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A B S T R A C T   

Gut microbiota disturbance, autophagy dysregulation, and accumulation of hepatic bile acids 
(BAs) are essential features of liver injury. Therefore, regulating autophagy and BA metabolism 
are potential strategies for treating liver diseases. Vine tea has been seen beyond a pleasant tea in 
food science. Our previous study found that vine tea extract (VTE) intervention alleviated acute 
liver injury (ALI) by restoring gut microbiota dysbiosis. In this study, we aim to investigate the 
effect of VTE on carbon tetrachloride (CCl4)-induced hepatic autophagy and BA metabolism 
disorder in mice. The results showed that VTE effectively suppressed CCl4-induced liver fibrosis 
and hepatic autophagy. LC-MS/MS assay suggested that VTE affected fecal BA production by 
reducing the fecal BA levels and improving cholestasis in ALI mice. Besides, VTE inhibited BA 
synthesis, promoted BA transport in the liver, and enhanced BA reabsorption in the ileum through 
the farnesoid X receptor (FXR)-related signaling pathway. The hepatic expressions of Fxr and 
Abca1 were elevated by VTE. Finally, the depletion of gut microbiota in ALI mice had a negative 
impact on abnormal autophagy and BA metabolism. It was also noted that the administration of 
VTE did not provide any additional improvement in this regard. Overall, VTE ameliorated ALI by 
reversing hepatic autophagy and abnormal BA metabolism, and the beneficial effects of VTE on 
liver injury depended on the existence of gut microbiota.   

1. Introduction 

The liver is a vital organ with multiple functions, such as producing bile acids (BAs), maintaining glucolipid homeostasis, and 
metabolizing endogenous or xenobiotic toxins [1]. Acute liver injury (ALI), characterized by the rapid destruction of liver function 
with multiple organ failures, is a life-threatening syndrome with a mortality rate approaching 80% [2,3]. Risk factors for ALI include 
mitochondrial oxidative stress, autophagy, sterile inflammation, endoplasmic reticulum stress, and microcirculation dysfunction [4]. 
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BAs, a class of amphiphilic molecules, are synthesized by the liver using cholesterol. Under physiological conditions, BAs are vital 
to promoting the digestion and absorption of lipids, inhibiting cholesterol precipitation in bile, regulating glycolipid metabolism, and 
activating immune responses [5,6]. However, excessive bile synthesis or impaired bile flow can cause cholestasis, trigger inflammation 
and liver damage [7]. For instance, ALI will disturb BA metabolism in the liver, resulting in cholestasis [8]. 

Autophagy plays a vital role in the development of various liver diseases. When the ALI occurs, hepatocyte autophagy is rapidly 
activated, causing mitochondrial damage, inflammation, and fibrosis in the liver [9,10]. With the progression of ALI, hepatic auto-
phagy will be gradually inactivated, followed by increased oxidative stress, lipid peroxide accumulation, and the development of 
chronic liver diseases [11–13]. BAs can maintain liver function by regulating autophagy. In a recent study, the BA levels increased in 
the mouse liver after the knockout of nuclear factor farnesoid X receptor (FXR), accompanied by the activated hepatic autophagy [14]. 
In addition, some BAs can regulate the intestinal flora composition and protect gut barrier from damage by inhibiting the growth of 
“harmful bacteria” [15]. To date, there was no reports about the interaction between gut microbiota, BA metabolism and autophagy in 
the development of ALI. 

Specific chemical reagents, namely Carbon tetrachloride (CCl4), D-galactosamine (D-gal), and alcohol, are typically utilized to 
create the ALI animal model [16–18]. Among them, CCl4 treatment leads to severe damage to the mouse liver, such as hepatomegaly, 
liver congestion, hepatocyte edema, and necrosis. These symptoms resemble acute chemical liver injury in humans [19]. Within the 

Fig. 1. Effect of VTE on physiological parameters and hepatic damage in ALI mice. (A) Schematic diagram of this study. To assess the effect of VTE 
on liver injury, we intraperitoneally injected C57BL/6J mice with CCl4 twice a week for six weeks to establish an ALI murine model. Meanwhile, the 
mice were treated with VTE for six weeks. (B) Body weight change. (C) Liver weight change. (D) Spleen weight change. (E) Determination of T-BIL 
level in the liver. (F–G) Histopathological assay of liver tissues by H&E staining (F) (scale bar = 10 μm, magnification of the microphotograph, ×
400) and Masson staining (G) (scale bar = 50 μm, magnification of the microphotograph, × 200). Black arrows indicate cellular edema. Blue arrows 
indicate eosinophilic transformation. Yellow arrows indicate cellular necrosis. White arrows indicate liver fibrosis. Data were presented as mean ±
SEM. *p < 0.05, **p < 0.01 vs. Ctrl group; #p < 0.05, ##p < 0.01 vs. CCl4 group. 
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liver, CCl4 is metabolized by the cytochrome P450 enzyme system into highly reactive trichloromethyl free radicals (•CCl3) and then 
to trichloromethyl peroxy radicals (•OOCCl3), which activates macrophages to produce pro-inflammatory cytokines [20]. The active 
free radicals attack polyunsaturated fatty acids in cellular membranes, leading to the peroxidation of lipids [21]. In addition, the 
CCl4-generated ALI animal model is advantageous due to its simple operation and good repeatability. It is widely used to evaluate the 
protective effect of natural compounds against ALI [22]. In a prior study, we confirmed that CCl4 administration resulted in liver 
inflammation, necrosis, and fibrosis in mice, replicating the ALI model [23]. 

Vine tea is made from the leaves of Ampelopsis grossedentata, a plant of the Vitis family. As a famous traditional Chinese tea, vine tea 
exhibits multiple biological activities, such as anti-inflammation, liver protection, anti-bacteria, blood lipid regulation, and anti-type 2 
diabetes [24–28]. Vine tea contains various phytochemicals such as flavonoids, polyphenols, and terpenoids. Vine tea contains two 
primary bioactive compounds: dihydromyricetin and myricetin [29]. In mice models, studies have shown that dihydromyricetin and 
myricetin can inhibit the progression of hepatic fibrosis caused by CCl4 [30,31]. In a previous study, we have discovered that vine tea 
extract (VTE) mainly consists of six components, including dihydromyricetin, quercetin 3-rhamnoside, myricetin, kaempferol, 
(− )-epicatechin gallate, and myricitrin [23]. And VTE could improve CCl4-induced hepatocyte edema, inflammation, and necrosis 
[23]. In addition, VTE inhibits the growth of harmful bacteria, like Intestinimonas, Alistipes, and Ruminiclostridium, while promoting the 
colonization of potentially beneficial intestinal bacteria, such as Ruminococcaceae_UCG-014 and Eubacterium_fissicatena_group [23]. 
However, it remains unclear about the regulation of BA metabolism and autophagy by VTE during the development of ALI. 

In this study, based on a CCl4-induced mouse ALI model, we explored the effect of VTE on hepatic autophagy and cholestasis in ALI 
mice. To determine whether VTE alleviated ALI by regulating BA metabolism, we determined the alteration of individual BAs in mouse 
feces. Further, we examined the expression changes in BA metabolism-related mediators in the liver and colon tissues of ALI mice after 
VTE treatment. Finally, we investigated the interaction between gut microbiota, BA metabolism, and hepatic autophagy in ALI mice. 

2. Results 

2.1. VTE improved liver fibrosis in ALI mice 

Schematic diagram of this study was shown in Fig. 1A. As depicted in Fig. 1B, the body weight of mice in the CCl4 group was 
decreased compared to that of the Ctrl group (p < 0.05), which was statistically reversed by VTE treatment (p < 0.05, vs. CCl4 group). In 
addition, the liver and spleen weight in the CCl4 group was increased (p < 0.01, vs. Ctrl group) (Fig. 1C and D). Interestingly, VTE 
suppressed the growth of both organs in ALI mice (p < 0.01, vs. CCl4 group) (Fig. 1C and D). Also, VTE treatment significantly reduced 
the hepatic T-BIL level in ALI mice (p < 0.05, vs. CCl4 group) (Fig. 1E). H&E staining indicated that VTE treatment ameliorated CCl4- 
induced hepatocyte edema, eosinophilic transformation, and necrosis. H&E staining showed that CCl4 induced significant liver 
damage, characterized by hepatocyte edema, eosinophilic transformation, and necrosis (Fig. 1F). As compared to the CCl4 group, VTE 
intervention improved chronic liver injury and necrosis (Fig. 1F). Moreover, Masson staining demonstrated that VTE effectively 
suppressed CCl4-induced liver fibrosis (Fig. 1G). 

2.2. VTE alleviated CCl4-induced autophagy 

Since the autophagy signaling pathway is known to regulate liver injury, we investigated the effect of VTE on autophagy in the 

Fig. 2. Effect of VTE on protein levels of autophagic markers in liver of ALI mice. (A) Protein levels of autophagic markers in the liver by WB. The 
full images of blots were provided in Supplementary Figs. 2A–D. (B–D) Protein quantification of autophagic markers, including p62 (B), Beclin (C), 
and LC3-II (D). Data were presented as mean ± SEM. *p < 0.05, **p < 0.01 vs Ctrl group; #p < 0.05, ##p < 0.01 vs CCl4 group. 
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livers of ALI mice. Light chain 3 (LC3)-II is present on autophagosome membranes and disappears with the progression of autophagy 
[32]. Conversely, the autophagosome adaptor protein, p62/SQSTM1, is a mediator required for complete recruitment of 
microtubule-associated protein LC3 to the damaged lysosome [33]. Hence, we examined the protein changes of LC3I/II and p62 in the 
liver of ALI mice. As shown in Fig. 2A, B and D the hepatic levels of LC3-II and p62 were upregulated in the CCl4 group (p < 0.01, vs. 
Ctrl group), which were statistically inhibited by VTE (p < 0.05 or p < 0.01, vs. CCl4 group). Similarly, the level of Beclin was increased 
in the CCl4 group (p < 0.01, vs. Ctrl group), but VTE treatment reverted such a change (Fig. 2A and C). 

2.3. VTE affected fecal BA production in ALI mice 

ALI is often accompanied by BA metabolism disorders, which are essential in mediating the development of hepatocyte autophagy 
[34]. Thus, we quantified the contents of intestinal metabolites among experimental groups by LC/GC-MS analysis. As shown in 
Fig. 3A and B, VTE reduced the levels of total BAs and secondary BAs in the feces of ALI mice (p < 0.05 or 0.01, vs. CCl4 group). 
Compared with the Ctrl group, there was a higher tauro-murocholicacid (TMCA)/taurocholic acid (TCA) ratio in the CCl4 group (p <
0.05) (Fig. 3C), which was statistically decreased in ALI mice with VTE treatment (p < 0.01, vs. CCl4 group) (Fig. 3C). Additionally, the 
levels of deoxycholic acid (DCA), taurochenodeoxycholic acid (TCDCA), and ursodeoxycholic acid (UDCA) were elevated in feces of 
the CCl4 group (p < 0.05 or 0.01, vs. Ctrl group), while the contents of cholic acid (CA), taurodeoxycholic acid (TDCA), and taur-
oursodeoxycholic acid (TUDCA) were reduced (p < 0.05 or 0.01, vs. Ctrl group) (Fig. 3D). However, VTE treatment significantly 
reversed such changes in ALI mice (p < 0.05 or 0.01, vs. CCl4 group) (Fig. 3D). 

2.4. VTE suppressed changes of BA synthesis and transportation in ALI mice 

Next, we examined the effect of VTE on BA synthesis in the liver of ALI mice. By qRT-PCR, we detected the mRNA levels of BAs 
metabolism-related genes in liver or colon tissues among the four experimental groups. First, we tested the genes responsible for BA 
synthesis. As illustrated in Fig. 4A− D, the expressions of Cyp7a1 and Cyp2c70 were increased in liver tissues of the CCl4 group (p < 0.05 
or 0.01, vs. Ctrl group), whereas Cyp8b1 and Cyp27a1 were decreased (p < 0.05 or 0.01, vs. Ctrl group). On the contrary, these altered 

Fig. 3. Effect of VTE on production of fecal BAs in ALI mice. (A) Contents of total fecal BAs among four experimental groups. (B) Levels of primary 
and secondary BAs in feces. (C) Ratio of TMCA/TCA. (D) Quantitative analysis of individual BAs in feces. Data were presented as mean ± SEM. *p <
0.05, **p < 0.01 vs Ctrl group; #p < 0.05, ##p < 0.01 vs CCl4 group. 
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BA synthetases were significantly restores in ALI mice with VTE treatment (p < 0.01, vs. CCl4 group) (Fig. 4A− D). Second, we detected 
the mRNA expressions of genes responsible for transport or feedback regulation of BAs in the liver and colon. The result showed that 
the mRNA levels of hepatic Lxr, Fxr, and Abca1 were lower and the mRNA levels of hepatic Ntcp were higher in the CCl4 group than in 
the Ctrl group. Conversely, the hepatic expressions of Fxr and Abca1 were statistically elevated and the hepatic expressions of Ntcp 
were increased by VTE in ALI mice (p < 0.05 or 0.01, vs. CCl4 group) (Fig. 4 E–H). In parallel, CCl4 injection caused the decrease in 
mRNA levels of Fxr and Asbt in the colon (p < 0.05 or 0.01, vs. Ctrl group), whereas VTE blocked the changes of both genes in ALI mice 
(p < 0.05, vs. CCl4 group) (Fig. 4I and J). 

Furthermore, we performed Spearman’s correlation analysis, indicative of a heat map (Fig. 4K). The result suggested that most of 
the altered autophagy markers, BAs, BA synthesis, BA transport, and BA feedback regulation were positively or negatively associated 
with physiological and pathological ALI markers, indicating the pivotal role of autophagy and BA metabolism in the participation of 
ALI. 

2.5. VTE failed to ameliorate liver injury and hepatic autophagy in ALI mice with gut microbiota depletion 

To examine the role of gut microbiota in VTE-mediated prevention of liver injury, we pretreated mice with an antibiotic mixture to 
remove intestinal bacteria before the administration of CCl4 and VTE (Fig. 5A, Supplementary Fig. 1). The result indicated that Abx 
treatment had no effect on the body weight but remarkably decreased the weight of liver and spleen tissues in ALI mice (p < 0.01 vs. 

Fig. 4. Effect of VTE on BA metabolism in ALI mice and correlation analysis between BA metabolism and autophagy. (A–D) mRNA levels of BA 
synthesis-related genes in the liver by qRT-PCR, including Cyp7a1 (A), Cyp8b1 (B), Cyp27a1 (C), and Cyp2c70 (D). (E–H) mRNA levels of genes 
responsible for feedback regulation and transport of BAs in the liver by qRT-PCR, including Lxr (E), Fxr (F), Abca1(G), and Ntcp (H). (I–J) mRNA 
levels of BA transport-related genes in the ileum by qRT-PCR, including Fxr (I) and Asbt (J). Data were presented as mean ± SEM. *p < 0.05, **p <
0.01 vs Ctrl group; #p < 0.05, ##p < 0.01 vs CCl4 group. (K) Spearman’s correlation analysis between BAs, BA metabolism-related genes, and 
autophagic markers was calculated in the heatmap. *p < 0.05, **p < 0.01. 
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CCl4 group), which were not further improved after VTE treatment (Fig. 5B–D). Besides, VTE failed to ameliorate hepatocyte necrosis 
and inflammation in mice of the CCl4 + Abx and ACl4 + Abx + VTE group (Fig. 5E). 

Next, we detected the effect of VTE on autophagy in ALI mice with gut microbiota depletion. As indicated in Fig. 5F and G, CCl4 
administration led to the protein increase in hepatic autopay markers, including p62, Beclin, and LC3-II (p < 0.05 or 0.01 vs. Ctrl 
group). Compared to the CCl4 group, Abx had no effect on p62, Beclin, and LC3-II (Fig. 5F and G). At the same time, we found no 
expression differences in these proteins between the CCl4 +Abx and CCl4 + Abx + VTE groups (Fig. 5F and G). 

2.6. VTE failed to alleviate abnormal BA metabolism in ALI mice with gut microbiota depletion 

Finally, we detected the effect of VTE on BA metabolism in ALI mice with gut microbiota depletion. As suggested in Fig. 6, VTE did 
not rescue the abnormal BA metabolism of ALI mice after the gut microbiota was destructed by an antibiotic mixture (Fig. 6). Similar to 
the results in Fig. 4, the CCl4 group displayed higher mRNA levels of hepatic Cyp7a1, Cyp2c70, and Ntcp and lower levels of Cyp8b1, 
Cyp27a1, Lxr, Fxr, and Abca1 (p < 0.05 or 0.01, vs. Ctrl group) (Fig. 6A− H). Also, CCl4 treatment reduced the intestinal mRNA levels of 
Fxr and Asbt (p < 0.05, vs. Ctrl group) (Fig. 6I and J). However, either Abx or Abx + VTE failed to rescue these changes in ALI mice, 
except for the hepatic mRNA levels of Ntcp (Fig. 6). 

Fig. 5. Effect of VTE on liver damage in ALI mice with gut microbiota depletion. (A) Schematic diagram that shows effect of VTE on ALI mice with 
gut microbiota depletion. (B) Body weight change. (C) Liver weight change. (D) Spleen weight change. (E) Histopathological assay of liver tissues by 
H&E staining (scale bar = 10 μm, magnification of the microphotograph, × 400). Black arrows indicate cellular edema, and yellow arrows indicate 
cellular necrosis. (F) Protein levels of autophagic markers in the liver by WB. The full images of blots were provided in Supplementary Figs. 2E–H. 
(G) Protein quantification of autophagic markers, including p62, Beclin, and LC3-II. Data were presented as mean ± SEM. *p < 0.05, **p < 0.01. NS, 
no significance. 
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3. Discussion 

Applying BA sequestrants, gut probiotics, and medicinal plants is a potential strategy for treating liver diseases [8,35–37]. For 
instance, Sevelamer, a BA chelator, could prevent non-alcoholic steatohepatitis by modulating gut microbiota structure and BA 
composition [8]. Many herbs or ingredients are well-studied for their hepatoprotective activity [38,39]. Curcumin supplementation 
could be a nutritional approach to prevent hepatic cellular senescence [40]. Liu et al. reported that oral administration with Lacto-
bacillus rhamnosus GG ameliorated liver fibrosis in mice through the intestinal FXR–fibroblast growth factor (FGF)-15 signaling 
pathway, which inhibits hepatic BA synthesis and enhanced BA excretion [35]. In addition, some medicinal plant extracts, like bai-
calein and dihydromyricetin, relieved cholestasis and liver fibrosis by modulating BA metabolism and gut microbiota structure [36, 
37]. In this study, VTE exhibited a protective effect on CCl4-induced ALI in mice by alleviating gut dysbiosis, regulating BA meta-
bolism, and inhibiting hepatic autophagy. 

Fig. 6. Effect of VTE on mRNA expression of BA metabolism-related mediators in liver and gut of ALI mice with gut microbiota depletion. (A–D) 
mRNA expression of genes involved in BA synthesis in the liver by qRT-PCR, including Cyp7a1 (A), Cyp8b1(B), Cyp27a1(C), and Cyp2c70 (D). (E–H) 
mRNA expression of genes involved in BA feedback regulation and transport in the liver by qRT-PCR, including Lxr (E), Fxr (F), Abca1(G), and Ntcp 
(H). (I–J) mRNA expression of Fxr (I) and Asbt (J) genes in the gut by qRT-PCR. Data were presented as mean ± SEM. *p < 0.05, **p < 0.01. NS, no 
significance. 
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Autophagy is a highly conserved cyclic process involving the cytosolic degradation of intracellular proteins and damaged or-
ganelles [12]. Studies show that autophagy is impaired in hepatocytes of mice with NAFLD and non-alcoholic steatohepatitis (NASH) 
[41,42]. Among the autophagic indicators, the LC3-II amount is correlated with the number of autophagosomes [43], which are 
essential for phagosome expansion [32]. And p62 is a mediator necessary for LC3 recruitment to lysosomes, vital for the selective 
degradation of autophagy substrates [33,44]. The p62 binding to LC3 is essential for autophagosome clearance [44]. In the liver, 
accumulation of p62 can raise autophagosome accumulation, leading to cytotoxic effects and aggravating liver injury [34]. Increased 
LC3-II and p62-positive aggregates were found in the liver of patients with primary biliary cirrhosis [45]. Therefore, this study selected 
LC3-II and p62 as markers to analyze the initiation and degradation of autophagy. Our data indicate that CCl4 induced the increment of 
LC3-II and p62 proteins in the mouse liver (Fig. 2), implying the occurrence of hepatic autophagy. However, VTE treatment signifi-
cantly suppressed the up-regulation of LC3-II and p62 in the liver of ALI mice. These results suggest that VTE may play a protective role 
in the liver by inhibiting the accumulation of autophagosomes. Still, the precise autophagy dynamics that ensue after VTE treatment 
are required for further investigation. 

As we discovered in our previous study, VTE is primarily composed of six key components: dihydromyricetin, quercetin 3-rhamno-
side, myricetin, kaempferol, (− )-epicatechin gallate, and myricitrin [23]. Several main components of vine tea, such as dihy-
dromyricetin, myricetin, and (− )-epicatechin gallate, have been reported to regulate autophagy. One example is dihydromyricetin, 
which plays a protective role in H9C2 cells by inhibiting autophagy and cell apoptosis [46]. Additionally, the combination of myricetin 
and cucurbitacin E exited anti-cancer activity, and the mechanism is related to the inhibition of autophagy and the activation of the 
PI3K/AKT/mTOR signaling pathway [47]. In another study, (− )-epicatechin gallate downregulated autophagy by modulating the 
PI3K/AKT/mTOR pathway [48]. Based on the above, the major compounds of VTE, like dihydromyricetin, myricetin, and (− )-epi-
catechin gallate, may play an essential role in regulating abnormal autophagy in ALI mice. 

We next investigated other factors that might trigger the abnormal accumulation of hepatic autophagosomes in ALI mice. Since the 
literature confirmed that BAs could regulate hepatic autophagy through various mechanisms [49,50], we focused our research on the 
changes in BA metabolism after VTE treatment. The result shows that CCl4 injection led to increased levels of total and secondary BAs 
in mouse feces, which were reversed by VTE treatment (Fig. 3A and B). Considering that intestinal BAs come from the bile, followed by 
subsequent reabsorption into the liver, we speculate that VTE may ameliorate the abnormal BA metabolism by regulating hepatic BA 
synthesis or promoting colonic BA transport into the liver. Indeed, VTE treatment significantly repressed the alteration of BA 
metabolism-related mediators in ALI mice (Fig. 4). These mediators were mainly responsible for BAs’ synthesis, transport, and 
feedback regulation. Among them, FXR is a BA-specific receptor in the liver and gut. FXR activation reduces intracellular BA load in the 
liver via inhibiting BA synthetases (i.e., CYP7A1), suppressing BA reabsorption transporters (i.e., NTCP and ASBT), and increasing BA 
export pump expressions (i.e., bile salt export pump (BSEP) organic solute transporter alpha-beta (OSTα/β)) [51]. In this study, VTE 
treatment statistically elevated the Fxr mRNA level in the liver and intestine of ALI mice (Fig. 4F and I). In addition, the increase in 
TMCA/TCA ratio can inhibit the expression of FXR [34]. In this study, VTE treatment statistically reduced the fecal TMCA/TCA ratio 
(Fig. 3C), further proving the role of BAs in VTE-initiated promotion of Fxr expression. On the other hand, BAs travel through the bile 
ducts to the duodenum and then are reabsorbed from the gut by specific BA transporters like (ASBT). Thus, the inhibition of ASBT can 
block the enterohepatic circulation of BAs [33]. We found that VTE intervention significantly increased the expression of Asbt in the 
gut of ALI mice (Fig. 4J). These results suggest that VTE might ameliorate liver injury by elevating FXR expression, inhibiting BA 
synthesis, and promoting BA reabsorption in the gut. 

BAs regulate hepatocyte autophagy by activating inflammation and apoptosis signaling pathways [49,52]. In a previous study, the 
bile in mice lacking autophagy-related genes (Atg7 or Atg5) in the liver exhibited a decrease in secondary BAs and an increase in 
T-α-MCA and T-β-MCA [34]. In parallel, we found that VTE suppressed secondary BAs and slightly increased the above two free BAs 
(Fig. 3B and D), suggesting that VTE may improve BA metabolism by inhibiting hepatic autophagy in ALI mice. Additionally, DCA is 
generally considered a toxic BA that can induce inflammation and activate autophagy [50]. In the present study, CCl4 treatment raised 
the fecal DCA concentration in mice. Conversely, VTE treatment markedly reduced the content of DCA (Fig. 3D), confirming that VTE 
may hamper autophagy by improving BA metabolism. 

Gut microbiota contributes to BA metabolism and recycling [53,54]. In the ileum and colon, intestinal bacteria transform primary 
BAs into secondary BAs. Besides, gut microbes like B. dentium are closely related to autophagy [55]. It was reported that B. dentium can 
promote autophagy and release mucin granules stored in intestinal goblet cells [55]. Based on the germ-free ALI mouse model, we 
evaluated the effect of VTE on hepatic autophagy and bile acid metabolism. We found that after the intestinal flora was cleared by 
antibiotics, VTE no longer suppressed the hepatic autophagy, indicated by the unchanged autophagic markers in the mouse liver 
(Fig. 5). Moreover, VTE failed to improve the abnormal synthesis and transportation of BAs in ALI mice with gut microbiota depletion 
(Fig. 6). Taken together, the regulatory effect of VTE on hepatic autophagy and BA metabolism in ALI mice depends on the existence of 
their intestinal flora. 

Several main components of vine tea, such as dihydromyricetin, quercetin, and kaempferol, have been documented to regulate BA 
metabolism. For instance, dihydromyricetin administration enhanced the BA conjugation and transport in the liver but inhibited BA 
reabsorption in the ileum through the FXR-related signaling pathway to prevent obesity [56]. Quercetin enhanced hepatic expression 
of BA synthesis- and transport-related genes in NAFLD mice [57]. In another study, kaempferol may promote BA transport by 
increasing the hepatic CYP27A1 and NTCP expression in NASH mice [58]. Based on the above, we speculate that the above com-
ponents of VTE may play a direct role in regulating BA metabolism in ALI mice. 

Our previous research has studied the abundance and composition of intestinal flora in ALI mice [23]. CCl4 down-regulated the 
abundances of Lachnospiraceae, Bacteroidales_S24-7_group, and Staphylococcaceae. In contrast, CCl4 augmented the contents of 
Ruminococcaceae, Streptococcaceae, and Anaeroplasmataceae. Noticeably, VTE treatment reversed these changes. For example, VTE 
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intervention inhibited the growth of harmful bacteria, like Intestinimonas, Alistipes, and Ruminiclostridium, while promoting the 
colonization of potentially beneficial intestinal bacteria, such as Ruminococcaceae_UCG-014 and Eubacterium_fissicatena_group [23]. In 
this study, we focus on investigating the impact of VTE on hepatic autophagy and cholestasis during the development of ALI. To 
achieve this, we selected representative species to detect gut microbiota composition in antibiotic-treated mice (Supplementary Fig. 1). 
In the future, we aim to refine our study by exploring the abundance of gut microbiota in mice after antibiotic administration. 

However, the empirical results reported herein should be considered in light of some limitations. Although we reported for the first 
time that VTE could improve ALI through the two-way regulation of liver autophagy and bile acid metabolism, the key targets linking 
autophagy and bile acid need to be further explored. Second, this study found that intestinal flora may be an essential bridge between 
liver autophagy and bile acid metabolism. However, which bacteria play a vital role in this process still needs to be determined. Third, 
during our preliminary study, mice underwent six weeks of VTE treatment with no adverse reactions observed. Further research is 
required to assess the safety and efficacy of long-term supplements for VTE. 

4. Conclusions 

This study demonstrated that vine tea water extract (VTE) could alleviate liver injury in ALI mice by suppressing liver fibrosis and 
reversing cholestasis. The underlying mechanism of VTE was associated with the reversal of hepatic autophagy and abnormal BA 
metabolism, which depended on the existence of normal gut microbiota community (Fig. 7). These findings suggest beneficial effects of 
VTE on human health. 

5. Materials and methods 

5.1. Animal experiments 

Healthy male C57BL/6J mice (four weeks old) were purchased from Hubei Provincial Center for Disease Control and Prevention 
(Wuhan, China). Mice were sheltered with free access to sterile water and standard food. After one week of acclimatization in a 12 h 
dark/light cycle with controlled temperature (23 ± 2 ◦C) and moisture (50 ± 5%), the mice were divided into four groups (n = 8): Ctrl 
group, CCl4 group, VTE group, and CCl4 + VTE group. Detailed information about the preparation and composition analysis of VTE 
was shown in our previous report [23]. In our initial study, we monitored the water intake of mice that were given VTE (1 mg/mL, 
dissolved in drinking water). Our findings revealed that each mouse consumed an average of 4–5 mL of VTE per day. The mice had an 
average weight of 20–25 g, and based on our calculations, the estimated daily VTE dosage for the mice was 200 mg/kg. And 
administering VTE to mice for six weeks did not result in negative reactions. Consequently, we selected this dosage to treat mice in our 
subsequent studies. For each group, the mice were pretreated with sterile water (Ctrl group and CCl4 group) or VTE (1 mg/mL in 
drinking water, about 200 mg/kg/d) [23] (VTE group and CCl4+VTE group) for six weeks. Meanwhile, the mice in the CCl4 and 
CCl4+VTE group received 12 consecutive intraperitoneal injections of CCl4 (1 μL/g body weight, dissolved in olive oil, v/v, 1:2, 
Aladdin) twice per week. In comparison, the mice in the Ctrl and VTE groups received intraperitoneal injections of olive oil (3 μL/g 

Fig. 7. Schematic diagram showing how VTE suppressed hepatic autophagy and improved bile acid (BA) metabolism in ALI mice. Firstly, VTE 
intervention decreased the levels of toxic BAs (like UDCA and DCA) but increased those of beneficial BAs, such as CA, T-α-MCA, T-β-MCA, and TCA. 
Secondly, VTE reduced hepatic cholestasis by inhibiting BA synthesis-related gene expressions (Cyp7a1 and Cyp2c70), upregulating BA transport- 
related gene expressions (Fxr and Abca1), and promoting BA reabsorption-related gene expressions (Fxr and Asbt). Thirdly, VTE suppressed 
autophagic activation in the liver, as indicated by the down-regulation of autophagy markers (p62, Beclin, LC3-II). Red arrows indicate changes in 
the CCl4 group compared to the Ctrl group; Green arrows indicate the changes in the VTE + CCl4 group compared to the CCl4 group. 
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body weight) (Fig. 1A). 
For antibiotic treatment, mice were randomly divided into four groups (n = 8): Ctrl group, CCl4 group, CCl4 + Abx group, and CCl4 

+ Abx + VTE group. The mice were treated with CCl4 (1 μL/g body weight) twice per week, CCl4 plus an antibiotic mixture (Abx, 1.0 
mg/mL ampicillin, 0.5 mg/mL vancomycin, 1.0 mg/mL neomycin sulfate, and 0.5 mg/mL metronidazole, in drinking water), or CCl4 
plus Abx and VTE (200 mg/kg/d, gavage) (Fig. 6A). The antibiotic regimen used in this study was based on previous studies [59,60]. 
And after conducting several preliminary experiments, we found that this treatment effectively eliminates most microorganisms in 
mice’s intestinal tract. This treatment plan has also been reported in multiple papers from our laboratory [61,62]. 

During the experiment, the body weight was monitored every week. For two consecutive days in the last week, the mice were 
placed in a metabolic cage to collect feces for 1 h, and the collected feces were stocked at − 80 ◦C. After the treatment, all mice were 
euthanized, and the major tissues, including liver and intestine tissues, were collected and stored at − 80 ◦C for further analysis. The 
animal experiment was performed under the local Ethical Committee (approval number: SYXK-2019-0067) and the National Act on 
Use of Experimental Animals (China). 

5.2. Measurement of hepatic total bilirubin (T-BIL) 

T-BIL in liver tissues was analyzed using a commercial kit from Changchun Huili Biotech Co., Ltd. 

5.3. Histopathological analysis 

Hepatic tissues were fixed overnight in 4% paraformaldehyde and then embedded in paraffin for sectioning. The morphological 
changes were determined using a hematoxylin-eosin (H&E) staining kit (Beyotime Biotechnology). The degree of liver fibrosis was 
detected using a Masson staining kit (ZhongHuiHeCai). The image was photographed with a Leica DFC310 FX digital camera attached 
to a Leica DMI4000B light microscope (Wetzlar). 

5.4. Western blotting 

Total proteins were extracted from liver tissues using RIPA buffer (Beyotime) supplemented with a protease inhibitor cocktail kit 
(Merck). The concentration of protein lysate was determined using a bicinchoninic acid (BCA) assay kit (Beyotime). Protein samples 
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels and electrophoretically transferred to poly-
vinylidene difluoride membranes. The membranes were blocked with 5% skim milk in Tris-buffered saline tween-20 (TBST) for 1 h, 
followed by incubation overnight at 4 ◦C with primary antibodies including rabbit anti-P62 (1:1000, Cell Signaling Technology), rabbit 
anti-Beclin (1:1000, Cell Signaling Technology), rabbit anti-LC3-II (1:1000, Cell Signaling Technology), mouse anti-β-Actin (1:500, 
Santa Cruz) antibodies. Then, the membranes were washed with TBST and incubated with horseradish peroxidase-conjugated sec-
ondary antibodies (1:5000, Cell Signaling Technology) at room temperature for 1 h. Immunoreactive bands were visualized by 
enhanced chemiluminescence solution (ECL, Cell Signaling Technology). β-Actin was used as a reference protein. All bands were 
analyzed using Image J2x software (National Institute of Health). 

5.5. Fecal BA quantification by liquid chromatography-mass spectrometer (LC-MS) 

To quantify the contents of BAs in feces, we homogenized a 50 mg fecal sample with 1 mL water-methanol-formic acid solution 
(25:74:1, V/V/V), containing 0.2 μg/mL cholic acid-2,2,3,4,4-d5 (d5-CA) and 0.2 μg/mL sodium taurocholate-2,2,4,4-d4 (d4-TCA) as 
internal standards. After the homogenization using a KZ-II grinding machine (Servicebio), we centrifuged the fecal mixtures at 
12,000×g for 15 min at 4 ◦C. The supernatant was collected and filtered through a 0.22 μm water or organic membrane. After that, all 
samples were used for liquid chromatography-mass spectrometer (LC-MS) analysis. The detailed analytical information was indicated 
in the Supplementary methods. 

5.6. Quantitative real-time reverse transcription PCR (qRT-PCR) 

Total RNA from liver or colon tissues (~20 mg) was extracted using Trizol reagents (Summer Bio) according to the manufacturer’s 
instructions. The cDNA was synthesized from 1 μg of total RNA with a first-strand cDNA synthesis kit (Summer Bio). We evaluated the 
mRNA levels of genes by qRT-PCR using the SYBR qPCR Mix (Summer Bio) on a Bio-Rad CFX Connect Real-time System (BioRad). The 
qRT-PCR was conducted as follows: initial denaturation at 95 ◦C for 10 min; 45 cycles of amplification (denaturation at 95 ◦C for 10 s, 
annealing at 60 ◦C for 30 s, and extension at 72 ◦C for 30 s), and extension at 95 ◦C for 5 min. The relative expression of each target gene 
was normalized to a reference gene β-actin, and calculated using the 2− ΔΔCT method. The primer sequences of target genes were 
detailed in Supplementary Table 1, including cytochrome p450 family 7 subfamily A member 1 (Cyp7a1), cytochrome p450 family 8 
subfamily B member 1 (Cyp8b1), cytochrome p450 family 27 subfamily A member 1 (Cyp27a1), cytochrome p450 family 2 subfamily C 
member 70 (Cyp2c70), liver X receptor (Lxr), farnesoid X receptor (Fxr), ATP binding cassette transporter A1 (Abca1), sodium taur-
ocholate cotransporting polypeptide (Ntcp) and apical sodium salt bile transporter (Asbt). 
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5.7. Statistical analysis 

Results were presented as means ± standard error of the mean (SEM). Data were analyzed using GraphPad Prism (version 8.0, La 
Jolla). A two-way analysis of variance (ANOVA) was used to compare all groups where appropriate. Statistical significance was 
considered at a P value < 0.05. 
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