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Abstract

:

Alcoholic liver disease (ALD) is primarily caused by long-term excessive alcohol consumption. Cyanidin-3-O-glucoside (C3G) is a widely occurring natural anthocyanin with multiple biological activities. This study aims to investigate the effects of C3G isolated from black rice on ALD and explore the potential mechanism. C57BL/6J mice (male) were fed with standard diet (CON) and Lieber-DeCarli liquid-fed (Eth) or supplemented with a 100 mg/kg/d C3G Diet (Eth-C3G), respectively. Our results showed that C3G could effectively ameliorate the pathological structure and liver function, and also inhibited the accumulation of liver lipids. C3G supplementation could partially alleviate the injury of intestinal barrier in the alcohol-induced mice. C3G supplementation could increase the abundance of Norank_f_Muribaculaceae, meanwhile, the abundances of Bacteroides, Blautia, Collinsella, Escherichia-Shigella, Enterococcus, Prevotella, [Ruminococcus]_gnavus_group, Methylobacterium-Methylorubrum, Romboutsia, Streptococcus, Bilophila, were decreased. Spearman’s correlation analysis showed that 12 distinct genera were correlated with blood lipid levels. Non-targeted metabolic analyses of cecal contents showed that C3G supplementation could affect the composition of intestinal metabolites, particularly bile acids. In conclusion, C3G can attenuate alcohol-induced liver injury by modulating the gut microbiota and metabolites, suggesting its potential as a functional food ingredient against alcoholic liver disease.
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1. Introduction


Alcoholic liver disease (ALD) is a chronic disease caused liver damage by long-term excessive alcohol consumption. It refers to a broad spectrum of diseases, including fatty liver, alcoholic hepatitis, cirrhosis with their complications [1,2]. In the report of World Health Organization, 230 million people are current drinkers, and about 100 million of them are considered as heavy episodic drinkers [3]. This creates a substantial burden on global health. Previous studies show out that pathogenesis of ALD mainly includes oxidative stress, inflammation, and intestinal microbiota dysfunction and so on [4]. Currently, the available treatment approaches for ALD are limited, and there are usually side effects. Therefore, the exploration of novel therapeutic approaches to ALD has been of interest to researchers. Due to their wide range of anti-inflammatory and antioxidant activities, there has been concern about the use of natural active products in ALD treatment [5].



Black rice (Oryza sativa L. Japonica) is a nutritious food, also known as “medicine rice”. The black color of this rice is primarily attributed to the high concentration of anthocyanins, with cyanidin-3-O-glucoside (C3G) being the most prevalent, accounting for over 90.0% of the total anthocyanin content [6]. C3G from black rice has been approved pharmacological effects such as antioxidant, anti-inflammatory, anti-aging, anticancer [7,8,9,10]. Anthocyanin can bring a beneficial effect on human health, especially for the prevention of chronic and non-chronic diseases [11]. A previous study showed that anthocyanin-rich black rice extract could reduce lipopolysaccharide-induced inflammatory response in macrophage [12]. C3G also could alleviate non-alcoholic fatty liver disease by attenuating hepatic steatosis and activating NLRP3 inflammasome [13]. Oral administration of C3G could improve glucose tolerance and reduced lipid accumulation in the high-fat diet mice [14]. It is not clear whether C3G has protective effect on ALD.



Some investigations show that the changes of microbial community structure and quantity play an important role in the development of ALD. The abundance of Bacteroidetes in the alcohol-fed mice were significantly increased and Firmicutes were decreased [15]. Furthermore, the gut microbiota can interact with the liver via the gut-liver axis, for example, lipopolysaccharide, a component of gut Gram-negative bacteria, enters the liver via the portal vein to promote inflammation, eventually promote the development of ALD [16]. Black rice supplementation could restore microbial richness in the intestine, which is related to improved lipid metabolism and obesity [17]. We speculate that the function of black rice may be related to its main substance, C3G. Therefore, the aim of this study was to investigate the effect of C3G on alcoholic liver injury in mice and to explore its possible mechanism through gut microbiota.




2. Materials and Methods


2.1. Animal and Experimental Design


C57BL/6J male mice (8-week-old) were obtained from Hunan SJA Laboratory Animal Co., Ltd. (SLAC, Changsha, China). All mice were accommodated to a environment at 24–25 °C of temperature, 40–60% of humidity and 12 h dark/light cycle. The animal experimental procedures are accorded to the Animal Care and Use Guidelines, the use and ethics of experimental animals were approved by Hunan Prima Pharmaceutical Research Center (HNSE2021[5]068, Liuyang, Changsha, China). After 1 week of acclimatization, 30 mice of similar weight were randomly divided into three groups (each group has 10 mice): control group (CON), ethanol group (Eth), and ethanol + C3G (100 mg/kg/day; C3G came from black rice, 93.0% purity; YiRui Biotech Company, Chengdu, China) group (Eth-C3G), The alcohol-induced liver injury mouse model was followed the method of Guo et al. [18] with a little modification. Mice in the Eth and Eth-C3G groups were acclimated to an ethanol diet for 4 days, in which ethanol was gradually added to the liquid diet (0% to 4%), then the ethanol concentration was maintained at a 4% (v/v) for the subsequent 7 weeks (Figure 1). Mice were euthanized with ethyl ether and blood, tissue samples and cecal content were collected. Tissue and cecal content samples were stored in liquid nitrogen.




2.2. Biochemical Assays


The blood samples of mice were centrifuged at 3000 rpm/min for 15 min and the serum was obtained. Total cholesterol (TC), total triglyceride (TG), low-density lipoprotein cholesterol (LDL-c), and high-density lipoprotein cholesterol (HDL-c) contents in serum samples were detected by Rayto Biochemical Analyzer Chemray 240 (Shenzhen, China) according to kit instructions. The malondialdehyde (MDA) content and enzyme activities of aspartate aminotransferase (AST), alanine aminotransferase (ALT), superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) were measured by Microplate reader (Epoch, BioTeK, Winooski, VT, USA) according to the instruction of kit (Nanjing jiancheng bioengineering Institute, Nangjing, Jiangsu, China).




2.3. Histological Evaluation


The liver and colon tissues were separated and fixed in a 4% (v/v) solution of paraformaldehyde for 24 h. Then, the samples were dehydrated with ethanol and paraffin-embedded. Finally, paraffin sections were stained with hematoxylin and eosin (H&E). In order to visualize liver fat deposition more clearly, frozen sections of liver tissue samples were stained with Oil Red O. Images were captured on a microscope imaging system (Nikon, Tokyo, Japan).




2.4. Immunofluorescence Assessment


Fixed colon tissues were paraffin embedded and sectioned (5 μm thickness). The paraffin sections were dewaxed and the tissue sections were treated with an EDTA antigen repair buffer, followed by BSA treatment for 30 min. After removing the blocking solution, the primary antibody (anti-ZO-1 or anti-Claudin-1) was added to the slides, and incubated at 4 °C overnight. Then PBS was used to wash unbinding primary antibody. Secondary antibody (HRP-conjugated goat anti-rabbit immunoglobulin G) was added into the slides at room temperature for 1 h. Then, the corresponding BSA was added into the slides for 10 min in darkroom. Finally, DAPI was added into the slides for 12 min in darkroom, then autofluorescence quencher were added into the slices. After PBS decolorization, images were acquired by inverted fluorescence microscopy (Olympus, Tokyo, Japan).




2.5. Gut Microbiota Analysis


16S rRNA sequencing is commonly used to analyze changes in the gut microbiota. The aim of this study was to investigate the effects of different treatments on bacteria in cecal contents. Following the manufacturer’s instructions, the total DNA of cecal microbiota were extracted from the CON, Eth, and Eth-C3G groups by a MagPure DNA LQ Kit (Magen, Foshan, Guangdong, China). 16S rRNA Sequencing was performed in Shanghai Ouyi Biomedical Technol Co., Ltd., Shanghai, China. The results were analyzed at OE Biotech Cloud Platform (https://cloud.oebiotech.com/task/) (accessed on 5 May 2022).




2.6. Metabolomic Analysis of Cecal Contents


All samples were measured using the Agilent Technologies 7890B Gas chromatography system coupled with the Agilent Technologies 5977A MSD system (Agilent Technologies, Santa Clara, CA, USA). 60 mg cecal content sample was added to Eppendorf tube. Samples were homogenized with cold methanol (360 μL) and internal standard (40 μL, 0.3 mg/mL 2-chlorophenylalanine) and were sonicated for 30 min. After the samples were rotated for 2 min and sonicated with 300 μL chloroform and 600 μL water for 30 min, and the mixture was centrifuged at 13,000 rpm for 10 min at 4 °C. Finally, the supernatant was dried under vacuum, mixed with 80 μL of methoxyamine, and oximated for 90 min in the dry supernatant; then 80 μL BSTFA and 20 μL n-hexane solution were added for 60 min at 70 °C. Metabonomics analysis was performed by gas chromatography-mass spectrometry (GC-MS).



The peak recognition, peak alignment, waveform filtering and missing interpolation of the original data were analyzed by using MS-DIAL software and metabolite modeling was based on the Lug database. The data matrix sample information, the peak name of each substance, the retention time, the mass-to-charge ratio and the signal strength were acquired. Results were analyzed using the OE biotechnology cloud platform (https://cloud.oebiotech.com/task/) (accessed on 22 January 2023).




2.7. Statistical Analysis


The data were expressed as means ± SD, and all data in this study were analyzed by SPSS software (version 25.0, Chicago, IL, USA). One-way ANOVA and Tukey’s multiple range test were used to analyze the differences among the groups. Tamhane’s T2 test was used for post hoc multiple comparisons when variance was unequal (statistical significance, p < 0.05). Our bioinformatics analysis including species classification, richness and diversity analysis was performed on the OE biotechnology cloud platform, a data analysis platform. The correlations between microbiota and phenotype or metabolites were analyzed using Spearman’s correlation analysis.





3. Results


3.1. Effects of C3G Administration on Body Weight and Liver Index


The changes of mice body weight during the experimental period are shown in Figure 2A. The average body weight of the mice in Eth group was significantly lower than the CON group during the first week (p < 0.05), and this trend was maintained throughout the experiment. Compared to the Eth group, C3G supplementation could increase body weight gain of mice from 26.92 ± 0.38 g of Eth group to 28.51 ± 1.37 g of Eth-C3G group at the end of the 7th week. Liver weight and liver index were measured in the three groups (Figure 2B,C). Compared to the CON group, the Eth group exhibited a significant increase in liver weight and liver index (p < 0.05). However, this abnormality was mitigated by the administration of C3G treatment. The color of livers was cream in Eth group mice. Compared with Eth group, C3G treatment obviously reduced the size of livers and recovered the liver color similar to CON group (Figure 2D). The findings demonstrate that C3G can reduce the damage of alcohol to the body and liver enlargement in the mice of Eth group.




3.2. Effects of C3G on the Hepatic Histopathological Changes


The pictures of H&E staining and Oil Red O staining intuitively showed the damage of alcoholic liver (Figure 3A,B). The hepatocytes irregular arrangement and extensive macrovesicular lipid droplets were observed in Eth group mice. After C3G intervention for 7 weeks, these morphological and pathological symptoms were visibly alleviated. The results showed C3G treatment reduced lipid deposition in hepatocytes and restored the cell morphology.




3.3. Effects of C3G on Biochemical Metabolic-Related Parameters


Alcohol treatment had significant effects on liver-specific enzymes. The enzyme activities of ALT and AST in the Eth group mice were 1.77 and 1.34 folds higher than these indexes in CON group mice, respectively (Figure 4A,B), indicating the damage of liver cell. However, these enzymes activities of Eth-C3G group mice were significantly lower than those of the Eth group mice (p < 0.01 and p < 0.05, respectively). It suggests that C3G has a potential protective effect on alcoholic liver injury.



After the mice were fed with alcohol for 7 weeks, the TG, TC, and LDL-c concentration in serum significantly increased compared to the CON group (higher 94.35%, 22.14%, and 31.77%, respectively) (Figure 4C–E). In this study, compared with Eth group, C3G significantly decreased serum TG, TC, and LDL-c levels by 48.20%, 23.61%, and 21.99%, respectively. The level of HDL-c in the Eth group significantly decreased compared with that in the CON group (p < 0.05) (Figure 4F) and C3G supplementation reversed this trend (p < 0.05). These data were consistent with the result of Oil Red O staining in liver tissues, suggesting that the model of alcohol-induced liver injury was established successfully in this study. These results indicate that the consumption of C3G effectively alleviate alcohol-induced dyslipidemia in mice.



MDA is alcohol-induced by-product of lipid peroxidation, and its concentration in the liver indirectly indicates the extent of liver injury. The liver MDA concentration was significantly higher in the Eth group (0.267 ± 0.022 nmol/mg protein) compared to the CON group (0.202 ± 0.015 nmol/mg protein) (p < 0.01). However, the liver MDA concentration was suppressed (0.202 ± 0.020 nmol/mg protein) (p < 0.01) after C3G treatment (Figure 4G). SOD and GSH-Px in hepatocytes are crucial in protecting against alcohol-induced liver damage, as they have a strong capacity to scavenge free radicals generated within the body. When the free radical content in the organism exceeds the limit of the oxidative barrier defense, the organism will be subjected to oxidative damage [19]. In this study, excessive alcohol consumption suppressed the activities of hepatic SOD and GSH-Px. Consumption of C3G obviously elevated the hepatic activities of those antioxidant enzymes (Figure 4H,I). It suggests that C3G has the potential to prevent alcohol-induced liver damage by reducing the oxidative stress level.




3.4. Effects of C3G on Intestinal Histopathological Feature


Histological analysis indicated that alcohol treatment damage intestinal epithelial villi in the Eth group mice. The surrounding villi became thinning and atrophy, and the gross morphology was abnormal as well. These pathological and morphological changes were alleviated by C3G treatment to some extent (Figure 5A). The expressions of Claudin-1 and ZO-1 in colon were analyzed by immunofluorescence staining (Figure 5B,C). The expressions of Claudin-1 and ZO-1 in the Eth group were decreased compared with the CON group, suggesting that the intestinal barrier is damaged. After C3G intervention for 7 weeks, the distributions of Claudin-1 and ZO-1 were visibly restored.




3.5. Effects of C3G on Gut Microbiota in Mice


The gut microbiota is tightly related to host physiology and immunity [20]. Various environmental factors including diet, disease and medication, exert an influence on the composition of gut microbiota [21,22]. Among these factors, diet significantly contributes to the modification of gut microbiota [23]. To evaluate the impact of C3G intervention on the change of gut microbiota, 16S rRNA sequencing was used to analyze the cecal contents of mice. Alpha diversity analysis of goods_courage curves for each sample reached the saturation plateau (Figure 6A). This suggested that our subsequent experiments had a high degree of confidence. As presented by the Venn diagram in Figure 6B, a total of 4969 operational taxonomic units (OTUs) at 97% similarity were obtained. 2576 OTUs overlapped in 4969 OTUs in all of the groups, and there were 372 and 459 distinct bacteria in the Eth and Eth-C3G groups, respectively. Distinct clustering of the microbiota compositions of the three group were observed using the principal co-ordinates analysis (PCoA) (Figure 6C). This result was also presented in Hierarchical clustering analyses (Figure 6D). These findings collectively suggested that the disordered colony structure of Eth-treated mice was restored by C3G treatment, making it more similar to that of the CON group mice.



To assess the overall composition and structure of gut microbiota among different groups, and specifically how they respond to C3G supplementation, we analyzed the distribution and abundance of bacterial taxa at each taxonomic level. At the phylum level, Firmicutes and Bacteroidota were the dominant phyla, accounting for more than 82% of the total microflora (Figure 7A). Alcohol stimulation significantly increased the ratio of Firmicutes to Bacteroidota compared with the CON group (Figure 7D,E). C3G treatment effectively downregulated Firmicutes relative abundance while upregulated Bacteroidota relative abundance. Ethanol treatment increased the relative abundance of Actinobacteriota. C3G treatment protected against this trend (p < 0.01) (Figure 7F). The Firmicutes/Bacteroidota (F/B) ratio was considered to be an important indicator for metabolic disorder [24]. The Eth groups had a larger F/B ratio than the CON and Eth-C3G groups (p < 0.01) (Figure 7G).



C3G also demonstrated promising effects in reversing some of alcohol-induced changes in the composition of gut microbiota, including Bacteroidales (p < 0.01), and Lactobacillales (p < 0.01) at the order level (Figure 7B). At the genus level (Figure 7C), Muribaculaceae, Bacteroides, Faecalibacterium, Parabacteroides, and Alloprevotella were enriched. C3G treatment inverted the downregulated abundance of Norank_f_Muribaculaceae stimulated by alcohol (p < 0.05) (Figure 8A). Conversely, C3G treatment decreased the relative abundances of Bacteroides (p < 0.05), Blautia (p < 0.05), Collinsella (p < 0.01), Escherichia-Shigella (p < 0.01), [Ruminococcus]_gnavus_group (p < 0.01), Enterococcus (p < 0.01), Prevotella (p < 0.05), Romboutsia (p < 0.01), Streptococcus (p < 0.05), Bilophila (p < 0.01), and Methylobacterium-Methylorubrum (p < 0.01) (Figure 8B–L), which were significantly enhanced in the Eth group. The above results indicated that C3G has the potential to improve intestinal microbial dysbiosis occurred in chronic alcohol-exposed mice.




3.6. Effects of C3G on Profiles of Metabolites in Cecal Contents


Metabolomics can provide quantitative information on full changes in the metabolic function [25]. Cecal contents were analyzed using GC-MS to find the different metabolites, further to explore the key metabolites of C3G intervention against alcoholic liver injury. Principal component analysis (PCA) plots showed clear separation between the Eth group and other groups, which means the gut microbiota in different groups have obvious changes (Figure 9A). According to VIP value > 1.0 and p value < 0.05, a total of 57 metabolites were successfully identified in the cecal contents between the Eth and Eth-C3G groups (Figure 9B). Compared with the Eth group, 48 metabolites were significantly upregulated and 9 metabolites were significantly downregulated in Eth-C3G group (Figure 9C). In this study, we found C3G treatment significantly elevated the proportion of bile acids, such as deoxycholic acid (DCA), chenodeoxycholic acid (CDCA), lithocholic acid (LCA), and cholic acid (CA). The potential biomarkers were used for pathway analysis using MetaboAnalyst 4.0 and Kyoto Encyclopedia of Genes and Genomes (KEGG). Ten metabolic pathways (rich factor > 0, p < 0.05) were enriched between the Eth and the Eth-C3G groups, including pyrimidine metabolism (rich factor = 0.0769), amino sugar and nucleotide sugar metabolism (rich factor = 0.0370), phenylalanine metabolism (rich factor = 0.05), tyrosine metabolism (rich factor = 0.0385), glycolysis/gluconeogenesis (rich factor = 0.0645), beta-alanine metabolism (rich factor = 0.0625), phenylalanine (rich factor = 0.0588), lysosome (rich factor = 0.25), melanogenesis (rich factor = 0.1667), and primary bile acid biosynthesis (rich factor = 0.0426) (Figure 9D).




3.7. Correlation Analysis


Alterations of gut microbiota and their metabolites are the main cause of host metabolic disturbances [26]. Therefore, the correlation heatmap was established to identify the potential association between gut microbiota disturbances and changes in cecum metabolites. Correlation analyses was performed with both the genus vs. biochemical variables and the genus vs. cecal metabolites (Figure 10A,B, respectively). The 12 kinds of gut microbiota were reported to be related to obesity, inflammation, hyperlipidemia, and bile acid metabolism. Our correlation results indicated that the relative abundance of Norank_f_Muribaculaceae exhibited a negative correlation with serum lipid levels, while 11 other genera showed a positive correlation with liver index and serum lipid levels, particularly TC and LDL-c levels. These correlation analyses implied that the variations in bacterial abundance were closely associated with lipid metabolism (Figure 10A).



As showed relationship between gut microbiota and cecal typical metabolites (Figure 10B), the genera decreased after C3G intervention such as Bacteroides, Blautia, Collinsella, Escherichia-Shigella, Enterococcus, [Ruminococcus]_gnavus_group, Prevotella, Romboutsia, Streptococcus, Bilophila, and Methylobacterium-Methylorubrum. They were negatively correlated with LCA, DCA, CDCA, CA and other metabolites of C3G in vivo (e.g., protocatechoic acid, vanillic acid). But the Norank_f_Muribaculaceae showed the opposite trend. This correlation analyses illustrated that C3G might inhibit bacterium that are not conducive to liver repair by its metabolites and increasing bile acids.





4. Discussion


ALD is one of the major diseases of harm to human health. This study utilized a combined approach of microbiome analysis and metabolomics to explore the protective effects of C3G against alcoholic liver injury and elucidate its possible mechanism.



In the current study, we found C3G supplementation significantly attenuated alcohol-induced liver lipid and serum lipid accumulation. Similar to most studies, alcohol intake increased liver index and the contents of serum TG, TC, and LDL-c [27,28]. After C3G consumption, liver index, serum TG, TC, and LDL-c concentrations of the alcohol-exposed mice were significantly decreased, and significantly increased HDL-c. The results of H&E staining and Oil Red O staining clearly demonstrated that C3G effectively reduced hepatic lipid accumulation. This illustrated that C3G intervention had a modulatory effect on lipid metabolism, Lyu et al. also discovered casein-C3G could prevent the accumulation of liver lipid in HFD-fed mice [29].



Long-term drinking not only produced reactive oxygen, but also weakened the antioxidant system. Our results confirmed that the intervention of C3G increased the activities of SOD and GSH-Px in liver, and decreased the content of MDA, which suggested that C3G could enhance antioxidant system in liver and reduce the membrane lipid peroxidation. This was related to the strong antioxidant activity of C3G. Ye et al. reported that C3G alleviated oxidative stress in islets by the improve activities of SOD and catalase [30].



Disruption of the intestinal barrier is considered a significant damage of alcohol abuse [16]. Damaged intestinal barrier aggravated liver damage by passing intestinal endotoxin through the intestinal-hepatic axis [31]. Our study demonstrated that the intervention of C3G restored the alcohol-induced intestinal barrier damage by increasing the expressions of Claudin-1 and ZO-1 proteins. C3G and its metabolites were found to have a protective effect on the intestinal barrier in vitro [32,33]. Some researchers proposed that the disruption of intestinal barrier might be attributed to the alcohol metabolites generated by gut microbiota or the dysbiosis of gut microbiota [34,35]. Therefore, relevant researches were carried out in this study.



Alcohol has been reported to cause changes in the gut microbiota, which in turn lead to an imbalance in pathogenic and symbiotic organisms in the microbiota, thereby damaging liver through the enterohepatic axis [16,36]. There were also studies showing that dietary interventions can regulate intestinal microbiota [37,38]. In our study, gut microbiota played a huge role for C3G to ameliorate alcohol-induced liver injury. An increase in the F/B ratio is a feature of the intestinal microbiota of the ALD mouse model [39,40]. In our research, alcohol significantly increased the proportion of Firmicutes and decreased the proportion of Bacteroidetes, and the intervention of C3G reversed the trend. In diet-induced insulin resistant rats, C3G demonstrated similar effects on gut microbiota [41]. As the largest genus in mouse feces, the abundance of Norank_f_Muribaculaceae was reduced in the mice with alcohol-induced metabolic disorders or in the mice with colitis [42,43,44]. In the present study, C3G intervention significantly increased the abundances of Norank_f_Muribaculaceae, which was involved in the formation of the mucus layer, and ameliorated the gut barrier function [45]. Meanwhile, alcohol induced significant increase of some bacteria, such as Bacteroides, Blautia, Collinsella, Escherichia-Shigella, Methylobacterium-Methylorubrum Enterococcus, [Ruminococcus]_gnavus_group, Prevotella, Romboutsia, Streptococcus and Bilophila, they were reported to promote the liver damage. C3G supplementation could suppress their growth. Meanwhile these bacteria were positively correlated with serum lipids. Bacteroides is highly correlated with enteritis, and its increase was considered as an indicator to identify patients with alcohol use disorder [46,47]. Some recent studies have shown that the abundance of Blautia was increased in patients with obesity or ALD [48,49,50]. Furthermore, Blautia has a positive correlation with serum TG accumulation in our study, suggesting its possible participation in the lipid accumulation. Collinsella was reported to be highly abundant in obese mice [51,52]. Escherichia-Shigella and Enterococcus are usually considered to be pro-inflammatory bacteria, and Escherichia-Shigella was participated in obesity-associated metabolic dysfunction [37,53]. Enterococcus was reported to increase the mortality in patients with alcoholic hepatitis, it secreted cytolysin-a two-subunit exotoxin, thus leading to the hepatocyte death and liver injury [54]. [Ruminococcus]_gnavus_group was linked with bile acid metabolism [55]. Compared with healthy controls, the abundances of Blautia, Prevotella, and Ruminococcus were elevated in the children with non-alcoholic fatty liver disease and non-alcoholic steatohepatitis [56]. Berberrubine treatment decreased Romboutsia abundance, a obesity-related bacteria [57]. Streptococcus might promote the production of AST, which could be used as a marker to evaluate liver injury [58]. Yeast β-glucan had a significant impact on reducing the abundance of Bilophila in human cohorts, a microorganism associated with obesity. Methylobacterium-Methylorubrum was significantly enriched in post-hepatectomy liver failure [59]. The interactions among bile acid composition, gut microbiota, and metabolic phenotype were confirmed in the healthy and high-fat diet mice [60]. Collectively, C3G may exert a protective role against alcohol-induced liver injury by modulating the balance of the gut microbiota.



When the gut microbiota is subjected to external influences that produce changes in abundance, this may lead to changes in host metabolites as well. At the same time, the compounds and their metabolites also affect the gut microbiota. In recent years, more and more investigations paid attention to metabolites including bile acids [61]. In the present study, we focused on the metabolites that were affected by C3G in alcohol-exposed mice. Possibly due to the two hydroxyls on the B ring, C3G has strong antioxidant activity [62]. Previous studies proposed that C3G bioactivities primarily derived from its metabolites [63]. More than 20 kinds of C3G metabolites (C3G-Ms) in serum have been identified [64]. Among them, protocatechuic acid [65,66,67], vanillic acid [68,69] or their derivatives are the main bioactive metabolites, which have antioxidant and anti-inflammatory activities. The metabolites of C3G detected in this study were protocatechoic acid, methyl 3,4-dihydroxybenzoate, vanillic acid, 4-hydroxybenzeneacetic acid, et al., which may increase C3G bioavailability and contribute to the repair of gut mucosal barrier and intestinal microbiota disorder [70,71]. Protocatechoic acid reduced the abundance of Ruminococcus and Prevotella in lipopolysaccharide-challenged piglets [70]. Lycium barbarum extract (rich in protocatechoic acid) decreased the abundance of Ruminococcus and Blautia in diabetic rats [72]. Protocatechoic acid decreased the abundance of Enterococcus, which had a positive correlation with serum AST and ALT [66]. The intestinal microbiota participated in metabolism or synthesis of bile acids, meanwhile, bile acids impacted the structure and function of bacterial community, and participated in the lipid metabolism [61]. In this study, C3G increased the concentrations of CA, CDCA, DCA, and LCA in cecal contents. The concentrations of DCA and LCA in cecal contents were decreased in alcohol-associated hepatitis [73]. Correlation analysis showed that 11 genera were negatively correlated with bile acids levels, they were not conductive to the recovery of liver injury. The previous studies found that the increased level of ileal conjugated bile acids (BAs) reduced hepatic cholesterol and lipogenesis [38]. Thus, C3G alleviated alcoholic liver injury possibly by increasing the contents of bile acids that suppress the harmful bacteria.



Overall, alcohol intake caused intestinal microbiota disorder. The abundances of Bacteroides, Blautia, Collinsella, Escherichia-Shigella, Enterococcus, [Ruminococcus]_gnavus_group, Prevotella, Romboutsia, Streptococcus, Bilophila, and Methylobacterium-Methylorubrum were notably upregulated, while the abundance of Norank_f_Muribaculaceae was significantly reduced. These changes increased serum and hepatic lipid accumulation in mice and disrupted the intestinal barrier. C3G reversed the changes of microbiota and increased bile acids levels to alleviate the alcoholic liver injury (such as lipid accumulation), and gut mucosal barrier can also be partly restored. In summary, this study suggested that C3G has potentially beneficial effects on preventing alcohol-induced liver injury via modulating gut microbiota and metabolites.




5. Conclusions


The protective effect of C3G on alcohol-induced liver injury and its possible mechanism were studied from the perspective of gut microbiota and intestinal metabolites for the first time. Our results indicated that dietary supplementation of C3G could inhibit the accumulation of liver lipids and liver function abnormalities in the alcohol-fed mice, then improved alcohol-induced liver injury. Moreover C3G repaired the intestinal barrier destruction and ameliorated the structure of intestinal microbial disturbance in the alcohol-fed mice. The disturbance of intestinal microbial structure was characterized by a decrease in the number of bacteria that were unfavorable to the repair of liver function, meanwhile C3G increased bile acids levels in caecum. Taken together, Our work explains the molecular mechanism of C3G against alcoholic liver injury in terms of both microbiome and intestinal metabolomics. C3G attenuates alcohol-induced liver injury by modulating changes in the gut microbiota and metabolites, suggesting that it has the potential to develop functional foods that combat alcohol-induced liver injury; It can also promote the development and utilization of high value black rice.







Author Contributions


Conceptualization, L.Z. and F.L.; methodology, L.Z., Z.H., Y.Z. and T.G.; validation, L.Z., Z.H., Y.Z. and T.G.; formal analysis, L.Z.; investigation, L.Z., Z.H., Y.Z., T.G., Q.X. and H.Y.; resources, F.C., Q.L. and F.L.; data curation, L.Z., Z.H., Y.Z., T.G., S.Y. and X.X.; writing—original draft preparation, L.Z.; writing—review and editing, F.L.; visualization, L.Z.; supervision, F.L; project administration, L.Z. and F.L.; funding acquisition, G.L. All authors have read and agreed to the published version of the manuscript.




Funding


This study was financially supported by Hunan Province Modern Agricultural Industrial Technology System-Dry Grain Industrial Technology System project, Agricultural Science Technology Innovation Fund project of Hunan Province (2022CX27) and Changsha Natural Science Foundation project (kq2202333), Hunan Province, China.




Institutional Review Board Statement


The animal study was approved by the Hunan Laboratory Animal Center (Hunan Drug Safety Evaluation Research Center Co., Ltd.) (HNSE2021[5]068), approved on 4 October 2021.




Data Availability Statement


Raw data are available upon request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Thursz, M.; Kamath, P.; Mathurin, P.; Szabo, G.; Shah, V. Alcohol-related liver disease: Areas of consensus, unmet needs and opportunities for further study. J. Hepatol. 2019, 70, 521–530. [Google Scholar] [CrossRef]

	



Chacko, K.R.; Reinus, J. Spectrum of alcoholic liver disease. Clin. Liver Dis. 2016, 20, 419–427. [Google Scholar] [CrossRef] [PubMed]

	



Poznyak, V.; Rekve, D. Global Status Report on Alcohol and Health 2018; World Health Organization: Geneva, Switzerland, 2018; ISBN 978-92-4-156563-9. Available online: https://www.who.int/publications/i/item/9789241565639 (accessed on 9 June 2023).

	



Seitz, H.K.; Bataller, R.; Cortez-Pinto, H.; Gao, B.; Gual, A.; Lackner, C.; Mathurin, P.; Mueller, S.; Szabo, G.; Tsukamoto, H. Alcoholic liver disease. Nat. Rev. Dis. Primers 2018, 4, 16. [Google Scholar] [CrossRef] [PubMed]

	



Gao, B.; Bataller, R. Alcoholic liver disease: Pathogenesis and new therapeutic targets. Gastroenterology 2011, 141, 1572–1585. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.H. Identification and quantification of anthocyanins from the grains of black rice (Oryza sativa L.) varieties. Food Sci. Biotechnol. 2010, 19, 391–397. [Google Scholar] [CrossRef]

	



Chen, X.Q.; Nagao, N.; Itani, T.; Irifune, K. Anti-oxidative analysis, and identification and quantification of anthocyanin pigments in different coloured rice. Food Chem. 2012, 135, 2783–2788. [Google Scholar] [CrossRef] [PubMed]

	



Lu, X.L.; Zhou, Y.H.; Wu, T.; Hao, L. Ameliorative effect of black rice anthocyanin on senescent mice induced by D-galactose. Food Funct. 2014, 5, 2892–2897. [Google Scholar] [CrossRef]

	



Desjardins, J.; Tanabe, S.; Bergeron, C.; Gafner, S.; Grenier, D. Anthocyanin-rich black currant extract and cyanidin-3-O-glucoside have cytoprotective and anti-inflammatory properties. J. Med. Food 2012, 15, 1045–1050. [Google Scholar] [CrossRef]

	



Um, M.Y.; Ahn, J.; Ha, T.Y. Hypolipidaemic effects of cyanidin 3-glucoside rich extract from black rice through regulating hepatic lipogenic enzyme activities. J. Sci. Food Agric. 2013, 93, 3126–3128. [Google Scholar] [CrossRef]

	



Yamuangmorn, S.; Prom-U-Thai, C. The potential of high-anthocyanin purple rice as a functional ingredient in human health. Antioxidants 2021, 10, 833. [Google Scholar] [CrossRef]

	



Limtrakul, P.; Yodkeeree, S.; Pitchakarn, P.; Punfa, W. Suppression of inflammatory responses by black rice extract in RAW 264.7 macrophage cells via downregulation of NF-κB and AP-1 signaling pathways. Asian Pac. J. Cancer Prev. 2015, 16, 4277–4283. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.W.; Shi, Z.; Zhu, Y.W.; Shen, T.Y.; Wang, H.Y.; Shui, G.H.; Loor, J.; Fang, Z.Y.; Chen, M.; Wang, X.H.; et al. Cyanidin-3-O-glucoside improves non-alcoholic fatty liver disease by promoting PINK1-mediated mitophagy in mice. Br. J. Pharmacol. 2020, 177, 3591–3607. [Google Scholar] [CrossRef] [PubMed]

	



Jia, Y.Y.; Wu, C.Y.; Kim, Y.S.; Yang, S.O.; Kim, Y.; Kim, J.S.; Jeong, M.Y.; Lee, J.H.; Kim, B.; Lee, S.; et al. A dietary anthocyanin cyanidin-3-O-glucoside binds to PPARs to regulate glucose metabolism and insulin sensitivity in mice. Commun. Biol. 2020, 3, 514. [Google Scholar] [CrossRef] [PubMed]

	



Yan, X.; Ren, X.; Liu, X.; Wang, Y.; Ma, J.; Song, R.; Wang, X.; Dong, Y.; Fan, Q.; Wei, J.; et al. Dietary ursolic acid prevents alcohol-induced liver injury via gut-liver axis homeostasis modulation: The key role of microbiome manipulation. J. Agric. Food Chem. 2021, 69, 7074–7083. [Google Scholar] [CrossRef] [PubMed]

	



Szabo, G. Gut-liver axis in alcoholic liver disease. Gastroenterology 2015, 148, 30–36. [Google Scholar] [CrossRef] [PubMed]

	



Song, H.Z.; Shen, X.C.; Zhou, Y.; Zheng, X.D. Black rice anthocyanins alleviate hyperlipidemia, liver steatosis and insulin resistance by regulating lipid metabolism and gut microbiota in obese mice. Food Funct. 2021, 12, 10160–10170. [Google Scholar] [CrossRef] [PubMed]

	



Guo, T.Y.; Zhu, L.F.; Zhou, Y.P.; Han, S.; Cao, Y.Y.; Hu, Z.M.; Luo, Y.; Bao, L.Y.; Wu, X.X.; Qin, D.D.; et al. Laminarin ameliorates alcohol-induced liver damage and its molecular mechanism in mice. J. Food Biochem. 2022, 46, e14500. [Google Scholar] [CrossRef]

	



Stewart, S.; Jones, D.; Day, C.P. Alcoholic liver disease: New insights into mechanisms and preventative strategies. Trends Mol. Med. 2001, 7, 408–413. [Google Scholar] [CrossRef]

	



Thursby, E.; Juge, N. Introduction to the human gut microbiota. Biochem. J. 2017, 474, 1823–1836. [Google Scholar] [CrossRef]

	



Yao, Z.D.; Cao, Y.N.; Peng, L.X.; Yan, Z.Y.; Zhao, G. Coarse cereals and legume grains exert beneficial effects through their interaction with gut microbiota: A Review. J. Agric. Food Chem. 2021, 69, 861–877. [Google Scholar] [CrossRef]

	



Nava, G.M.; Stappenbeck, T.S. Diversity of the autochthonous colonic microbiota. Gut Microbes 2011, 2, 99–104. [Google Scholar] [CrossRef]

	



Guo, W.L.; Deng, J.C.; Pan, Y.Y.; Xu, J.X.; Hong, J.L.; Shi, F.F.; Liu, G.L.; Qian, M.; Bai, W.D.; Zhang, W. Hypoglycemic and hypolipidemic activities of Grifola frondosa polysaccharides and their relationships with the modulation of intestinal microflora in diabetic mice induced by high-fat diet and streptozotocin. Int. J. Biol. Macromol. 2020, 153, 1231–1240. [Google Scholar] [CrossRef] [PubMed]

	



Turnbaugh, P.J.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-associated gut microbiome with increased capacity for energy harvest. Nature 2006, 444, 1027–1031. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.; Guo, W.L.; Li, Q.Y.; Xu, J.X.; Cao, Y.J.; Liu, B.; Yu, X.D.; Rao, P.F.; Ni, L.; Lv, X.C. The protective mechanism of Lactobacillus plantarum FZU3013 against non-alcoholic fatty liver associated with hyperlipidemia in mice fed a high-fat diet. Food Funct. 2020, 11, 3316–3331. [Google Scholar] [CrossRef]

	



Liu, J.K.; Zhao, F.F.; Wang, T.R.; Xu, Y.Y.; Qiu, J.; Qian, Y.Z. Host metabolic disorders induced by alterations in intestinal flora under dietary pesticide exposure. J. Agric. Food Chem. 2021, 69, 6303–6317. [Google Scholar] [CrossRef]

	



Zhao, L.; Mehmood, A.; Soliman, M.M.; Iftikhar, A.; Iftikhar, M.; Aboelenin, S.M.; Wang, C.T. Protective effects of ellagic acid against alcoholic liver disease in mice. Front. Nutr. 2021, 8, 744520. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Y.C.; Chen, H.; Cao, Y.J.; Zhang, Y.H.; Li, W.F.; Guo, W.L.; Lv, X.C.; Rao, P.F.; Ni, L.; Liu, P.H. Auricularia auricula melanin protects against alcoholic liver injury and modulates intestinal microbiota composition in mice exposed to alcohol intake. Foods 2021, 10, 2436. [Google Scholar] [CrossRef] [PubMed]

	



Lyu, Q.Y.; Deng, H.T.; Wang, S.X.; EI-Seedi, H.; Cao, H.; Chen, L.; Teng, H. Dietary supplementation with casein/cyanidin-3-O-glucoside nanoparticles alters the gut microbiota in high-fat fed C57BL/6J mice. Food Chem. 2023, 412, 135494. [Google Scholar] [CrossRef] [PubMed]

	



Ye, X.; Chen, W.P.; Tu, C.; Jia, R.Y.; Liu, Y.Y.; Li, Y.L.; Tang, Q.; Zheng, X.D.; Chu, Q. Food-derived cyanidin-3-O-glucoside alleviates oxidative stress: Evidence from the islet cell line and diabetic db/db mice. Food Funct. 2021, 12, 11599–11610. [Google Scholar] [CrossRef]

	



Xiao, J.; Zhang, R.F.; Zhou, Q.Y.; Liu, L.; Huang, F.; Deng, Y.Y.; Ma, Y.X.; Wei, Z.C.; Tang, X.J.; Zhang, M.W. Lychee (Litchi chinensis Sonn.) pulp phenolic extract provides protection against alcoholic liver injury in mice by alleviating intestinal microbiota dysbiosis, intestinal barrier dysfunction, and liver inflammation. J. Agric. Food Chem. 2017, 65, 9675–9684. [Google Scholar] [CrossRef]

	



Ferrari, D.; Cimino, F.; Fratantonio, D.; Molonia, M.S.; Bashllari, R.; Busà, R.; Saija, A.; Speciale, A. Cyanidin-3-O-glucoside modulates the in vitro inflammatory crosstalk between intestinal epithelial and endothelial cells. Mediat. Inflamm. 2017, 2017, 3454023. [Google Scholar] [CrossRef] [PubMed]

	



Song, L.Q.; Wu, T.; Zhang, L.; Wan, J.; Ruan, Z. Chlorogenic acid improves the intestinal barrier by relieving endoplasmic reticulum stress and inhibiting ROCK/MLCK signaling pathways. Food Funct. 2022, 13, 4562–4575. [Google Scholar] [CrossRef]

	



Neyrinck, A.M.; Etxeberria, U.; Taminiau, B.; Daube, G.; Hul, M.V.; Everard, A.; Cani, P.D.; Bindels, L.B.; Delzenne, N.M. Rhubarb extract prevents hepatic inflammation induced by acute alcohol intake, an effect related to the modulation of the gut microbiota. Mol. Nutr. Food Res. 2017, 61, 1500899. [Google Scholar] [CrossRef] [PubMed]

	



Grander, C.; Adolph, T.E.; Wieser, V.; Lowe, P.; Wrzosek, L.; Gyongyosi, B.; Ward, D.V.; Grabherr, F.; Gerner, R.R.; Pfister, A.; et al. Recovery of ethanol-induced Akkermansia muciniphila depletion ameliorates alcoholic liver disease. Gut 2018, 67, 891–901. [Google Scholar] [CrossRef] [PubMed]

	



Dubinkina, V.B.; Tyakht, A.V.; Odintsova, V.Y.; Yarygin, K.S.; Kovarsky, B.; Pavlenko, A.V.; Ischenko, D.S.; Popenko, A.S.; Alexeev, D.G.; Taraskina, A.Y.; et al. Links of gut microbiota composition with alcohol dependence syndrome and alcoholic liver disease. Microbiome 2017, 5, 141. [Google Scholar] [CrossRef] [PubMed]

	



Kong, C.; Gao, R.Y.; Yan, X.B.; Huang, L.S.; Qin, H.L. Probiotics improve gut microbiota dysbiosis in obese mice fed a high-fat or high-sucrose diet. Nutrition 2019, 60, 175–184. [Google Scholar] [CrossRef] [PubMed]

	



Huang, F.J.; Zheng, X.J.; Ma, X.H.; Jiang, R.Q.; Zhou, W.Y.; Zhou, S.P.; Zhang, Y.J.; Lei, S.; Wang, S.L.; Kuang, J.L.; et al. Theabrownin from Pu-erh tea attenuates hypercholesterolemia via modulation of gut microbiota and bile acid metabolism. Nat. Commun. 2019, 10, 4971. [Google Scholar] [CrossRef]

	



Yan, A.W.; Fouts, D.E.; Brandl, J.; Stärkel, P.; Torralba, M.; Schott, E.; Tsukamoto, H.; Nelson, K.E.; Brenner, D.A.; Schnabl, B. Enteric dysbiosis associated with a mouse model of alcoholic liver disease. Hepatology 2011, 53, 96–105. [Google Scholar] [CrossRef]

	



Fan, J.J.; Wang, Y.S.; You, Y.; Ai, Z.Y.; Dai, W.C.; Piao, C.H.; Liu, J.M.; Wang, Y.H. Fermented ginseng improved alcohol liver injury in association with changes in the gut microbiota of mice. Food Funct. 2019, 10, 5566–5573. [Google Scholar] [CrossRef]

	



Huang, F.; Zhao, R.Z.; Xia, M.; Shen, G.X. Impact of cyanidin-3-glucoside on gut microbiota and relationship with metabolism and inflammation in high fat-high sucrose diet-induced insulin resistant mice. Microorganisms 2020, 8, 1238. [Google Scholar] [CrossRef]

	



Liu, Y.; Luo, Y.K.; Wang, X.H.; Luo, L.Y.; Sun, K.; Zeng, L. Gut microbiome and metabolome response of Pu-erh tea on metabolism disorder induced by chronic alcohol consumption. J. Agric. Food Chem. 2020, 68, 6615–6627. [Google Scholar] [CrossRef]

	



Wang, G.L.; Zhang, Y.L.; Zhang, R.G.; Pan, J.L.; Qi, D.F.; Wang, J.; Yang, X.Y. The protective effects of walnut green husk polysaccharide on liver injury, vascular endothelial dysfunction and disorder of gut microbiota in high fructose-induced mice. Int. J. Biol. Macromol. 2020, 162, 92–106. [Google Scholar] [CrossRef] [PubMed]

	



Huang, H.M.; Li, M.X.; Wang, Y.; Wu, X.X.; Shen, J.; Xiao, Z.G.; Zhao, Y.S.; Du, F.K.; Chen, Y.; Wu, Z.G.; et al. Excessive intake of longan arillus alters gut homeostasis and aggravates colitis in mice. Front. Pharmacol. 2021, 12, 640417. [Google Scholar] [CrossRef] [PubMed]

	



Caricilli, A.M.; Castoldi, A.; Câmara, N.O.S. Intestinal barrier: Agentlemen’s agreement between microbiota and immunity. World J. Gastrointest. Pathophysiol. 2014, 5, 18–32. [Google Scholar] [CrossRef] [PubMed]

	



Clemente, J.C.; Manasson, J.; Scher, J.U. The role of the gut microbiome in systemic inflammatory disease. BMJ 2018, 360, j5145. [Google Scholar] [CrossRef]

	



Addolorato, G.; Ponziani, F.R.; Dionisi, T.; Mosoni, C.; Vassallo, G.A.; Sestito, L.; Petito, V.; Picca, A.; Marzetti, E.; Tarli, C.; et al. Gut microbiota compositional and functional fingerprint in patients with alcohol use disorder and alcohol associated liver disease. Liver Int. 2020, 40, 878–888. [Google Scholar] [CrossRef] [PubMed]

	



Shen, F.; Zheng, R.D.; Sun, X.Q.; Ding, W.J.; Wang, X.Y.; Fan, J.G. Gut microbiota dysbiosis in patients with non-alcoholic fatty liver disease. Hepatobiliary Pancreat. Dis. Int. 2017, 16, 375–381. [Google Scholar] [CrossRef] [PubMed]

	



Carbajo-Pescado, S.; Porras, D.; García-Mediavilla, M.V.; Martínez-Flórez, S.; Juarez-Fernández, M.; Cuevas, M.J.; Mauriz, J.L.; González-Gallego, J.; Nistal, E.; Sánchez-Campos, S. Beneficial effects of exercise on gut microbiota functionality and barrier integrity, and gut-liver crosstalk in an in vivo model of early obesity and non-alcoholic fatty liver disease. Dis. Model. Mech. 2019, 12, dmm039206. [Google Scholar] [CrossRef] [PubMed]

	



Ding, Q.C.; Cao, F.W.; Lai, S.L.; Zhuge, H.; Chang, K.X.; Valencak, T.G.; Liu, J.X.; Li, S.T.; Ren, D.X. Lactobacillus plantarum ZY08 relieves chronic alcohol-induced hepatic steatosis and liver injury in mice via restoring intestinal flora homeostasis. Food Res. Int. 2022, 157, 111259. [Google Scholar] [CrossRef]

	



Astbury, S.; Atallah, E.; Vijay, A.; Aithal, P.G.; Grove, J.; Valdes, M.A. Lower gut microbiome diversity and higher abundance of proinflammatory genus Collinsella are associated with biopsy-proven nonalcoholic steatohepatitis. Gut Microbes 2020, 11, 569–580. [Google Scholar] [CrossRef]

	



Vijay, A.; Astbury, S.; Roy, C.L.; Spector, T.D.; Valdes, A.M. The prebiotic effects of omega-3 fatty acid supplementation: A six-week randomised intervention trial. Gut Microbes 2021, 13, 1863133. [Google Scholar] [CrossRef]

	



Liang, H.Y.; Song, H.; Zhang, X.J.; Song, G.F.; Wang, Y.Z.; Ding, X.F.; Duan, X.G.; Li, L.F.; Sun, T.W.; Kan, Q.C. Metformin attenuated sepsis-related liver injury by modulating gut microbiota. Emerg. Microbes Infect. 2022, 11, 815–828. [Google Scholar] [CrossRef]

	



Duan, Y.; Llorente, C.; Lang, S.; Brandl, K.; Chu, H.K.; Jiang, L.; White, R.C.; Clarke, T.H.; Nguyen, K.; Torralba, M.; et al. Bacteriophage targeting of gut bacterium attenuates alcoholic liver disease. Nature 2019, 575, 505–511. [Google Scholar] [CrossRef]

	



Wang, Q.; Hao, C.J.; Yao, W.C.; Zhu, D.F.; Lu, H.F.; Li, L.; Ma, B.; Sun, B.; Xue, D.B.; Zhang, W.H. Intestinal flora imbalance affects bile acid metabolism and is associated with gallstone formation. BMC Gastroenterol. 2020, 20, 59. [Google Scholar] [CrossRef]

	



Chierico, F.D.; Nobili, V.; Vernocchi, P.; Russo, A.; Stefanis, C.D.; Gnani, D.; Furlanello, C.; Zandonà, A.; Paci, P.; Capuani, G.; et al. Gut microbiota profiling of pediatric nonalcoholic fatty liver disease and obese patients unveiled by an integrated meta-omics-based approach. Hepatology 2017, 65, 451–464. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.; Cao, S.J.; Li, C.Y.; Zhang, J.C.; Liu, C.; Qiu, F.; Kang, N. Berberrubine, a main metabolite of berberine, alleviates non-alcoholic fatty liver disease via modulating glucose and lipid metabolism and restoring gut microbiota. Front. Pharmacol. 2022, 13, 913378. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, X.D.; Cui, P.; Jiang, J.J.; Ning, C.Y.; Liang, B.Y.; Zhou, J.; Tian, L.; Zhang, Y.; Lei, T.; Zuo, T.P.; et al. Streptococcus, the predominant bacterium to predict the severity of liver injury in alcoholic liver disease. Front. Cell. Infect. Microbiol. 2021, 11, 649060. [Google Scholar] [CrossRef] [PubMed]

	



Peng, Y.C.; Xu, J.X.; Zeng, C.F.; Zhao, X.H.; Li, L.Q.; Qi, L.N. Gut microbiome dysbiosis in patients with hepatitis B virus-related hepatocellular carcinoma after extended hepatectomy liver failure. Ann. Transl. Med. 2022, 10, 549. [Google Scholar] [CrossRef] [PubMed]

	



So, S.Y.; Wu, Q.L.; Leung, K.S.; Kundi, Z.M.; Savidge, T.C.; EI-Nezami, H. Yeast β-glucan reduces obesity-associated Bilophila abundance and modulates bile acid metabolism in healthy and high-fat diet mouse models. Am. J. Physiol. Gastrointest. Liver Physiol. 2021, 321, G639–G655. [Google Scholar] [CrossRef]

	



Collins, S.L.; Stine, J.G.; Bisanz, J.E.; Okafor, C.D.; Patterson, A.D. Bile acids and the gut microbiota: Metabolic interactions and impacts on disease. Nat. Rev. Microbiol. 2023, 21, 236–247. [Google Scholar] [CrossRef]

	



Rice-Evans, C.A.; Miller, N.J.; Paganga, G. Antioxidant properties of phenolic compounds. Trends Plant Sci. 1997, 2, 152–159. [Google Scholar] [CrossRef]

	



Bharat, D.; Cavalcanti, R.R.M.; Petersen, C.; Begaye, N.; Cutler, B.R.; Costa, M.M.A.; Ramos, R.K.L.G.; Ferreira, M.R.; Li, Y.Y.; Bharath, L.P.; et al. Blueberry metabolites attenuate lipotoxicity-induced endothelial dysfunction. Mol. Nutr. Food Res. 2018, 62, 1700601. [Google Scholar] [CrossRef] [PubMed]

	



De Ferrars, R.M.; Czank, C.; Zhang, Q.; Botting, N.P.; Kroon, P.A.; Cassidy, A.; Kay, C.D. The pharmacokinetic of anthocyanins and their metabolites in humans. Br. J. Pharmacol. 2014, 171, 3268–3282. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, Y.Y.; Huang, R.L.; Wang, Y.L.; Han, S.S.; Qin, X.C.; Li, Z.Z.; Wang, X.; Han, Y.Q.; Wang, T.; Xia, B.; et al. Protocatechuic acid ameliorates high fat diet-Induced obesity and insulin resistance in mice. Mol. Nutr. Food Res. 2023, 67, e2200244. [Google Scholar] [CrossRef] [PubMed]

	



Tan, J.J.; Hu, R.Z.; Gong, J.T.; Fang, C.K.; Li, Y.L.; Liu, M.; He, Z.Y.; Hou, D.X.; Zhang, H.F.; He, J.H.; et al. Protection against metabolic associated fatty liver disease by protocatechuic acid. Gut Microbes 2023, 15, 2238959. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.X.; Tian, R.R.; Liu, H.Y.; Xue, H.M.; Zhang, R.Z.; Han, S.P.; Ji, L.; Huang, W.D.; Zhan, J.C.; You, Y.L. Research progress on intervention effect and mechanism of protocatechuic acid on nonalcoholic fatty liver disease. Crit. Rev. Food Sci. Nutr. 2022, 62, 9053–9075. [Google Scholar] [CrossRef] [PubMed]

	



Mei, M.X.; Sun, H.X.; Xu, J.Y.; Li, Y.M.; Chen, G.L.; Yu, Q.H.; Deng, C.S.; Zhu, W.; Song, J.P. Vanillic acid attenuates H2O2-induced injury in H9c2 cells by regulating mitophagy via the PINK1/Parkin/Mfn2 signaling pathway. Front. Pharmacol. 2022, 13, 976156. [Google Scholar] [CrossRef] [PubMed]

	



Shekari, S.; Khonsha, F.; Rahmati-Yamchi, M.; Nejabati, H.R.; Mota, A. Vanillic acid and non-alcoholic fatty liver disease: A focus on AMPK in adipose and liver tissues. Curr. Pharm. Des. 2021, 27, 4686–4692. [Google Scholar] [CrossRef] [PubMed]

	



Hu, R.Z.; He, Z.Y.; Liu, M.; Tan, J.J.; Zhang, H.F.; Hou, D.X.; He, J.H.; Wu, S.S. Dietary protocatechuic acid ameliorates inflammation and up-regulates intestinal tight junction proteins by modulating gut microbiota in LPS-challenged piglets. J. Anim. Sci. Biotechnol. 2020, 11, 92. [Google Scholar] [CrossRef]

	



Tan, J.J.; Li, Y.L.; Hou, D.X.; Wu, S.S. The effects and mechanisms of cyanidin-3-glucoside and its phenolic metabolites in maintaining intestinal integrity. Antioxidants 2019, 8, 479. [Google Scholar] [CrossRef]

	



Zhao, X.Q.; Guo, S.; Lu, Y.Y.; Hua, Y.; Zhang, F.; Yan, H.; Shang, E.X.; Wang, H.Q.; Zhang, W.H.; Duan, J.A. Lycium barbarum L. leaves ameliorate type 2 diabetes in rats by modulating metabolic profiles and gut microbiota composition. Biomed. Pharmacother. 2020, 121, 109559. [Google Scholar] [CrossRef] [PubMed]

	



Muthiah, M.D.; Smirnova, E.; Puri, P.; Chalasani, N.; Shah, V.H.; Kiani, C.; Taylor, S.; Mirshahi, F.; Sanyal, A.J. Development of alcohol-associated hepatitis is associated with specific changes in gut-modified bile acids. Hepatol. Commun. 2022, 6, 1073–1089. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 16 00694 g001] 





Figure 1. Experimental protocol for the effect of C3G on ALD mice. C57BL/6J mice were randomly divided into three groups (n = 10): Control (CON), alcohol (Eth), and alcohol with C3G (Eth-C3G) groups after adaptation period for 7 days. Then the all mice were fed with a liquid diet for 3 days, next the Eth and Eth-C3G group mice were fed alcohol liquid diet (0% to 4%, gradually) adaptively for another 4 days, then maintained at 4% (v/v) levels for the next 7 weeks, the Eth-C3G group mice were supplemented with C3G (100 mg/kg/day) until the end of the experiments. 
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Figure 2. Effects of C3G on macroscopic phenotype of alcoholic liver injury in mice. (A) The change of body weight during 7 weeks; (B) liver weight; (C) liver index (liver weight: body weight × 100); (D) images of representative liver in each group. CON: control group; Eth: alcohol model group; Eth-C3G: alcohol and C3G treatment group. The values represent mean ± SD, #: p < 0.05, ##: p < 0.01, compared with the CON group; *: p < 0.05, compared with the Eth group. 
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Figure 3. Pathological changes in liver tissue. (A) hematoxylin-eosin staining; (B) liver stained with Oil Red O; CON: control group; Eth: alcohol model group; Eth-C3G: alcohol and C3G treatment group. 
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Figure 4. Effects of C3G on serum levels of liver enzymes, liver lipid profile and antioxidants levels of liver in the ALD mice. Enzymatic activities of ALT (A) and AST (B) in serum; concentration of total cholesterol (C) and triglycerides (D); serum low density lipoprotein cholesterol (LDH-c) (E); serum high density lipoprotein cholesterol (HDH-c) (F); MDA in liver (G); SOD in liver (H); GSH-Px in liver (I). The values represent mean ± SD. CON: control group; Eth: alcohol model group; Eth-C3G: alcohol and C3G treatment group. #: p < 0.05, ##: p < 0.01, compared with the CON group; *: p < 0.05, **: p < 0.01, compared with the Eth group. 






Figure 4. Effects of C3G on serum levels of liver enzymes, liver lipid profile and antioxidants levels of liver in the ALD mice. Enzymatic activities of ALT (A) and AST (B) in serum; concentration of total cholesterol (C) and triglycerides (D); serum low density lipoprotein cholesterol (LDH-c) (E); serum high density lipoprotein cholesterol (HDH-c) (F); MDA in liver (G); SOD in liver (H); GSH-Px in liver (I). The values represent mean ± SD. CON: control group; Eth: alcohol model group; Eth-C3G: alcohol and C3G treatment group. #: p < 0.05, ##: p < 0.01, compared with the CON group; *: p < 0.05, **: p < 0.01, compared with the Eth group.



[image: Nutrients 16 00694 g004]







[image: Nutrients 16 00694 g005] 





Figure 5. Effects of C3G on intestinal barrier damage in ALD mice. (A) Histopathological analysis of colon stained with H&E (20× magnification); (B,C) immunofluorescence staining of tight junction claudin-1 (green) and ZO-1 (pink) in the colon (20× magnification). CON: control group; Eth: alcohol model group; Eth-C3G: alcohol and C3G treatment group. 
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Figure 6. (A) OTU Dilution curve analysis; (B) Venn analysis; (C) PCoA; (D) hierarchical clustering tree on the OTU level by weighted_unifrac. CON: control group; Eth: alcohol model group; Eth-C3G: alcohol and C3G treatment group. 
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Figure 7. (A) Percent of community abundance at the phylum level; (B) percent of community abundance at the order level; (C) percent of community abundance at the genus level; (D) Firmicutes abundance (E) Bacteroidota abundance; (F) Actinobacteroidota abundance; (G) Firmicutes/Bacteroidota (F/B) ratio. CON: control group; Eth: alcohol model group; Eth-C3G: alcohol and C3G treatment group. The values represent mean ± SD, n = 4. ##: p < 0.01, compared with the CON group; *: p < 0.05, **: p < 0.01, compared with the Eth group. 
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Figure 8. Representative genus the relative abundance (%) of (A) Norank_f_Muribaculaceae; (B) Bacteroides; (C) Blautia; (D) Collinsella; (E) Escherichia-Shigella; (F) Enterococcus; (G) [Ruminococcus]_gnavus_group; (H) Prevotella; (I) Romboutsia; (J) Streptococcus; (K) Bilophila; (L) Methylobacterium-Methylorubrum. CON: control group; Eth: alcohol model group; Eth-C3G: alcohol and C3G treatment group. The values represent mean ± SD, n = 4. #: p < 0.05, ##: p < 0.01, compared with the CON group; *: p < 0.05, **: p < 0.01, compared with the Eth group. 
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Figure 9. Cecal contents metabolomic profiling by non-targeted metabolism method based on GC-MS. (A) PCA score plot for the CON, Eth and Eth-C3G groups; (B) volcano score plot for the Eth and Eth-C3G groups; (C) heatmap of the concentration of significantly different metabolites (VIP > 1.0, p < 0.05) between Eth and Eth-C3G groups; (D) metabolic pathway impact prediction based on Kyoto Encyclopedia of Genes and Genomes (KEGG). CON: control group; Eth: alcohol model group; Eth-C3G: alcohol and C3G treatment group; n = 6. 






Figure 9. Cecal contents metabolomic profiling by non-targeted metabolism method based on GC-MS. (A) PCA score plot for the CON, Eth and Eth-C3G groups; (B) volcano score plot for the Eth and Eth-C3G groups; (C) heatmap of the concentration of significantly different metabolites (VIP > 1.0, p < 0.05) between Eth and Eth-C3G groups; (D) metabolic pathway impact prediction based on Kyoto Encyclopedia of Genes and Genomes (KEGG). CON: control group; Eth: alcohol model group; Eth-C3G: alcohol and C3G treatment group; n = 6.



[image: Nutrients 16 00694 g009]







[image: Nutrients 16 00694 g010] 





Figure 10. Spearman correlation (un-adjusted p value). (A) Between the genus and biochemical variables; (B) between the genus and cecal metabolites. Heatmap shows the value of the correlation coefficient. * indicates a significance of the associations (*: p < 0.05, **: p < 0.01, respectively). Red squares indicate positive correlation and blue squares indicate negative correlation. 






Figure 10. Spearman correlation (un-adjusted p value). (A) Between the genus and biochemical variables; (B) between the genus and cecal metabolites. Heatmap shows the value of the correlation coefficient. * indicates a significance of the associations (*: p < 0.05, **: p < 0.01, respectively). Red squares indicate positive correlation and blue squares indicate negative correlation.



[image: Nutrients 16 00694 g010]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
.....

iy,

{111,






media/file4.png
A

2.0

|
w;

—

I
e

1.0—

(3) JyB1am aaar]

0.0-

1= Eth
1 —+ Eth-C3G

32= -~ CON

-
-

—--“-"_l--
o -+
L =~

(8) Jysam Apog

20

Eth Eth-C3G

CON

weeks

Eth-C3G

Eth

CON

(A\E 8001 /8)xapul JaAr]

Eth Eth-C3G

CON





media/file18.png
(A) PCA (B) Volcano Plot

5 VIP
. ® 05
¢ . A con e 10
10 ° @ En ¢ ® 20
[] . ® 40
M ) M Eth-C3G 5
5 R A A 4 g
g s AR ° %_ @ down-regulated
< ? @ not-significant
-10 s ¥ @ up-regulated
2
" p-value=0.05
20 -0 C 10 2
PC1(26.4%) 0
-5 0
(D) Sl
Pyrimidine metabolism -
Amino sugar and nuclectide sugar metabolism { @
Phenylalanine metabolism{ @
Tyrosine metabolism { @
Glycolysis / Gluconeogenesis 1 L
Beta-Alanine metabolism- @
Phenylalanine, tyrosine and tryptophan biosynthesis{ @
Lysosome 1 .
Melanogenesis .
Primary bile acid biosynthesis { ®
005 010 015 020 025

RichFactor

Number

® 2
@
[
®;

Pvalue

0.04
0.03
0.02
0.01





media/file3.jpg
.
s :
:w.s
LI S S A conEm Emcso
w
£
H
£

CON  Eth Eth-C3G





media/file19.jpg
[G)

®)

s
e

fom

Bz

[ ———
jemes

s

orank_{_thubacuiaceae
sacterises s
o

steptococsus
Biopnia
etnyiabacterumeinyorubrum

Comnsetn
Enteacoceus

[Notark_ Murbacuaceae
Bacteroides 53
Blauta

o

Eschercna-shigeta s
(Ruminococcus)_gnaws_group
Prevotela

Romboutsa

stwptococous

Biopria
Metnyobacterumethyonsbum





media/file7.jpg





media/file10.png
it
i N
» v - b
.k“\- :'-‘hﬁ" i‘" |‘ N ¢ . i
4’-': f s - R * : 3
- & : :
o AR RRE
= ¥ Lo t BTN
»d% 3
, -,
LU LT
50 pm o =
o w s y
*
D-‘_ ‘
n'wfl
- ' .
s y -~
& \8
2 . 50 pm






media/file14.png
D

Relative abundance] Phylum)

Firmicutes{%a)

0,73

0.50

=
[ ]
L)

0.00

Sl =

404

30

20+

CON  Eth (3G

i

CON EthEth-C3G

B Bacteroidota

B Firmicutes

B Proteobacteria
[ Actinobacteriota
B Campilobacterota
| Desulfobacterota
B Other

Bl =

) =

e
=
1

Bacteroidota(®s)

]
=
1

075

Relative abundance{Order)

0.25

CON  Eth

i
ﬂ‘

CON  EthEth-C3G

C3G

B Bacteroidales

1.00

B Oscillospirales

B Lachnospirales

" Monoglobales

B Campylobacierales
| Burkholderiales
B Coriobacteriales
I Enterobacterales
B Lactobacillales

B Desulfovibrionales
B Ervsipelotrichales
I Bifidobacteriales

0.50

Helative abundance{ Genus)

Call 1al

L | Hal
AR LU R L)

B Rhizobiales
B Fusobacteriales
B Other

F

Actinohacteriotai%a)

10 =

H_

025

(.00

CON EthEth-C3G

CON

F/B ratio

Eth 36

B Muribaculacese

B Bactervides

B Faccalibc terium

1| Parabaciersides

H Alloprevatella

© Momoglobes

W wncultured

B Hdicobacter

W Parsswiterdl

B Blautin

B Collinsela

I Coriobacteriaceae_|'CG—002

I Eterohacier

N Colidextribaeter

B Lachnochostridimm

W Roseberia

I Esterococems

B Dialister

W Bifidobacterinm

1 Escherichia=Shigdla

B Lactobacilus
Faecalibac plum

I Lachnospiraceae_NKAA 136_group

B Other

CON EthEth-C3G





media/file11.jpg





media/file6.png
Eth- C3G

Eth

CON

-
B

b

.






media/file15.jpg





nav.xhtml


  nutrients-16-00694


  
    		
      nutrients-16-00694
    


  




  





media/file16.png
~
:

rm G G bl
i ™ i 4§
r 5 A
Y 3 1 :
< s - =
e = 3 =
[

- = =
= 1* = = bt
¥ = = =
=

z z &
4 o) 0 -
- - 9
A

| I | 1
| 1 | | | | | | | -
1 T T | « S 3 S +T MmN = 3 S 3 S
-+ n a - = - - = = = = S = = = = = =
& (o )yenneq Py (% ) 