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Abstract
BACKGROUND
Alcoholic liver disease (ALD) is a worldwide health problem, and natural products have been shown to improve ALD due to their antioxidant activities. Some parts of Hovenia dulcis (H. dulcis), such as roots, peduncles, and stems, provide health benefits. Nevertheless, the effects and mechanisms of H. dulcis seeds on ALD have not yet been fully elucidated.

AIM
To determine H. dulcis antioxidant activity, evaluate its effects against ALD, and investigate the related mechanisms via network pharmacology.

METHODS
The antioxidant activity of H. dulcis seed was determined by both ferric-reducing antioxidant power and trolox equivalent antioxidant capacity assays. The total phenolic and flavonoid contents were determined by Folin–Ciocalteu method and aluminum chloride colorimetry, respectively, and polysaccharide was determined by phenol-sulfuric acid method. The effects of H. dulcis seeds against alcoholic liver injury were investigated in mice with water extract pretreatment for 7 days followed by alcohol administration. Moreover, the mechanisms of action were explored with network pharmacology.

RESULTS
The results showed that H. dulcis seeds possessed strong antioxidant activity (245.11 ± 10.17 μmol Fe2+/g by ferric-reducing antioxidant power and 284.35 ± 23.57 μmol TE/g by trolox equivalent antioxidant capacity) and contained remarkable phenols and flavonoids, as well as a few polysaccharides. H. dulcis seeds attenuated alcohol-induced oxidative liver injury, showing reduced serum alanine and aspartate aminotransferases, alkaline phosphatase, and triglyceride, elevated hepatic glutathione, increased activities of superoxide dismutase and catalase, and reduced malondialdehyde and hepatic triglyceride. The results of network pharmacology analysis indicated that kaempferol, stigmasterol, and naringenin were the main bioactive compounds in H. dulcis seeds and that modulation of oxidative stress, inflammation, gut-derived products, and apoptosis were underlying mechanisms of the protective effects of H. dulcis seeds on ALD.

CONCLUSION
The results of this study demonstrate that H. dulcis seeds could be a good natural antioxidant source with protective effects on oxidative diseases such as ALD. 
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Core tip: Although some parts of Hovenia dulcis (H. dulcis) provide health impacts, the effects and mechanisms of H. dulcis seeds on alcoholic liver disease (ALD) have not been fully elucidated. In this study, we found that H. dulcis seeds possessed strong antioxidant activity and contained considerable phenols and flavonoids. H. dulcis seeds attenuated ALD and improved hepatic antioxidant capacity. Furthermore, results of network pharmacology analyses indicated that kaempferol, stigmasterol, and naringenin were the main bioactive compounds in H. dulcis seeds and that modulating oxidative stress, inflammation, gut-derived products, and apoptosis were involved in the mechanisms underlying the protective effects of H. dulcis seeds on ALD.



INTRODUCTION
Alcohol abuse often results in liver disease, and alcoholic liver disease (ALD) is a worldwide health problem that causes major health and economic burdens on both individuals and the society[1,2]. ALD can start with alcoholic liver injury, develop into alcohol-induced hepatitis and/or steatosis, and progress to fibrosis and/or cirrhosis; ALD can even lead to liver cancer[1,3]. Given the poor prognosis and the limited efficacy of current treatments for ALD, it would be more effective to prevent liver disease progression at the very beginning rather than to treat advanced conditions[4]. 
Natural products are economical sources of promising medicines and worth exploring more broadly and deeply. Numerous natural products have exhibited strong antioxidant activities, and their bioactive components, such as polyphenols, flavonoids, and polysaccharides, have been demonstrated to provide various health benefits, thus revealing their potential for being developed into effective therapeutics[5-7]. Hovenia dulcis (H. dulcis) has been used as a folk medicine for several centuries, especially in Japan, China, and Korea. Certain parts of H. dulcis exhibit various health effects. Namely, the peduncles of H. dulcis showed antioxidant and immunostimulatory effects, its fruit or stem showed antidiabetic effects through the AMP-activated protein kinase pathway, and the root could prevent proliferation of hepatic stellate cell-T6 cells[8-10]. It was also demonstrated that H. dulcis seeds, the edible seeds, could speed up alcohol degradation, leading to reduced alcohol concentration in the blood[11]. However, the effects and/or mechanisms of action of H. dulcis seeds on ALD have not been fully illustrated. 
Network pharmacology is a cost-friendly and highly efficient method for conducting a comprehensive analysis based on the widely existing databases of bioinformatics, systems biology, genetic informatics, and systems pharmacology, and it could reveal the major bioactive ingredients of drugs, uncover the interactions between targets (proteins and/or genes) important to drugs and disease, and unveil possible disease mechanisms. Thus, network pharmacology could provide a theoretical foundation to help generate defined directions for further research in new drug development[12,13]. 
[bookmark: _Hlk6239747][bookmark: OLE_LINK5][bookmark: OLE_LINK6]In this study, the antioxidant activities of H. dulcis seeds was determined, and its total phenol content (TPC), total flavonoid content (TFC), and polysaccharide content (PSC) were also assessed. Moreover, the effects of H. dulcis seeds on ALD were evaluated in mice, and network pharmacology was used to identify the main bioactive ingredients, the core targets, and possible mechanisms. The results of this study provide valid evidence for further application of the seeds of edible medicinal plant H. dulcis as nutraceuticals and pharmaceuticals to manage ALD.

MATERIALS AND METHODS
Chemicals
[bookmark: _Hlk37086231]Ethanol, acetic acid, and sodium chloride were obtained from Damao Chemical Reagent Factory (Tianjin, China). Polyformaldehyde was purchased from Wuhan Good Biotechnology Co., Ltd. (Wuhan, China). 2,4,6-Tripyridyl-S-triazine (TPTZ), Folin and Ciocalteu’s phenol, Trolox, and 2,20-azino-bis (3-ethylbenothiazoline-6-sulphonic acid) diammonium salt (ABTS) were obtained from Sigma-Aldrich (Saint Louis, MO, United States). All chemicals were of analytical grade, and the water used in this study was double distilled water. Detection kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China), including triglyceride (TG), catalase (CAT), superoxide dismutase (SOD), reduced glutathione (GSH), malondialdehyde (MDA), and total protein assay kits.

[bookmark: _Hlk3627545]Preparation of H. dulcis seed water extract
[bookmark: _Hlk37086704][bookmark: _Hlk37067406]H. dulcis seeds were purchased from Beijing Tong Ren Tang Chinese Medicine Co., Ltd. (Guangzhou, China). The H. dulcis seed water extract (HWE) was prepared according to the literature with minor modifications[14]. Briefly, 10.00 g dried weight (DW) of the finely ground sample was soaked in 100 mL of water for 30 min at room temperature. Then, the decoction of mixture was placed in a water bath (98 °C, 30 min). After being cooled down, the decoction was centrifuged (4200 × g, 10 min), and the supernatant was obtained. This extraction process was conducted twice, and then the supernatants were combined. Freeze drying process of water extract was conducted with a FreeZone Freeze Dryer (Labconco FreeZone®, Kansas City, MO, United Sates). The dried crude extract was dissolved in water at a concentration of 15 g/100 mL. Thus, when gavaged with 10 mL/kg HWE, each animal received a dose of 1.5 g DW/kg, equivalent to the desired human dose recommended by the National Administration of Traditional Chinese Medicine[15-17].

Determination of antioxidant activities
The ferric-reducing antioxidant power (FRAP) assay is a common method to determine the antioxidant activities of plants and was used in this study with slight modification[18]. The FRAP reagent was freshly prepared based on the volume ratio of 10:1:1 with the three solutions: (1) 300 mmol/L sodium acetate buffer (pH 3.6); (2) 10 mmol/L TPTZ solution (solvent: 40 mmol/L HCl); and (3) 20 mmol/L ferric chloride solution, which was kept in a water bath at 37 °C for further use. The 100 μL of HWE was mixed with 3 mL of FRAP reagent and incubated for 4 min at room temperature. Then, the absorbance of the mixture was taken at 593 nm with ferrous sulfate as a standard, and the results are stated as μmol Fe2+/g DW.
The trolox equivalent antioxidant capacity (TEAC) assay was used to test the free radical-scavenging activity of HWE based on a previously published approach that was slightly modified[19]. ABTS free radical (ABTS∙+) solution was made by mixing 7 mmol/L ABTS stock solution and 2.45 mmol/L potassium persulfate (1:1, v/v). Afterwards, it was kept in the dark for incubation at room temperature for over 16 h with a 2-d validity. The ABTS∙+ solution was diluted until its absorbance reached 0.710 ± 0.050 at 734 nm. Then, 3.8 mL of diluted solution and 100 μL of sample were mixed and allowed to react for 6 min. Thereafter, the absorbance was recorded, and the results are presented in terms of μmol trolox equivalent per g (μmol TE/g) DW.

Determination of TPC, TFC, and PSC
The TPC was determined by the Folin–Ciocalteu method[20]. Specifically, 0.5 mL of properly diluted sample and 2.5 mL of the Folin–Ciocalteu reagent (0.2 mol/L) were mixed. After 4 min, 2 mL of saturated sodium carbonate solution (75 g/L) was added into the mixture, followed by a 2 h incubation at room temperature. Then, the absorbance of the mixture was taken at 760 nm. The results are expressed as mg gallic acid equivalent per g (mg GAE/g) DW. 
The TFC was determined by aluminum chloride colorimetry with slight modifications[21]. Briefly, 0.5 mL of diluted sample was mixed with 1.5 mL of ethanol (95%, v/v), 0.1 mL of aluminum chloride (10%, w/v), 0.1 mL of potassium acetate (1 M), and 2.8 mL of water. The mixture was incubated for 30 min at room temperature, and the absorbance was recorded at 415 nm. The results were stated in the pattern of mg quercetin equivalent per g (mg QE/g) DW. 
[bookmark: _Hlk37087413]The PSC was determined by the phenol-sulfuric acid method[22]. Specifically, 2 mL of properly diluted sample and 8 mL of absolute ethanol were mixed together and then centrifuged (4200 × g) for 10 min. The precipitate was collected and washed with 10 mL of ethanol (80%, v/v) prior to vortexing and centrifuging (4200 × g) again for 5 min. The supernatant was removed, and the described washing process was performed twice. The final precipitate was dissolved in 4 mL of water, and 1 mL of the resulting solution was mixed with 1 mL of phenol (6%, m/m) and then 5 mL of sulfuric acid (98%); the reaction was allowed to proceed for 10 min. The absorbance was then measured at 490 nm, and the results are expressed as mg glucose equivalent per g (mg GE/g) DW.

Animal experiment design
[bookmark: _Hlk28768345]Male Kunming mice weighing 18-22 g were obtained from the Laboratory Animal Center, Sun Yat-Sen University. The animals were housed with 40%-60% relative humidity at 22 ± 1 °C; they were provided a 12/12 h light-dark cycle and free access to water and rodent chow access to food and water for 2 wk prior to experimentation. The animal protocol was designed to minimize pain or discomfort to the animals. All experimental procedures were performed based on the approval of Animal Ethics Committee of School of Public Health, Sun Yat-Sen University (No. 2017-011).
Mice were randomly divided into a control group, a model group, and a treatment group, with each group consisting of eight mice. Each morning on days 1-7, HWE (10 mL/kg) was administered orally to the mice in the treatment group, while mice in the other two groups were gavaged with an equivalent amount of water. On day 7, 1 h after the regular administration, alcohol (10 mL/kg, 52%, v/v) was given intragastrically to the model group and the treatment group, and equivalent amount of water was given to the control group. After 9 h, all of the mice were euthanized by barbiturate overdose (intravenous injection, 150 mg/kg pentobarbital sodium), and their blood samples were obtained. Finally, liver samples were weighed, and two portions were collected for biomarker measurements and histopathological examination, respectively. 

Biochemical and histopathologic examinations
[bookmark: _Hlk3750744]Serum samples were obtained by centrifuging the blood samples at 800 × g for 15 min and then analyzed by a Beckman Coulter Chemistry Analyzer (AU5821, Tokyo, Japan). The tested biomarkers in the serum included aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin (TBIL), and TG. 
[bookmark: _Hlk1554140]The liver weight was measured to calculate the liver coefficient, i.e. liver weight/body weight in terms of percentage. One slice of liver sampled from the middle of the left lobe was fixed and then stained by hematoxylin and eosin for histopathologic observation using a NIKON Biological Microscope Eclipse Ci-S (Tokyo, Japan). A second slice from the same lobe was applied for the hepatic biomarker tests. Liver homogenate was made by mixing liver tissue (0.2 g) and ice-cold physiological saline (1.8 mL), which was centrifuged twice at 3700 × g for 10 min each time. The supernatant was collected to assess the hepatic biomarkers, including GSH, SOD, CAT, MDA, and TG, with the corresponding commercial detection kits.

Prediction of H. dulcis seeds-ALD targets based on network pharmacology
[bookmark: _Hlk1379793][bookmark: _Hlk1681452][bookmark: _Hlk1374881][bookmark: _Hlk1812690][bookmark: _Hlk1812785][bookmark: _Hlk1812793][bookmark: _Hlk37087894][bookmark: _Hlk37087915]Selecting potential bioactive components of H. dulcis seeds and their related putative targets: H. dulcis seeds as a folk medicine has a long history in Asian countries; therefore, its bioactive components were searched in the pharmacological databases of traditional Chinese Medicine Systems Pharmacology (TCMSP) database and the TCM Database@Taiwan; PubChem was also used to verify the compounds and remove the duplicates with synonyms[23,24]. The potential bioactive compounds were selected based on their pharmacokinetic characteristics, i.e. absorption, distribution, metabolism, and excretion (ADME). The ingredients obtained from TCMSP were screened by oral bioavailability ≥ 30% and drug-likeness ≥ 0.18, while for those from TCM Database@Taiwan, the eligible ingredients were selected by Lipinski's rule: (1) no more than five hydrogen bond donors; (2) no more than 10 hydrogen bond acceptors; (3) a molecular mass less than 500 Daltons; and (4) an octanol-water partition coefficient log P not greater than 5[25,26]. 
[bookmark: _Hlk1812826]Two bioinformatics and cheminformatics platforms, the TCMSP database and the DrugBank database, were consulted for comprehensive and detailed target information regarding H. dulcis seeds[24,27]. Additionally, gene symbol identification and annotation of the target proteins were achieved by UniProt Knowledgebase[28].

Predicting known therapeutic targets of ALD: Following the ALD definition by the medical subject headings, alcoholic liver disease refers to liver disease in association with alcoholism and commonly at least two subentities (alcoholic fatty liver, alcoholic hepatitis, and alcoholic cirrhosis) coexist[29]. Two databases, the Online Mendelian Inheritance in Man (OMIM) databases and GeneCards, were used to identify the known therapeutic targets of ALD[30,31]. The OMIM, which is authored and edited at Johns Hopkins University School of Medicine, provides information on more than 15000 genes and all known Mendelian disorders[30]. Additionally, based on 168 integrated databases, GeneCards provides comprehensive and detailed information regarding all human genes that have been annotated and predicted[31]. The available data from these two databases were combined after removing the duplicates.
The 173 common targets, which were associated both with eligible ingredients of H. dulcis seeds and ALD, were obtained by overlapping the two abovementioned groups (Supplementary Figure 1). 

[bookmark: _Hlk1813225]Protein–protein interaction construction: A functional protein–protein interaction (PPI) network was constructed with the common target proteins by STRING (medium confidence, 0.40; species, Mus musculus)[29,31,32] . 

H. dulcis seed-ingredient-target interaction network construction: Cytoscape software (https://cytoscape.org/, Version 3.7.1) was used to construct and visualize a network of H. dulcis seed-ingredient-target interaction with the obtained common targets[33]. 

[bookmark: _Hlk1813207][bookmark: _Hlk2698076]Enrichment analysis: The possible mechanisms of H. dulcis seeds on ALD were explored by gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses[34,35]. A bioconductor was used to provide effective analysis of genomic data, and ClusterProfiler as well as Pathview were applied to statistically analyze, integrate, and visualize gene functional profiles[36]. A false discovery rate (FDR) < 0.05 was considered as statistically significant for the GO terms and KEGG pathways[37].

Statistical analysis
The results were reported in terms of means ± standard deviation. Statistical analysis was performed with IBM SPSS Statistics 20.0 (SPSS Inc., Armonk, NY, United States). One-way analysis of variance and the least significant difference test were applied for the evaluation of the differences between groups. P < 0.05 and P < 0.01 were regarded as two statistically significant levels, respectively. The statistical methods of this study were reviewed by Chan-Juan Zhao from the Department of Bio-statistics, School of Public Health, Hainan Medical University, Hainan Province, China.

RESULTS
[bookmark: _Hlk28850399]Antioxidant activities, TPC, TFC, and PSC of H. dulcis seeds
The antioxidant activity of H. dulcis seeds was assessed with two assays in this study, and the results showed an antioxidant capacity of 245.11 ± 10.17 μmol Fe2+/g by the FRAP assay and 284.35 ± 23.57 μmol TE/g by the TEAC assay (Table 1). The following values were also determined in this study: the TPC values were 6.29 ± 0.56 mg GAE/g DW, TFC, 2.25 ± 0.17 mg QE/g DW, and PSC, 0.03 ± 0.00 mg GE/g DW.

Effects of H. dulcis seeds on alcoholic liver injury
Significant increases of serum biomarkers, including ALT, AST, TBIL, and TG, were observed in the model group after alcohol administration, indicating the occurrence of alcoholic liver injury (Table 2). In this study, significant reductions in ALT and AST were observed in the treatment group (P < 0.01). Moreover, TBIL and TG were also significantly reduced in the group treated with HWE compared with the model group. The results provided evidence that H. dulcis seeds could attenuate ALD.
In addition to the serum biomarkers, hepatic biomarkers were also altered by alcohol intake, which induced significant decreases of SOD and CAT activities as well as GSH levels, together with increases in MDA, TG, and the liver coefficient (Figure 1). All these alterations were largely reversed in the group with HWE treatments, i.e. SOD, CAT, and GSH were increased (P < 0.05), and on the other hand, MDA and hepatic TG was reduced (P < 0.01), together with decreased liver coefficient (P < 0.05). Such results indicated that H. dulcis seeds improved the in vivo antioxidant activity.
The histopathological examinations indicated that in the model group, the involved hepatocytes were swollen and in disarray, with uneven-sized lipid droplets having accumulated (Figure 2B), and inflammatory cell infiltration was also found. These observations showed that alcoholic hepatitis and steatosis coexisted. On the other hand, the histopathological changes in the treatment group were noticeably alleviated by H. dulcis seeds (Figure 2C).

[bookmark: _Hlk6076324][bookmark: _Hlk1671879]Prediction of mechanisms in the protection of H. dulcis seeds on ALD
[bookmark: _Hlk5958084]Identification of targets related to both H. dulcis seeds and ALD: A total of 44 bioactive components of H. dulcis seeds were obtained, with 39 from TCMSP and five from TCM Database@Taiwan. According to the criteria regarding ADME, eight bioactive components remained as the eligible ingredients without duplicates, i.e. perlolyrine, β-sitosterol, kaempferol, naringenin, stigmasterol, ceanothic acid, quercetin and (2R,3R)-2-(3,5-dihydroxyphenyl)-3,5,7-trihydroxychroman-4-one (Supplementary Table 1)[25,26]. A total of 582 putative targets were found based on all ingredients of H. dulcis seeds from TCMSP and DrugBank, from which 182 were related to the eight eligible ingredients. Meanwhile, a total of 6087 known therapeutic targets regarding ALD were obtained from two sources, GeneCards and OMIM. Consequently, 173 common targets in association with both the eligible ingredients of H. dulcis seeds and ALD were obtained by overlapping the two groups (182 and 6087 targets, respectively) (Supplementary Figure 1).

Network construction: A PPI network of 173 targets was constructed and visualized by STRING, as shown in Figure 3A. There were 169 target proteins (nodes) and 2249 interactions (edges) in the PPI network, with average node degree of 26.6 and 610 expected edges. The PPI enrichment P value was less than 1.0e-16. The 30 targets with the highest node degrees are shown in Figure 3B (node degrees of all targets were listed in supplementary Table 2).
[bookmark: _Hlk6256437][bookmark: _Hlk6256489]The interaction network was constructed by Cytoscape to represent the relationships between the eligible ingredients of H. dulcis seeds, the targets, and ALD (Figure 4). The network consisted of one node for ALD (red diamond in Figure 4), one node for H. dulcis seeds (blue hexogen), six nodes for ingredients (green triangles), 173 nodes for the targets (purple ellipses), and 443 edges for the interactions. The two ingredients with the highest node degrees were stigmasterol and kaempferol (degree = 130 and 80, respectively), which could be regarded as the key bioactive ingredients, while the others’ degrees were below 30. The targets with top three degrees were prostaglandin-endoperoxide synthase (PTGS) 2, PTGS1, and peroxisome proliferator-activated receptor γ, with degrees of 8, 7, and 6, respectively, and the degrees of the other targets were 5 or less. 

[bookmark: _Hlk37088760][bookmark: _Hlk37088769]GO and KEGG enrichment analyses: The possible mechanisms of action involved in the prevention of H. dulcis seeds against ALD were explored by means of GO and KEGG enrichment analyses. GO enrichment analysis was performed from three ontologies, i.e. biological process (BP), molecular function (MF), and cellular component (CC). In a total of 4956 GO terms, 2369 were of statistical significance (FDR < 0.05), including 2101 BP, 180 MF, and 88 CC (Supplementary Table 3). The 20 most enriched BPs are illustrated in Figure 5, mainly including four biological processes that were directly associated with reactive oxygen species (ROS)/oxidative stress and hypoxia, two related to molecule of bacterial origin/lipopolysaccharide, two associated with nutrient levels, and one directly linked to alcohol. In addition, major enriched MF also covered those in association with oxidoreductase activity and antioxidant activity, cytokine activity, transcription factor activity, and nuclear receptor activity, indicating that the regulation might occur at transcriptional levels (Supplementary Table 3). 
[bookmark: _Hlk2783700][bookmark: _Hlk2787242][bookmark: _Hlk37089081]Moreover, a total of 253 pathways were available from KEGG enrichment analysis; 158 of these pathways were statistically significant (FDR < 0.05), and 98 were not related to other diseases (Supplementary Table 4). The top 10 most enriched nondisease associated pathways included “Tumor necrosis factor (TNF) signaling pathway” (24 gene enriched), “Interleukin 17 (IL-17) signaling pathway” (22 gene enriched), “Hypoxia-inducible factor 1 (HIF-1) signaling pathway” (21 gene enriched), “Endocrine resistance” (18 gene enriched), “Toll-like receptor (TLR) signaling pathway” (18 gene enriched), “C-type lectin receptor (CLR) signaling pathway” (18 gene enriched), “Apoptosis” (20 gene enriched), “Relaxin signaling pathway” (19 gene enriched), “Th17 cell differentiation” (17 gene enriched), and “Epidermal growth factor receptor tyrosine kinase inhibitor resistance” (15 gene enriched). The results from GO and KEGG enrichment analyses suggested that oxidative stress, inflammation, hypoxia, bacteria/bacterial product translocation, and apoptosis were all involved in the mechanisms underlying the protective effects of H. dulcis seeds on ALD.

DISCUSSION
Increasing evidence has demonstrated that natural products provide various health benefits, and antioxidant activity is one of the major contributors[5,6]. In this study, the antioxidant activity of H. dulcis seeds was determined by the FRAP assay, depending on the capacity of the sample to reduce [Fe (TPTZ)2]3+ into [Fe (TPTZ)2]2+[18,38]. Additionally, due to the complex composition and multifunctional features of most natural antioxidants that may influence antioxidant activity, using more than one method would provide a more comprehensive and reliable antioxidant activity evaluation[39]. Therefore, the TEAC assay was also applied in this study, which is a common method to determine the activity of antioxidant scavenging ABTS∙+[19,38]. The results from these two assays revealed that H. dulcis seeds exhibited much higher antioxidant activities than those of many fruits (e.g., kiwi fruit and blueberries), vegetables (e.g., broccoli and garlic), herbs (e.g., Pueraria lohata root, Taraxacum mongolicum, and seeds of Perilla frutescens and Ginkgo biloba), which are commonly considered to provide health benefits due to their strong antioxidant properties[14,40,41]. In addition, polyphenols, flavonoids, and polysaccharides have been reported as major contributors to the antioxidant activity of natural products[41,42]. In this study, H. dulcis seeds were found to contain much higher TPC than various fruits (e.g., cherries and blueberries), certain edible macrofungi (e.g., Agaricus bisporus, Auricularia auricular and Hericium erinaceus), and many medicinal plants, including Angelica biserrata, Millettia dielsiana Harms, Pinellia ternata, and Pueraria lohata root[14,40,41]. In addition, the TFC of H. dulcis seeds was higher than that of edible beans, such as mung bean, and even higher than that of Strobilanthes crispus leaves, a famous folk medicine in Malaysia[43,44]. Overall, H. dulcis seeds showed strong antioxidant activity and contained relatively high total phenolic content, considerable flavonoids, and a few polysaccharides, indicating that it could be a good source of natural antioxidants.
Alcohol consumption can lead to elevated transaminases, ALT and AST, the two common indicators of liver damage[45]. In this study, H. dulcis seeds showed hepatoprotective effects against alcohol by significantly decreasing these two transaminases (Table 2). In addition, liver dysfunction often results in bile and lipid mis-metabolism, and serum TBIL and TG may increase as a result[46]. Significantly reduced levels of TBIL and TG were found in the treatment group compared with the model group, thus showing that treatments of H. dulcis seeds could effectively protect liver function.
Alcohol is mainly metabolized in the liver, where it is oxidized into acetaldehyde and then into acetate; this biotransformation process can cause oxidative stress and lipid peroxidation[1]. In this study, alcohol administration induced depletion of GSH, one of the endogenous antioxidants, and decreased the activities of SOD and CAT, the antioxidant enzymes in the liver, all of which play a crucial role in scavenging ROS and reducing oxidative stress[47-49]. The reversal of these alterations was observed in mice treated with HWE (Figure 1). Moreover, hepatic MDA and TG were also markedly lower in the treatment group than those in the model group, indicating lipid peroxidation and dysmetabolism were less serious with the intervention of H. dulcis seeds. In addition, the liver coefficient was significantly decreased in the treatment group compared to the model group, indicating lower severity of liver damage due to the HWE. 
[bookmark: _Hlk6257946][bookmark: _Hlk6257996][bookmark: _Hlk6258023]To identify the major bioactive ingredients and obtain a comprehensive investigation of the mechanisms of H. dulcis seeds on ALD, network pharmacology was employed in this study as a highly efficient and cost-friendly tool[12,13]. Eight out of 44 bioactive compounds were screened due to eligibility of their pharmacokinetic features, and 173 corresponding known therapeutic targets, which were also associated with ALD, were selected (Supplementary Figure 1). The STRING-constructed PPI network of these common targets consisted of 169 nodes and 2249 edges (Figure 3A). As shown in Figure 3B, the targets with the top three node degrees were protein kinase B (AKT1), IL-6, and caspase-3, indicating they might be the pivotal modulatory targets contributing to the interactions between H. dulcis seeds and ALD. In addition, given the 610 expected edges and an enrichment P value < 1.0e-16, it could be indicated that the network had significantly more interactions than expected, showing the complex interactions between the targets. 
[bookmark: _Hlk6258315][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: _Hlk6513040]The relations between the eligible ingredients of H. dulcis seeds, the targets, and ALD are represented by the Cytoscape-constructed interaction network (Figure 4). As shown, the ingredients with the top two node degrees (degree = 130 and 80, respectively) were stigmasterol and kaempferol, which could be considered as the key bioactive ingredients. Further, PTGS2, PTGS1, and peroxisome proliferator-activated receptor γ, the targets with the top three degrees (degree = 8, 7 and 6, respectively), could be regarded as the core targets in the interactions of H. dulcis seeds and ALD. Such predictions could be backed up by some previous studies[50-52]. For instance, PTGS, also known as cyclooxygenase (COX), plays a key role in prostaglandin biosynthesis. Alcohol may cause downregulation of COX-1 in Kupffer cells and induce COX-2 expression via pro-inflammatory factors, such as cytokines and endotoxin, consequently leading to advanced ALD[50,51]. Moreover, the PPAR-γ signaling pathway is deeply involved in fatty acid storage and glucose metabolism, and the activation of this pathway could not only reduce alcohol intake and preference but also attenuate inflammation by inhibiting activity of the nuclear factor-κB[52]. In addition, there were 443 edges in the network, presenting the mutually regulatory interactions between the targets and the ingredients of H. dulcis seeds.
[bookmark: _Hlk5183130]GO enrichment analysis indicated that the top two enriched biological processes were “response to lipopolysaccharide” and “response to molecule of bacterial origin” (Figure 5), which not only demonstrated that the translocated bacterial products were involved in the actions of H. dulcis seeds on ALD but also verified the antibacterial impacts of H. dulcis seeds, as reported in the literature[53]. There were four biological processes that were directly associated with ROS/oxidative stress (“response to reactive oxygen species”, “reactive oxygen species metabolic process”, “response to oxidative stress”, and “cellular response to oxidative stress”), and three processes were related to hypoxia (“response to oxygen levels”, “response to hypoxia”, and “response to decreased oxygen levels”) and were also associated with oxidative stress in ALD[54]. Therefore, reducing oxidative stress might be one of the main mechanisms in the protective effects of H. dulcis seeds against ALD. Since malnutrition and ALD were the mutual causalities and given the two nutrient-linked biological processes (“response to nutrient levels” and “response to nutrient”), it could be speculated that H. dulcis seeds might improve ALD by modulating nutrient metabolism[55]. Notably, the enriched biological process of “response to alcohol” was also found, showing that H. dulcis seeds could directly react with alcohol, which might be attributable to its capability of speeding up alcohol degradation and consequently shortening the action time of alcohol in the liver[11].
[bookmark: _Hlk6259121][bookmark: _Hlk6259477][bookmark: _Hlk8098904]KEGG enrichment analysis illustrated the enriched pathways involved in the hepatoprotective effects of H. dulcis seeds against alcohol (Figure 6). These pathways have been shown to interweave with each other, and such an interplay could influence the pathogenesis of ALD[56-59]. It has been reported that HIF-1α could be a major and complex factor in ALD[56]. On the one hand, alcohol consumption could cause oxidative stress and hypoxia, resulting in HIF-1α upregulation; this process was adaptive and protective, which led to the inhibition of excessive lipid accumulation[60]. On the other hand, HIF-1α could be a determinant in the development of steatosis and hypertriglyceridemia as well as a mediator involved in pro-inflammation and upregulation of vascular endothelial growth factor[56,61]. In short, as a transcription regulator, changing HIF-1α activity might lead to various and complex consequences that could be influenced by other concurrent signals received by the hepatocytes[56]. Additionally, alcohol could increase the Th17 cell population and result in increased IL-17 secretion, which could promote the production of other cytokines, such as TNF-α and IL-6, and promote liver inflammation[57,58]. Moreover, increased permeability of the gut barrier caused by alcohol allows more bacteria/bacterial products to translocate into the liver and bind to the TLRs in hepatic stellate cells and Kupffer cells, thus inducing nuclear factor-κB activation, cytokine production, and immune activation and promoting the development of advanced ALD[62]. Furthermore, the activation of CLR, such as macrophage-inducible C-type lectin produced by Kupffer cells, could exacerbate ALD by increasing IL-1β production, thus leading to the increased infiltration of inflammatory immune cells[59]. In addition, apoptosis was also involved in the top 10 enriched nondisease related pathways. Taken together, by integrating the results from PPI networks as well as GO and KEGG enrichment analyses, oxidative stress, inflammation, translocated bacteria and related products, nutrient levels, and apoptosis could be involved in the mechanisms of H. dulcis seeds against ALD, and it could be predicted that this effect occurs most likely through TNF/IL-17/HIF-1/TLR/CLR/apoptosis signaling pathways.
In conclusion, our results showed that H. dulcis seeds possessed strong antioxidant activity and contained remarkable levels of polyphenols and flavonoids as well as a few polysaccharides. Moreover, H. dulcis seeds were demonstrated to protect against ALD by reducing oxidative stress and preventing lipid dysmetabolism in vivo. Network pharmacology analysis indicated that kaempferol, stigmasterol, and naringenin were the main bioactive compounds in H. dulcis seeds and that modulating oxidative stress, inflammation, gut-derived products, nutrient levels, and apoptosis were involved in the ALD-preventing mechanisms of H. dulcis seeds. The results of this study demonstrated that H. dulcis seeds could be a good natural antioxidant source with protective effects on oxidative diseases such as ALD.

ARTICLE HIGHLIGHTS
Research background
Alcoholic liver disease (ALD) is a worldwide health problem with poor prognosis and limited efficacy of current treatments, resulting in major health and economic burdens on both individuals and the society. Many natural products have been shown to improve ALD due to their antioxidant activities. 

Research motivation
Some parts of Hovenia dulcis (H. dulcis) provide health benefits. Nevertheless, the effects and mechanisms of H. dulcis seeds on ALD have not yet been fully elucidated.

Research objectives
The present study aimed to determine H. dulcis antioxidant activity, evaluate its effects against ALD, and investigate the related mechanisms via network pharmacology.

Research methods
The antioxidant activity of H. dulcis seed was determined by both ferric-reducing antioxidant power (FRAP) and trolox equivalent antioxidant capacity (TEAC) assays. The total phenolic and flavonoid contents were determined by Folin–Ciocalteu method and aluminum chloride colorimetry, respectively, as well as polysaccharide by phenol-sulfuric acid method. The effects of H. dulcis seeds against alcoholic liver injury were investigated in mice with water extract pretreatment for 7 d followed by alcohol administration. Moreover, the mechanisms of action were explored with network pharmacology.

Research results
The results showed that H. dulcis seeds possessed strong antioxidant activity (245.11 ± 10.17 μmol Fe2+/g by FRAP, and 284.35 ± 23.57 μmol TE/g by TEAC, respectively), and contained remarkable phenols and flavonoids, as well as a few polysaccharides. H. dulcis seeds attenuated alcohol-induced oxidative liver injury, showing reduced serum alanine and aspartate aminotransferases, alkaline phosphatase and triglyceride, elevated hepatic glutathione, increased activities of superoxide dismutase and catalase, and reduced malondialdehyde as well as hepatic triglyceride. The results of network pharmacology analysis indicated that kaempferol, stigmasterol, and naringenin were the main bioactive compounds in H. dulcis seeds, and that modulating oxidative stress, inflammation, gut-derived products, and apoptosis were involved in the mechanisms of H. dulcis seeds’ protective effects on ALD.

Research conclusions
The results of this study demonstrated that H. dulcis seeds could be a good natural antioxidant source with protective effects on oxidative diseases such as ALD.

Research perspectives
The results of this study provide valid evidence for further application of the seeds of edible medicinal plant H. dulcis as nutraceuticals and pharmaceuticals to manage ALD.
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Figure 1 Effects of Hovenia dulcis seeds on hepatic biomarkers in mice with alcoholic liver injury. A: Superoxide dismutase; B: Catalase; C: Glutathione; D: Malondialdehyde; E: Hepatic triglyceride. aP < 0.05, bP < 0.01 vs control group; cP < 0.05, dP < 0.01 vs model group. Error bars: standard deviations (n = 8). H. dulcis: Hovenia dulcis; SOD: Superoxide dismutase; CAT: Catalase; GSH: Glutathione; MDA: Malondialdehyde; hTG: Hepatic triglyceride.



[image: ]
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Figure 2 Histopathological changes (magnified × 400 times, stained by hematoxylin and eosin). A: Control group; B: Model group; C: Hovenia dulcis seed group. Scale bar: 50 μm; Oval: Area with lipid droplets; Arrow: Inflammatory cells.
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Figure 3 Protein–protein interaction network and node degrees. A: Interaction of 173 common target proteins; B: Thirty targets with the highest node degrees.
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Figure 4 Complex interaction network between targets, the eligible ingredients, and alcoholic liver disease. A: Perlolyrine; B: β-sitosterol; C: Kaempferol; D: Naringenin; E: Stigmasterol; F: Quercetin. ALD: Alcoholic liver disease; H. dulcis: Hovenia dulcis.
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Figure 5 Top 20 enriched biological processes from gene ontology analysis. FDR: False discovery rate.
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Figure 6 Top 20 enriched pathways from Kyoto Encyclopedia of Genes and Genomes analysis. FDR: False discovery rate.
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Table 1 Ferric-reducing antioxidant power, trolox equivalent antioxidant capacity, total phenol content, and total flavonoid content values of Hovenia dulcis seeds
	FRAP value,
	TEAC value,
	TPC value,
	TFC value,
	PSC value,

	μmol Fe2+/g DW
	μmol TE/g DW
	mg GAE/g DW
	mg QE/g DW
	mg GE/g DW

	245.11 ± 10.17
	284.35 ± 23.57
	6.29 ± 0.56
	2.25 ± 0.17 
	0.03 ± 0.00


FRAP: Ferric-reducing antioxidant power; TEAC: Trolox equivalent antioxidant capacity; TPC: Total phenol content; TFC: Total flavonoid content; PSC: Polysaccharide content; DW: Dried weight.



Table 2 Effects of Hovenia dulcis seeds on serum biomarkers
	Group
	ALT, U/L
	AST, U/L
	TBIL, μmol/L
	sTG, mmol/L

	Control
	28.43 ± 4.27
	118.19 ± 8.38
	1.84 ± 0.26
	1.30 ± 0.12

	Model
	44.14 ± 3.47b
	141.23 ± 5.39a
	2.50 ± 0.37b
	1.85 ± 0.25a

	Treatment
	32.57 ± 5.69d
	123.91 ± 11.09d
	2.19 ± 0.21c
	1.42 ± 0.21d


aP < 0.05, bP < 0.01 vs control group. cP < 0.05, dP < 0.01 vs model group. ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; TBIL: Total bilirubin; sTG: Serum triglyceride.
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