software, according to a previous study [20]. The R levels were calculated using 

the following formula:  𝑹= 𝑪
（𝑵-𝑵r）

, where C is the maximum connected amount, N is the number of original nodes, and 

Nr is the number of knockout nodes.  
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We then calculated the network contribution score and the importance of the compound 

in the network using the entropy method and the weighted summation method. Next, we 

performed Venn analysis to retain the top 50% of the screening scores. The network contribution 

scores were calculated using the following methodologies by converting the actual value of each 

relevant network stability parameter into an evaluation value:  

Positive indicator: 𝒛𝒊𝒋 = 𝒙𝒊𝒋−𝐦𝐢𝐧（𝒙𝒋)𝐦𝐚𝐱（𝒙𝒋）−𝐦𝐢𝐧（𝒙𝒋) 
Inverse indicator: 𝒛𝒊𝒋 = 𝒎𝒂𝒙（𝒙𝒋）-𝒙𝒊𝒋𝒎𝒂𝒙（𝒙𝒋）−𝒎𝒊𝒏（𝒙𝒋) 
Weight of each indicator: b𝒊𝒋 = 𝒛𝒊𝒋∑ 𝒏𝒊=𝟏𝒛𝒊𝒋 ，𝒊 = 𝟏，. . . ，𝒏，𝒋 = 𝟏，. . . ，𝒎 

Entropy value of each indicator: 𝒆𝒋 = −k ∑ 𝒃𝒋𝒍𝒏（𝒃𝒋𝒏𝒊=𝟏 ) ; 𝒌 = 𝟏 𝒍⁄ 𝒏(𝒏)；𝒌 > 𝟎; 𝒆𝒋 > 𝟎 

Difference coefficient: d𝒋 = 𝟏 − 𝒆𝒋 

The difference coefficient was normalized to obtain the weight of each index: 𝒘𝒋 = 𝒅𝒋∑ 𝒅𝒋𝒏𝒊=𝟏  

The formula for the network contribution score is as follows: 𝑪𝒐𝒏𝒕𝒓𝒊𝒃𝒖𝒕𝒊𝒐𝒏 𝒔𝒄𝒐𝒓𝒆 = 𝑵𝑪 ×
𝑾（nc）𝒋 +  𝑪𝑷𝑳 × 𝑾（cpl）𝒋 +  𝑵𝑯 × 𝑾（𝑵𝑯）𝒋 + 𝑹 × （𝑾（𝑹）𝒋 × 𝟐) 

The high-scoring compounds and combinations were then selected for subsequent experimental 

verification.  

 

2.7 Animal experiments  

The animal protocol of this study was approved by the Institutional Animal Care and Use 

Committee of Shanghai University of Traditional Chinese Medicine (Shanghai, China) and 

followed the Guidelines for the Care and Use of Laboratory Animals issued by the Chinese 
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Council on Animal Research. Specifically, male Wistar rats weighing 150-160 g were purchased 

from the Shanghai Laboratory Animal Center of the Chinese Academy of Sciences (Shanghai, 

China) and acclimated to the laboratory conditions for seven days at room temperature (22-

26 °C) with a relative humidity of 40–70%. The rats were then randomly allocated to the control 

or the CCl4 treatment group. The rats were intraperitoneally injected with 1 mL/kg bodyweight 

of olive oil or 50% CCl4 in olive oil at 1 mL/kg bodyweight, twice a week for nine weeks. At the 

end of week 4, the CCl4-treated rats were then randomly divided into three groups, i.e., the 

control model group, the XYS treatment group, and the LLAAF treatment group. These rats were 

treated orally with normal saline, XYS extract (method of decocting) at a dose of 6.3 g/kg/d, and 

LLAAF (5.5 mg/kg/d luteolin, 1.5 mg/kg/d licochalcone A, 2.5 mg/kg/d aloe-emodin, and 2.5 

mg/kg/d acacetin) daily for four weeks, respectively. If the animal weight loss reached 20-30% 

of that of the control rats, the model rats were euthanized by CO2 and then cervical dislocation. 

At the end of the experiments, all rats were sacrificed for tissues resection and various analyses.  

 

2.8 Histopathological analysis of rat liver tissues 

Rat liver tissues were collected, weighed, and sectioned into small pieces. Then, they were fixed 

in 4% paraformaldehyde in phosphate buffer and subjected to paraffin embedding for 

hematoxylin and eosin (H&E) staining, Sirius Red staining, and Masson’s staining, according to 

a previous study [18]. The Masson-stained tissue sections were quantified by ImageJ software 

(National Institutes of Health, Bethesda, MD, USA). 

 

2.9 Cell culture and treatment 
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The human HSC lines LX2 and L02 as well as the rat HSC cell line HSC-T6, obtained from the 

Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China), were 

maintained in DMEM supplemented with 10% FBS, penicillin (100 U/mL), and streptomycin 

(100 μg/mL) in a humidified incubator with 5% CO2 at 37 °C, according to a previous study 

[16]. For cell treatment, HSC-T6 and LX2 cells were cultured in a 6-well plate at a density of 1.0 

× 106 cells/well overnight, and then they were treated with TGF-β1 (LX2, 5 ng/mL and HCS-T6, 

20 ng/mL) and compound or their combinations, i.e., the compound concentrations were 0.8-3.1 

μM luteolin, 0.8-3.1 μM licochalcone A, 3.1-12.5 μM aloe-emodin, and 1.5-6.3 μM acacetin, for 

24 h.  

 

2.10 Cell viability assay  

Cells were seeded into 96-well plates at a density of 5 × 103 cells/well, grown overnight, and 

then treated with the above-named compounds and their combinations for 24 h. At the end of 

each experiment, 20 μL of the tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTT) (Thermo, Waltham, MA 

USA) was added to the cell culture, the cells were incubated for an additional 3.5 h, and the 

absorbance rates were measured using a Synergy2 spectrophotometer (BioTek, Winooski, VT, 

USA) at 490 nm. The experiment was performed in triplicate and repeated at least three times.  

 

2.11 Western blot  

Liver tissue specimens were frozen in liquid nitrogen, ground, lysed, sonicated for complete 

dissolution, and then centrifuged at 12,000 rpm and 4 °C for 30 min. Protein samples of 100 µg 

each were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and 
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transferred onto nitrocellulose membranes (Millipore, Billerica, MA, USA). For western 

blotting, the membrane was incubated with a blocking buffer containing 5% nonfat dry milk in 

Tris-based saline-Tween 20 (TBS-T) at room temperature for 1 h and then with polyclonal 

primary antibodies against α-SMA, collagen IA2, and GAPDH, respectively, at 4 °C overnight. 

On the next day, the membranes were washed with TBS-T three times for 10 min each and then 

incubated with an infrared dye-conjugated secondary antibody from Cell Signaling Technology 

at room temperature for 1 h. The protein bands were quantified using an Odyssey Infrared 

Imager (LI-COR Biosciences, Lincoln, NE, USA), according to a previous study [20].  

 

2.12 Statistical analysis 

The data were expressed as the mean ± standard deviation for the one-way analysis of variance 

and rank-sum tests using SPSS 18.0 software (SPSS, Chicago, IL, USA). A p value < 0.05 was 

considered statistically significant.  

 

3. Results 

3.1 Identification of active compounds, targets and signaling pathways of XYS 

In this study, we first screened and found a total of 174 active compounds in XYS from the five 

TCM databases using our pharmacokinetics and pharmacodynamics screening criteria (OB ≥ 

30% and DL ≥ 0.18). We then obtained 258 potential target proteins from these five databases 

and 309 and 525 predicted target proteins, respectively, after performing the SwissDock and SEA 

structural similarity prediction analyses. The PPI network analysis showed 601 related target 

proteins in the network using a PPI score >0.850, compared to 258 target proteins in the PPI 

network. Next, we searched the OMIM, DisgeneT, and GeneCard databases using the keywords 
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of “hepatic fibrosis” and “liver fibrosis” and found a total of 1191 liver fibrosis-related target 

genes, while 1116 DEGs with LDSDS treatment were identified from the mRNA microarray 

data. The microarray data of blood samples from chronic hepatitis B patients with or without 

LDSDS and from healthy volunteers were overlapped, and the DEGs of the XYS, LDSDS, and 

liver fibrosis groups identified 181 targets (Fig. 1A). Compared with the XYS active compound-

related target proteins, the data showed 14 target proteins directly related to XYS. The GO and 

KEGG pathway enrichment analyses showed that these 14 XYS target genes formed the PI3K-

Akt-FoxO, AMPK, Hippo, and Jak-STAT pathways (Fig. 1C-D). The heatmap of these targets 

between chronic hepatitis B patients with or without LDSDS were shown in Fig. 1B.  

Next, we constructed the PPI network for the XYS-LDSDS-liver fibrosis progression. 

The nodes of the PPI network included 165 compounds, 14 proteins directly targeted by XYS 

from the TCM database, 166 proteins indirectly targeted by XYS from structural similarity 

prediction, and 184 intermediately targeted proteins. The core network of XYS-LDSDS-liver 

fibrosis progression was obtained using the five most important topological parameters, 

including degree, betweenness of centrality, closeness of centrality, clustering coefficient, and 

topological coefficient analysis. The nodes of the PPI network included six Chinese herbal 

medicines and 17 compounds, and XYS was directly associated with nine target proteins; 

meanwhile, XYS was predicted to target 6 proteins directly, 30 indirectly, and 102 intermediately 

as well as 15 signaling pathways (Fig. 1E).  

 

3.2 Evaluation of compounds in the XYS-LDSDS-liver fibrosis core network 

To identify the core compounds of the XYS-LDSDS-liver fibrosis network, we knocked out the 

related target proteins of 17 compounds and utilized the entropy method as well as the weighted 
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summation method to generate the network contribution scores by integrating the NC, CPL, NH, 

and R parameters, which are directly related to the stability of the networks, using Cytoscape 

3.2.1 software (Figure 2). After that, we selected eight compounds from the network, i.e., 

luteolin, lupiwighteone, beta-sitosterol, stigmasterol, licochalcone A, aloe-emodin, eriodictyol, 

and acacetin. We then knocked out the related targets using one or more of these eight 

compounds and obtained 255 different combinations based on the network contribution score 

analysis for their feasibility ranking; the top 10 compound combinations and their scores are 

listed in Table 1. 

 

3.3 Effects of XYS compounds and their combinations on regulating cell viability in vitro  

Based on the network analyses, we selected the top six compound combinations to assay their 

effects on regulating cell viability. First, we detected six single compound effect on the cell 

viability on LX2 cells. While using the minimum effective dose of these individual six 

compounds to combine 4 different combinations, it was showed that the that the best effective 

combination was the luteolin, licochalcone, aloe-emodin, acacetin formula (LLAAF; Fig. 3A). 

And similar finding were confirmed in another mouse HSC-T6 cells (Fig.3B) 

 

3.4 Effect of LLAAF on α-SMA and collagen I expressions in vitro 

Based on the effective doses of the individual compounds in LLAAF on reducing the LX2 cell 

viability, we selected the half-doses of these compounds as the highest dose and the second and 

third half-dilutions as the medium and low doses, respectively, i.e., 3.1 μM luteolin + 3.1 μM 

licochalcone A + 12.5 μM aloe-emodin + 6.3 μM acacetin; 1.6 μM luteolin + 1.6 μM 

licochalcone A + 6.3 μM aloe-emodin + 3.1 μM acacetin; 0.8 μM luteolin + 0.8 μM licochalcone 
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A + 3.1 μM aloe-emodin + 1.6 μM acacetin. We stimulated LX2 and HSC-T6 cells with TGF-β1 

and found that the levels of α-SMA and collagen I were significantly increased; however, the 

high and medium doses of LLAAF were able to dramatically reduce the expression of α-SMA 

and collagen I in these cells (P < 0.05), but the low-dose LLAAF treatment only reduced the 

expression levels of α-SMA and collagen I in HSC-T6 cells (P < 0.05; Fig. 4 A and C). Of note, 

any single compound at the same concentration did not show any effects on changing the α-SMA 

and collagen I expression in these cells (Fig. 4 B and D).  

 

3.5 Effects of XYS and LLAAF on liver fibrosis in vivo  

Next, we assessed the effects of LLAAF and XYS on reducing liver fibrosis in the CCl4 model of 

Wistar rats. We found that XYS was able to improve the rat liver weight index, pathological 

index, serum liver function index, serum liver fiber index, and liver tissue fibers in vivo[14]. The 

histopathological data showed establishment of CCl4-induced liver fibrosis in rats treated twice a 

week for nine weeks (Fig. 5), whereas treatment of rats with either LLAAF or XYS significantly 

attenuated the CCl4-induced liver fibrosis. Specifically, H&E staining showed lower levels of 

edema and inflammation of liver cells in the XYS and LLAAF groups than in the CCl4 controls 

(Fig. 5A), whereas Masson’s staining showed that fibrosis and paraplastic connective tissues 

were built up in the CCl4 rats vs. mild fibrosis in the XYS and LLAAF rats (Fig. 5B). This semi-

quantitative analysis indicates reduced levels of collagen fibers in the XYS-M- and LLAAF-

treated rats compared to the model rats (P < 0.01; Fig. 5C). Furthermore, western blot analysis 

revealed that the levels of α-SMA and collagen I as well as the Hyp content in the CCl4-induced 

rat liver tissue was higher than that in the XYS and LLAAF-treated rats (P < 0.05; Fig. 5D-E). In 
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addition, treatment with LLAAF showed an even better reduction of the Hyp content and α-SMA 

level in the liver tissues.  

 

3.6 Prediction of anti-liver fibrotic mechanisms of XYS and LLAAF  

To explore the underlying mechanisms of XYS and LLAAF anti-fibrotic efficacy, we collected 

liver tissue samples from the CCl4 model, XYS-treated rats, and LLAAF-treated rats for cDNA 

and lncRNA microarray analyses. And the total DEGs of XYS and LLAAF compared with CCl4 

model group were analyzed (Fig. 6A and 6B). The corresponding KEGG pathways were 

asloanalyzed individually. (Fig. 6C and D) When compared the two KEGG pathways, it was 

showed that the XYS treatment was mainly related to p53, cell cycle, viral carcinogenesis, Jak-

STAT3, AMPK, and FoxO signaling, while the LLAAF treatment was mainly associated with 

PI3K-Akt, AMPK, FoxO, Jak-STAT3, P53, cell cycle, focal adhesion, and PPAR signaling (Fig. 

6E).  

 

3.7 LLAAF regulates Jak-STAT and PI3K-Akt-FoxO signaling  

These bioinformatics analysis results were performed in vitro and in vivo. The LX2 cells were 

treated with TGF-β1, an inducer of liver fibrosis, and found that such a treatment significantly 

increased the levels of p-FoxO3a, p-STAT3, p-Akt, p-Smad3, and c-Myc in LX2 cells (P < 0.05); 

whereas different doses of LLAAF treatment significantly downregulated their expression (P < 

0.05; Fig. 7A). And we also detected the Jak-STAT and PI3K-Akt-FoxO signaling in the liver 

samples from animal model, found the LLAAF significantly downregulated the Jak-STAT and 

PI3K-Akt-FoxO signaling Jak-STAT and PI3K-Akt-FoxO signaling similar with the XYS. 

(Fig.7B) 
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4. Discussion 

Liver fibrosis is a liver wound healing process which response to different types of liver disease-

induced hepatocyte injury. It reflects an imbalance between fibrosis progression and regression 

[5] and confers a significant risk for morbidity and mortality [21]. The advanced stage of liver 

cirrhosis is only cured by a liver transplantation [2]; thus, novel treatment options and a better 

understanding of the underlying pathogenesis are critical to cure and improve the quality of life 

of these patients. In previous study, we evaluate a Chinese herbal formula named XYS, the anti-

liver fibrotic activity in vitro and in vivo[22]. Network pharmacology combined with 

transcriptomics analysis was used to identify active compounds and gene targets of XYS. 174 

active compounds in XYS and participation of the PI3K-Akt-FoxO, AMPK, and Hippo and Jak-

STAT pathways. Indeed, XYS contains more than 174 active compounds, making it difficult to 

assess the ones responsible for controlling liver fibrosis in vivo and in vivo.  

In the current study, By analyzing the topology parameters according to previous studies [19, 23, 

24], we constructed the XYS-LDSDS-liver fibrosis core networks, based on the network 

contribution score analysis for their feasibility ranking. We utilized four parameters, i.e., NC, 

CPL, NH, and R, to relate the stability of the bioinformatics networks according to a previous 

study [25]. The method of entropy weighting is a common way to integrate multiple indicators 

[26]; the greater the entropy of an indicator, the greater the impact of the indicator on the 

comprehensive evaluation. After evaluating the network contribution scores, we identified eight 

core compounds and the top 10 combinations with anti-fibrotic activities. In the cell based assay, 

the combination of luteolin, licochalcone A, aloe-emodin and acacetin were generated as the 

most effective combination from XYS.  
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 Specifically, luteolin is in a variety of dietary sources, such as celery, broccoli, green 

pepper, and parsley [27, 28]. In addition, luteolin can attenuate the inflammatory responses in 

dendritic cells, indicating its therapeutic potential against ulcerative colitis [29], and protects 

against CCl4-induced hepatotoxicity in combination with metformin [30]. Moreover, 

licochalcone A, a chalconoid, can be found in the roots of Glycyrrhiza glabra or Glycyrrhiza 

inflata [31-34]. It possesses antiproliferative and proapoptotic activities by reactive oxygen 

species-mediated cell cycle arrest and apoptosis in human bladder cancer cells [35] and inhibits 

proliferation, migration, and invasion of oral squamous cell carcinoma cells by regulating the 

PI3K/AKT signaling pathway [36]. Similarly, aloe-emodin, which is isolated from aloe and 

Rheum palmatum, has antiproliferative effects and induces cell apoptosis [37, 38]. It also inhibits 

monolayer growth and anchorage-independent growth of androgen refractory prostate cancer 

PC3 cells by targeting the mTOR complex II [39]. More importantly, aloe-emodin has shown 

potential to treat hepatitis B viral infection [40], a condition that induces liver fibrosis, and to 

alleviate cardiac fibrosis via suppression of cardiac fibroblast activation by metastasis-associated 

protein 3 upregulation [41]. Functionally, acacetin has been reported to regulate the reciprocal 

differentiation of T helper 17 and regulatory T cells as well as the symptoms of collagen-induced 

arthritis in mice [42]. Additionally, it protects cardiomyocytes against hypoxia/reoxygenation 

injury by activating a series of intracellular signals involved in antioxidation, anti-inflammation, 

and antiapoptosis [43]. Taken together, these four compounds all possess anti-inflammatory, 

antioxidative, antiproliferative, antibacterial, and antiviral activities through multiple gene 

pathways. Therefore, their combination could yield an even greater anti-liver fibrotic activity in 

vitro and in vivo, as demonstrated in the current study.  
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The anti-fibrotic effect of XYS and LLAAF were classified in cells as well as in the 

CCl4-induced liver fibrosis rats. HSCs are the most important cell type involved in liver fibrosis 

and the major producer of the extracellular matrix during liver injury [44, 45]. Thus, the current 

study utilized human and rat HSCs to assess the anti-liver fibrotic activity of the top four 

compound combinations. These data indicated that the combination of LLAAF was the most 

effective for cell viability and suppression of α-SMA and collagen I expression in vitro. In the 

CCl4-induced liver fibrosis rat model, both XYS and LLAAF were able to reduce cell damage 

and steatosis, the Hyp content, and the levels of α-SMA and collagen I in liver tissues, suggesting 

that LLAAF could be able to alleviate liver fibrosis. We performed cDNA microarray analysis 

and then analyzed the PPI network of the XYS-targeting proteins and the LLAAF-targeting 

proteins. According to the network topology characteristics and the pathway enrichment analysis, 

we found that the Jak-STAT and PI3K-Akt-FoxO signaling pathways were the main pathways 

involved; while previous studies have revealed that Jak-STAT signaling is involved in liver 

fibrosis and that activation of the Jak-STAT signaling pathway can promote the development and 

progression of liver fibrosis [46, 47]. Other studies have shown that STAT3 phosphorylation 

occurs during liver fibrosis [48] and that PI3K-Akt-FoxO signaling is involved in chronic liver 

disease and liver fibrosis [49]. Again, Akt activation leads to FoxO phosphorylation and 

departure from the cell nucleus, and reduced FoxO expression also results in the development of 

liver fibrosis. Besides, we also assessed another classic target, Smad3 [50], which is highly 

relevant to liver fibrosis and acts as a signaling mediator for the TGF- family for cell 

proliferation, differentiation, and death [50]. In addition, blockage of Smad3 phosphorylation has 

been demonstrated to prevent liver fibrosis [51]. In this regard, the current study confirmed the 

p-STAT3/STAT3, p-Smad3/Smad3, p-Akt/Akt, and p-FoxO3a/FoxO3a ratios as well as c-Myc 
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expression in vitro and in vivo. The XYS modified PPI networks were mainly related to p53, cell 

cycle, viral carcinogenesis, Jak-STAT3, AMPK, and FoxO signaling; while the LLAAF-modified 

PPI networks were associated with PI3K-Akt, AMPK, FoxO, Jak-STAT3, P53, cell cycle, focal 

adhesion, and PPAR signaling.  

5. Conclusions 

In summary, the current study developed a novel formula, LLAAF with luteolin, 

licochalcone A, aloe-emodin and acacetin derived from XYS, and demonstrated the anti-fibrotic 

effects of XYS and LLAAF. The anti-liver fibrotic mechanism of LLAAF may be related to the 

downregulation of Jak-STAT and PI3K-Akt-FoxO activity, indicating that LLAAF should be 

further evaluated as a novel therapeutic formula to control liver fibrosis. 
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Figure Legends 

Figure 1. Identification of the active compounds, gene targets, and signaling pathways of 

XYS. (A) mRNA microarray analysis of differentially expressed genes (DEGs) in the XYS, 

LDSDS, and liver fibrosis groups. (B) Heatmap of DEGs between chronic hepatitis B patients 

with or without LDSDS (n = 16 in each group). (C) The GO terms of the pathway analysis 

directly related to XYS. (D) The XYS-LDSDS-liver fibrosis core network analysis. Green, herbs; 

orange, compounds; indigo, target proteins directly related to XYS; purple, predicted target 

proteins directly related to XYS; dark blue, target proteins indirectly related to XYS; light blue, 

target proteins intermediately related to XYS; dark green, predicted target proteins 

intermediately related to XYS; deep red, core pathway; pink, noncore pathway. (E) The KEGG 

enrichment analysis of the XYS-LDSDS-liver fibrosis core network.  

 

Figure 2. Contribution score analysis of the XYS-LDSDS-liver fibrosis core network. (A) 

Network centralization (NC), characteristic path length (CPL), network heterogeneity (NH), and 

robustness (R) scores of the 17 compounds by using the entropy method and the weighted 

summation method, which were directly related to the network stability using Cytoscape 3.2.1 

software. (B) Analysis of the contribution scores of the 17 compounds by combinations of the 

NC, CPL, NH and R parameters.  

 

Figure 3. Effects of six individual XYS compounds and their combinations on regulating 

cell viability. (A) Cell viability assay. Four top compound combination from network analysis 

show the effect on the LX2 cells. (B) Cell viability assay. Four top compound combination from 
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network analysis show the effect on the HSC-T6 cells. . *P < 0.05 and **P < 0.01, compared to 

the control cells. (C) The most active compounds combination in the LX2 and HXC-T6 cells. 

 

Figure 4. Effect of LLAAF on regulating protein expression in vitro. (A) Western blot. LX2 

cells were grown and treated with a high, medium, or low dose of LLAAF and then subjected to 

western blot analysis of α-SMA and collagen I expression. Quantified data of the western blots 

are shown in the corresponding graphs. (B) Western blot. LX2 cells were grown and treated with 

a medium dose of LLAAF and its compounds and then subjected to western blot analysis of α-

SMA and collagen I expression. (C) Western blot. HSC-T6 cells were grown and treated with a 

high, medium, or low dose of LLAAF and then subjected to western blot analysis of α-SMA and 

collagen I expression. (D) Western blot. HSC-T6 cells were grown and treated with a medium 

dose of LLAAF and its compounds and then subjected to western blot analysis of α-SMA and 

collagen I expression. Quantified data of the western blots are shown in the corresponding 

graphs. #P < 0.05 and ##P < 0.01, compared to the CCl4-control group; *P < 0.05 and **P < 

0.01, compared to the model group.  

 

Figure 5. Effects of XYS-M and LLAAF treatment on reduction of rat liver fibrosis. (A) 

H&E staining (200× magnification). (B) Masson’s staining (100×). (C) Semi-quantitative 

analysis of the collagen fibers. (D) The hydroxyproline (Hyp) content. (E) Western blot. The 

levels of alpha-smooth muscle actin (α-SMA) and collagen I were analyzed using western blot of 

rat liver fibrotic tissues. ##P < 0.01, compared to the control group; *P < 0.05, **P < 0.01, 

compared to the model group. 
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Figure 6. Bioinformatics analysis of the XYS- and LLAAF-modified PPI networks. (A) 

XYS network. (B) LLAAF network. (C) KEGG enrichment analysis of the XYS network. (D) 

KEGG enrichment analysis of the LLAAF network. (E) Pathway analysis between XYS and 

LLAAF.  

 

Figure 7. Effect of LLAAF treatment on regulation of Jak-STAT and PI3K-Akt-FoxO 

signaling. (A) Western blot. LX2 cells were grown, treated with TGF-β1 and then with LLAAF 

for 24h, and then subjected to western blot analysis of protein expression. (B) Western blot. 

Liver tissues were resected from rats and subjected to western blot analysis of alpha-smooth 

muscle actin (α-SMA) and collagen I expression. Quantified data of the western blots are shown 

in the corresponding graphs. #P < 0.05 and ##P < 0.01, compared to the CCl4-control group; *P 

< 0.05 and **P < 0.01, compared to the model group. 
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Table 1. Contribution scores of the compound combinations  

Compound Combination Contribution 

Score 

Luteolin + beta-sitosterol + licochalcone A + aloe-emodin + 

eriodictyol 

18.52698678 

Luteolin + licochalcone A + aloe-emodin + eriodictyol 18.07387444 

Luteolin + licochalcone A + aloe-emodin + acacetin 17.47842125 

Luteolin + beta-sitosterol + licochalcone A + aloe-emodin + 

acacetin 

17.44939433 

Luteolin + lupiwighteone + stigmasterol + licochalcone A + 

aloe-emodin + eriodictyol + acacetin 

16.90428988 

Luteolin + lupiwighteone + beta-sitosterol + aloe-emodin + 

eriodictyol 

16.42871462 

Luteolin + lupiwighteone + aloe-emodin + eriodictyol 16.12207079 

Luteolin + lupiwighteone + beta-sitosterol + licochalcone A + 

aloe-emodin + eriodictyol 

15.9687878 

Luteolin + lupiwighteone + beta-sitosterol + stigmasterol + 

licochalcone A + aloe-emodin 

15.77850732 

Luteolin + lupiwighteone + beta-sitosterol + aloe-emodin + 

acacetin 

15.37578559 
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Figures

Figure 1

Identi�cation of the active compounds, gene targets, and signaling pathways of XYS. (A) mRNA
microarray analysis of differentially expressed genes (DEGs) in the XYS, LDSDS, and liver �brosis groups.
(B) Heatmap of DEGs between chronic hepatitis B patients with or without LDSDS (n = 16 in each group).
(C) The GO terms of the pathway analysis directly related to XYS. (D) The XYS-LDSDS-liver �brosis core
network analysis. Green, herbs; orange, compounds; indigo, target proteins directly related to XYS; purple,
predicted target proteins directly related to XYS; dark blue, target proteins indirectly related to XYS; light
blue, target proteins intermediately related to XYS; dark green, predicted target proteins intermediately
related to XYS; deep red, core pathway; pink, noncore pathway. (E) The KEGG enrichment analysis of the
XYS-LDSDS-liver �brosis core network.



Figure 2

Contribution score analysis of the XYS-LDSDS-liver �brosis core network. (A) Network centralization (NC),
characteristic path length (CPL), network heterogeneity (NH), and robustness (R) scores of the 17
compounds by using the entropy method and the weighted summation method, which were directly
related to the network stability using Cytoscape 3.2.1 software. (B) Analysis of the contribution scores of
the 17 compounds by combinations of the NC, CPL, NH and R parameters.



Figure 3

Effects of six individual XYS compounds and their combinations on regulating cell viability. (A) Cell
viability assay. Four top compound combination from network analysis show the effect on the LX2 cells.
(B) Cell viability assay. Four top compound combination from network analysis show the effect on the
HSC-T6 cells. . *P < 0.05 and **P < 0.01, compared to the control cells. (C) The most active compounds
combination in the LX2 and HXC-T6 cells.



Figure 4

Effect of LLAAF on regulating protein expression in vitro. (A) Western blot. LX2 cells were grown and
treated with a high, medium, or low dose of LLAAF and then subjected to western blot analysis of α-SMA
and collagen I expression. Quanti�ed data of the western blots are shown in the corresponding graphs.
(B) Western blot. LX2 cells were grown and treated with a medium dose of LLAAF and its compounds and
then subjected to western blot analysis of α-SMA and collagen I expression. (C) Western blot. HSC-T6
cells were grown and treated with a high, medium, or low dose of LLAAF and then subjected to western
blot analysis of α-SMA and collagen I expression. (D) Western blot. HSC-T6 cells were grown and treated
with a medium dose of LLAAF and its compounds and then subjected to western blot analysis of α-SMA
and collagen I expression. Quanti�ed data of the western blots are shown in the corresponding graphs.
#P < 0.05 and ##P < 0.01, compared to the CCl4-control group; *P < 0.05 and **P < 0.01, compared to the
model group.



Figure 5

Effects of XYS-M and LLAAF treatment on reduction of rat liver �brosis. (A) H&E staining (200×
magni�cation). (B) Masson’s staining (100×). (C) Semi-quantitative analysis of the collagen �bers. (D)
The hydroxyproline (Hyp) content. (E) Western blot. The levels of alpha-smooth muscle actin (α-SMA) and
collagen I were analyzed using western blot of rat liver �brotic tissues. ##P < 0.01, compared to the
control group; *P < 0.05, **P < 0.01, compared to the model group.



Figure 6

Bioinformatics analysis of the XYS- and LLAAF-modi�ed PPI networks. (A) XYS network. (B) LLAAF
network. (C) KEGG enrichment analysis of the XYS network. (D) KEGG enrichment analysis of the LLAAF
network. (E) Pathway analysis between XYS and LLAAF.



Figure 7

Effect of LLAAF treatment on regulation of Jak-STAT and PI3K-Akt-FoxO signaling. (A) Western blot. LX2
cells were grown, treated with TGF-β1 and then with LLAAF for 24h, and then subjected to western blot
analysis of protein expression. (B) Western blot. Liver tissues were resected from rats and subjected to
western blot analysis of alpha-smooth muscle actin (α-SMA) and collagen I expression. Quanti�ed data



of the western blots are shown in the corresponding graphs. #P < 0.05 and ##P < 0.01, compared to the
CCl4-control group; *P < 0.05 and **P < 0.01, compared to the model group.
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