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1.  Introduction

Chenpi (CHE) refers to the dried, mature peel of Citrus reticulata 
Blanco and its cultivated varieties, classified within the Rutaceae 
family. Primarily produced in Xinhui, Jiangmen City, Guangdong , 
it holds a significant place in both traditional Chinese medicine and 
culinary culture, with a history spanning centuries. In the “Dietetic 
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materia medica” of the Tang Dynasty of China, CHE can be combined 
with a variety of ingredients to make soups, congees and other health 
food. During the Tang Dynasty, CHE was commonly combined 
with various ingredients to prepare health-promoting foods such as 
soups and porridges. The Ming Dynasty text Lei Gong’s Treatise 
on Processing of Medicinals also recorded that CHE enters the 
lung, liver, spleen, and stomach meridians, indicating its potential 
hepatoprotective effects. CHE exhibits significant biological activity, 
attributed to its diverse bioactive compounds, including hesperidin, 
tangeretin, and nobiletin[1]. CHE has anti-obesity, anti-diabetes, 
anti-cancer and other effects[2-4]. Therefore, the research on the 
physiological function of CHE has become a hot spot. 

The widespread prevalence of alcohol culture has contributed to a 
rising incidence of alcohol-related metabolic disorders. Approximately 
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400 million people worldwide suffer from alcohol use disorders, 
with 209 million dependent on alcohol. According to data released 
by the World Health Organisation in 2024, alcohol caused 2.6 
million deaths in 2019, accounting for 4.7% of all deaths, with male 
fatalities reaching 2 million[5]. Alcohol passes through the mouth and 
degrades a small amount of alcohol in the gut, with the remainder 
acting on the liver[6]. The gut-liver axis denotes the bidirectional 
communication pathway between the intestines and the liver[7]. 
Alcohol disrupts the intestinal barrier, leading to dysbiosis of the 
microbiota. This allows gut microbiota and their harmful metabolites 
to enter the liver via the portal vein, activating hepatic immune cells 
and triggering inflammation and oxidative stress[8]. This process 
is a key driver in the progressive deterioration of liver damage. 
Prolonged excessive alcohol consumption progressively escalates 
the condition, advancing from initial fatty liver and hepatitis to liver 
fibrosis and cirrhosis. Ultimately, this may progress to hepatocellular 
carcinoma. Consequently, alcohol-related liver disease has emerged as 
a progressively significant public health burden worldwide. There are 
significant differences in the pathological mechanisms through which 
various natural products intervene in alcoholic liver injury (ALI). 
A systematic dissection of these divergent pathways facilitates the 
precise identification of bioactive molecules with superior targeting 
capabilities. To seek more effective liver protection strategies, this 
study was compared with our previous reports[9], and systematically 
evaluated the impact of CHE on ALI.

This study investigated the hepatoprotective mechanisms 
underlying CHE’s ameliorative effects on ALI. A series of biochemical 
indicators such as oxidative stress, inflammatory response and 
resistance to liver injury were used to characterize the effects of 
CHE on ALI in mice. Transcriptome and microbiome analysis were 
performed on the livers of alcoholic liver-injured mice. We hope our 
study will offer theoretical groundwork for developing CHE-derived 
nutraceuticals against ALI.

2.  Materials and methods

2.1  Preparation of CHE

CHE with a storage time of 3 years was provided by Xinhui, 
Jiangmen City, Guangdong. The aqueous CHE extract were prepared 
according to the literature, with a slight change[10]: Briefly, powdered 
CHE was subjected to triple boiling water extraction (1:20) with 
successive extraction durations of 20, 20, and 10 min. The combined 
extracts were concentrated under reduced pressure to obtain a final 
aqueous solution.

2.2 High performance liquid chromatography (HPLC) 
analysis

HPLC analysis was performed according to our previously 
established method[11]. A total of 1 g of CHE powder was extracted 
with 10 mL methanol via ultrasonication (50 °C, 30 min) followed by 
centrifugation (4 °C, 4 000 × g, 10 min). The extraction was repeated 
twice with methanol (10 mL each). Combined supernatants were 
transferred to a 50 mL volumetric flask and brought to volume with 
methanol, yielding the final sample solution. The sample solution was 
passed through a 0.22 μm organic filter prior to transfer into an HPLC 

vial for chromatographic analysis. Dual-wavelength detection was 
carried out at 330 and 283 nm.

2.3 Network pharmacological analysis

The active constituents of CHE were obtained from the TCMSP 
database by applying the screening thresholds of oral bioavailability 
(OB) ≥ 30% and drug-likeness (DL) ≥ 0.18. Additional active 
constituents were supplemented through a comprehensive literature 
review. The potential protein targets of these active constituents 
were predicted using Swiss Target Prediction with the organism set 
to Homo sapiens. Disease-associated targets were identified from 
the GeneCards and OMIM databases using the keyword “alcoholic 
liver injury”. To improve transparency, we applied a relevance score 
cutoff of ≥ 10 in GeneCards. Genes retrieved from OMIM were used 
to enhance confidence in ALI relevance.The intersection of potential 
CHE targets and ALI-associated genes was identified using Venny 
2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/), a web-based tool for 
visualizing overlaps. The common targets were subsequently uploaded 
to the STRING database, with parameters configured for “Homo 
sapiens” and an interaction score threshold of 0.90. Nodes with 
no connections were excluded from the protein-protein interaction 
(PPI) network. Interaction data were downloaded in TSV format and 
further examined using Cytoscape 3.10. Core protein targets with 
betweenness, closeness, and degree values above the median were 
identified, and the analysis was repeated in triplicate. Cytoscape was 
employed to construct a bioactive compound-target network of CHE 
against ALI. Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway and Gene Ontology (GO) functional enrichment analyses of 
the targets were performed using DAVID database with Homo sapiens 
as the selected species.

2.4 Mice modeling and feeding

A total of 30 male C57BL/6J mice ((20 ± 2) g) were obtained 
from Hunan Slaike Jingda Experimental Animal Co., Ltd. (License 
No. SCXK (Xiang) 2019-0004) and housed in a specific-pathogen-
free facility under controlled conditions[9]. Following a one-week 
acclimatization period, the mice were randomly assigned to 3 
groups (n = 10 per group): control (CON), alcohol-treated (ALC), 
and CHE-treated. The mice received daily administrations twice 
per day, with a minimum interval of 6-h interval between treatments, 
according to their group assignment. The CON group received normal 
saline at both time points. The ALC group received ethanol (2.4 g/kg) 
in the morning, followed by normal saline in the afternoon. The CHE 
group received ethanol in the morning, followed by CHE (3 g/kg) in the 
afternoon. Body weights were recorded weekly throughout the 11-week  
experimental period. At termination, mice were anesthetized with 
ether until loss of consciousness, after which blood was collected 
via orbital puncture, and euthanasia was performed by cervical 
dislocation. As these experiments were performed simultaneously, the 
CON and ALC group animals data analyzed in this study (including 
body weight gain, biochemical markers, histological section, 
microbiome and transcriptome) were derived from our previously 
published work[9]. 
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2.5 Measurement of biochemical markers

Serum aspartate aminotransferase (AST), alanine aminotransferase 
(ALT), tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6) and 
liver malondialdehyde (MDA), superoxide dismutase (SOD), catalase 
(CAT), glutathione peroxidase (GSH-PX), aldehyde dehydrogenase 
(ALDH) and alcohol dehydrogenase (ADH) were measured in 
accordance with the instructions formulated by Jiangsu Meimian 
industrial Co., Ltd. (Yancheng, China).

2.6 Histopathological observation

Histopathological examination of liver tissues was performed 
according to previously described methods[9]. Paraffin-embedded 
sections were deparaffinized and rehydrated, then frozen at –20 °C. 
After returning to room temperature, the sections were refixed and 
treated with HD constant staining pre-treatment solution prior to 
staining with hematoxylin and eosin (H&E). Finally, sections were 
mounted in neutral resin and examined under a Nikon Eclipse E100 
microscope (Tokyo, Japan) for imaging.

2.7 Sequencing analysis of gut microbiota

Sequencing analysis was performed according to our previously 
published method, involving four major steps: DNA extraction from 
samples, PCR amplification, fluorescence-based quantification, and 
final sequencing on the Illumina platform[9,12].

2.8 Transcriptome analysis

Transcriptome profiling followed our published methodology[9,13]. 
In short, total RNA was isolated with the TRIzol (Invitrogen) method, 
followed by mRNA enrichment using Oligo(dT) magnetic beads and 
fragmentation in appropriate buffer. The fragmentation buffer is then 
added to the fragmentation buffer. cDNA synthesis was performed 
using random primers and reverse transcriptase, followed by end-
repair to convert sticky ends into blunt ends for adaptor ligation. The 
ligated adaptor products are then screened for fragmentation and 
library enrichment and finally sequenced by Illumina. 

2.9 Statistical analysis

Values represent mean ± SD. Biochemical marker data were 
analyzed using GraphPad Prism 8.0 (USA) for One-way analysis of 
variance. The transcriptomic and microbiomic data were analyzed using 
the Cloud Platform (https://www.majorbio.com). Differences were 
considered statistically significant at P < 0.05, P < 0.01, and P < 0.001.

3.  Results

3.1  Key flavonoid analysis of CHE

The research results showed that the content of tangeretin was 
(138.5 ± 10.9) mg/100 g, nobiletin was (1 982.4 ± 17.7) mg/100 g, 
and the content of hesperidin was (2 831.55 ± 19.2) mg/100 g (Fig. 1).  
The HPLC chromatogram is provided in Fig. S1.

3.2 CHE improved ALI may be closely related to MAPK 
signaling pathway

Alcohol-related liver injury targets were collected from 2 
distinct disease databases. GeneCards yielded 2 281 targets, while 
OMIM provided 35, with 26 targets overlapping between databases  
(Fig. 2A, Table S1). Potential therapeutic targets were identified through 
the TCMSP database and relevant literature, including the following 
bioactive compounds: tangeretin, hesperidin, sitosterol, naringenin, 
5,7-dihydroxy-2-(3-hydroxy-4-methoxyphenyl)chroman-4-one, 
citromitin, and nobiletin (Fig. 2B). A total of 210 shared genes were 
obtained from the intersection of the targets of ALI and the targets 
of CHE (Figs. 2C and D). GO and KEGG enrichment analysis were 
conducted targeting the 210 core targets via the DAVID database. As 
illustrated in Fig. 2F, GO enrichment analysis revealed: (i) biological 
processes including ephrin receptor signaling pathway, positive 
regulation of phosphatidylinositol 3-kinase activity, and insulin-
like growth factor receptor signaling pathway; (ii) cellular components 
comprising receptor complex, plasma membrane, and membrane raft;  
and (iii) molecular functions involving histone H2AXY142 kinase 

Fig. 1 Structural formula and contents of three main flavonoids in CHE.
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activity, histone H3Y41 kinase activity and protein tyrosine kinase 
activity. KEGG enrichment analysis showed that the molecular 
mechanisms underlying CHE in ameliorating alcohol-induced liver 
injury may involve multiple pathways, including: pathways in cancer,  
PI3K-Akt signaling pathway, proteoglycans in cancer, chemical 
carcinogenesis-reactive oxygen species, chemical carcinogenesis-receptor 
activation, and MAPK signaling pathway (Fig. 2G). The core genes of 
PPI were obtained by CytoNCA plug-in, which were PIK3CA, HRAS, 
ESR1, PIK3R1, SRC, and AKT1 (Fig. 2E).

3.3 CHE improved oxidative stress, inflammation and liver 
injury

In terms of oxidative stress, The ALC group displayed a 
significant increase in MDA along with markedly reduced activities 
of hepatic antioxidant enzymes (SOD, CAT, and GSH-PX) compared 
to the CON group. However, CHE treatment effectively counteracted 
these changes. Regarding inflammatory response, alcohol 
consumption significantly elevated serum TNF-α and IL-6 levels, 
whereas CHE administration mitigated this effect. In terms of liver 
injury phenotypes, the ALC group showed elevated serum ALT and 
AST levels, which were notably decreased following CHE treatment. 

Moreover, liver histopathology demonstrated that CHE could reduce 
alcohol-induced inflammatory cell infiltration. Regarding alcohol 
metabolism enzymes levels, CHE has a tendency to alleviate alcohol 
metabolism enzymes, but it is not significant. In summary, CHE 
protects mice from ALI through antioxidant, anti-inflammatory and 
anti-liver damage (Fig. 3).

3.4 CHE improved gut microbiota dysbiosis in mice

PCoA based on Bray-Curtis distances and ANOSIM were 
performed at OTU level to evaluate differences in microbial 
community composition among groups. The CHE and CON groups 
were closer together, while the ALC group was the furthest away from 
the CON group (Fig. 4B). The data revealed differential community 
structures among groups, showing greater similarity between CHE 
and CON groups than with ALC. We subsequently employed various 
visualization methods to characterize these compositional differences. 
Overlapping analysis were used to identify shared and unique OTUs 
among the 3 groups. As shown in Fig. 4A, the three groups share 
483 OTUs, with 597, 615 and 594 OTUs for the CON, ALC and 
CHE groups respectively. In addition, the CON, ALC and CHE 
groups have 22, 43 and 20 OTUs respectively. Bar plots illustrated 

Fig. 2 Network pharmacological analysis of CHE for improving ALI. (A) Venn analysis of ALI-related targets in OMIM and GeneCards databases. (B) Network 
of CHE active components and ALI targets. (C) Intersection analysis of CHE active components and ALI targets. (D) PPI network of the 210 shared targets.  

(E) Core target identification. (F) GO enrichment analysis of the 210 common targets. (G) KEGG enrichment analysis of the 210 common targets.
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Fig. 2 (Continued)
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the dominant phyla and genera across groups (Figs. 4C and D). The 
CON group exhibited higher abundances of Bacteroidota, Firmicutes, 
and Deferribacterota, while ALC and CHE groups were enriched in 
Bacteroidota, Firmicutes, and Actinobacteriota (Fig. 4C). At the genus 
level, the CON group exhibited higher relative abundances of norank_
f_Muribaculaceae, Lactobacillus, and Mucispirillum. In contrast, ALC 
and CHE groups showed predominance of norank_f_Muribaculaceae, 
Lachnospiraceae_NK4A136_group, and Dubosiella (Fig. 4D).

At the phylum level, CHE showed decreased Campilobacterota 
but increased Patescibacteria abundance relative to ALC (Fig. 4E). 
Genus-level analysis demonstrated higher abundance of Alistipes, 
Candidatus_Saccharimonas, Faecalibaculum, norank_f_norank_
o_Clostridia_vadinBB60_group, and Coriobacteriaceae_UCG-002 
in the CHE group (P < 0.05). Conversely, CHE exhibited lower 
levels of Helicobacter, Turicibacter, Clostridium_sensu_stricto_1, 
Ruminococcus, and Eubacterium_xylanophilum_group compared to 
ALC group (P < 0. 05, Figs. 4F and G). 

Fig. 3 The effect of CHE on drinking mice. (A) Experimental design of mice. (B) Body weight gain. (C) Liver injury factors. (D) Inflammatory factors.  
(E) Oxidative stress indexes. (F) Alcohol metabolism enzyme levels. (G) HE stained section of liver. All data were analyzed using GraphPad Prism 8.0 for  

One-way analysis of variance. #P < 0.05, ##P < 0.01, ###P < 0.000 1, ns not significant.
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Fig. 4 Gut microbiota analysis. (A) Overlapping analysis. (B) PCoA on OTU level. (C) Community composition of gut microbiota at phylum level.  
(D) Community composition of gut microbiota at genus level. (E) Bar plots display the phylum-level distribution of gut microbiota in CHE and ALC groups (95% CI).  

(F) Bar plots display the genus-level distribution of gut microbiota in CHE and ALC groups (95% CI). (G) Kruskal-Wallis H test was used to compare the relative 
abundance of some bacteria between CON, ALC and CHE groups. 

3.5 CHE ameliorated ALI through modulation of the MAPK 
signaling pathway 

To further explore the mechanism by which CHE exerts its effects 
on the liver of alcohol-exposed mice, we conducted transcriptomic 
analysis of liver tissues from the CHE and ALC groups. In this study, 
CHE and ALC groups obtained 10 365 and 10 676 genes, respectively, 
among which the 2 groups shared 10 084 genes, and CHE and 
ALC groups had 281 and 592 unique genes, respectively (Fig. 5A). 
The bar chart showed 364 differentially expressed genes (DEGs), 
including 98 up-regulated and 266 down-regulated (Figs. 5B and C).  
KEGG functional annotation showed that metabolism, environmental 
information processing, cellular processes, organismal systems and 
human diseases was involved in 1, 2, 2, 7 and 8 pathways, respectively 
(Fig. 5D). GO functional annotation identified that biological process, 

cellular component and molecular function were involved in 9, 7 
and 4 pathways respectively (Fig. 5E). KEGG enrichment analysis 
revealed that the MAPK signaling pathway was the most significantly 
enriched in the CHE group (Fig. 5G, Table S2). A total of 19 
differential genes were identified in the MAPK signaling pathway 
in this study, including Mef2c, Tek, Epha2, Mapt, Flt4, Gadd45g, 
Rps6ka2, Hgf, Flt1, Map3k13, Hspa2, Kdr, Rasgrp3, Hspa1b, 
Hspa1a, Nr4a1, Fos, Il1b and Cacng7 (Fig. 5H). GO enrichment 
analysis revealed predominant enrichment of upregulated DEGs in 
muscle contraction, muscle system processes, and ion binding (Fig. 5F,  
Table S2). GO enrichment analysis highlighted predominant 
enrichment of downregulated DEGs in regulation of angiogenesis, 
enzyme linked receptor protein signaling pathway, cell adhesion, 
positive regulation of protein phosphorylation, regulation of cell adhesion 
and regulation of vasculature development (Fig. 5F, Table S2).
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3.6  Correlation analysis of BM and MT

To visualize the role of gut microbiota, pearson correlations 
were performed to assess relationships between gut microbiota and 
biochemical markers (IL-6, TNF-α, MDA, SOD, ALT, AST, GSH-PX, 
and CAT). Genus-level microbiota showed significant correlations 
with multiple biochemical markers. Notably, Faecalibaculum, 
Turicibacter ,  Clostr idium_sensu_str ic to_1,  Candidatus_
Saccharimonas each correlated with eight biochemical markers, 
while norank_f_norank_o_Clostridia_vadinBB60_group showed 
associations with 7. Faecalibaculum and Candidatus_Saccharimonas 
showed inverse relationships with TNF-α, IL-6, MDA, ALT, and AST 
levels, while being positively linked to the antioxidant markers SOD, 
GSH-PX, and CAT (P < 0.05). In contrast, Turicibacter and Clostridium_
sensu_stricto_1 were positively correlated with TNF-α, MDA, ALT, and 
AST, but negatively associated with SOD, GSH-PX, and CAT (P < 0.05).  
Alistipes was significantly positively related to SOD and GSH-PX, 

whereas it showed negative correlations with TNF-α, ALT, and MDA 
(P < 0.05). Additionally, Helicobacter was positively correlated 
with both MDA and AST (P < 0.05). Ruminococcus demonstrated 
a significant negative correlation with GSH-PX and positive 
correlations with IL-6, TNF-α, MDA, and AST (P < 0.05). Moreover, 
the Eubacterium_xylanophilum_group displayed significant positive 
associations with TNF-α and MDA (P < 0.05; Fig. 6A).

Turicibacter, Clostridium_sensu_stricto_1, Candidatus_
Saccharimonas, Muribaculum and Ruminococcus had the highest 
number of genes associated 9, 8, 9, 9 and 10 respectively. Turicibacter 
showed significant positive correlations with Hgf, Rasgrp3, Mapt, 
Gadd45g, Hspa2, Tek, Flt1, and Kdr, while exhibiting a negative 
association with Il1b. Clostridium_sensu_stricto_1 showed positive 
correlations with Hgf, Rasgrp3, Mapt, Gadd45g, Hspa2, Tek, and Flt1, 
but was negatively associated with Il1b. Candidatus_Saccharimonas 
showed positive correlations with Map3k13, Epha2, Hspa2, Tek, 
Flt4, Rps6ka2, Flt1, and Kdr, but was negatively correlated with 

Fig. 4 (Continued)

Fig. 5 Gut microbiota analysis. (A) Overlapping analysis. (B) PCoA on OTU level. (C) Community composition of gut microbiota at phylum level.  
(D) Community composition of gut microbiota at genus level. (E) Bar plots display the phylum-level distribution of gut microbiota in CHE and ALC groups.  

(F) Bar plots display the genus-level distribution of gut microbiota in CHE and ALC groups (95% CI). (G) Kruskal-Wallis H test was used to compare the relative 
abundance of some bacteria between CON, ALC and CHE groups. 
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was significantly positively correlated with Mef2c, Hspa1b, Hspa1a, 
Epha2, Gadd45g, Hspa2, Flt4, Rps6ka2, Flt1, and Kdr (P < 0.05). 
Additionally, Eubacterium_xylanophilum_group showed positive 
correlations with Epha2 and Gadd45g. Faecalibaculum was negatively 
correlated with Mapt, Epha2, Gadd45g, Rps6ka2, and Flt1. Helicobacter 
was significantly positively correlated with Flt4 (P < 0.05; Fig. 6B). 

As shown in Fig. 6C, correlations of biochemical factors, 
microbiome and transcriptome were used to determine the association 
of biochemical factors, gut microbiota and genes. As shown in Fig. 6C, 
there are 13 bacteria commonly involved in BM and MT, namely 
Allobaculum, Faecalibaculum, Helicobacter, Turicibacter, norank_
f_Oscillospiraceae, Muribaculum, Clostridium_sensu_stricto_1, 
Candidatus_Saccharimonas, unclassified_f_Oscillospiraceae, 
Ruminococcus, norank_f_norank_o_Clostridia_vadinBB60_group, 

Fig. 5 (Continued)
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Fig. 6 Pearson correlation analysis. (A) Correlation analysis of biochemical markers-microbiome (BM). (B) Correlation analysis of microbiome-transcriptome (MT).  
(C) Venn diagram illustrating overlapping microbial taxa that exhibit significant associations in both BM and MT analyses. 

Eubacterium_xylanophilum_group, and norank_f_Ruminococcaceae. 
The BM and MT correlation analysis revealed that the main bacteria 
they share are Candidatus_Saccharimonas, Turicibacter and 
Clostridium_sensu_stricto_1.

4.  Discussion

Alcohol consumption represents a widespread component 
of contemporary lifestyle habits. However, excessive intake can 
exert detrimental effects on the body. Individuals with ALI exhibit 
distinct phenotypic alterations compared to healthy individuals, 
including changes in oxidative stress, inflammation, liver function, 
gut microbiota composition, and host gene expression. This study 
assessed the influence of CHE on mice with ALI and elucidated its 
potential hepatoprotective mechanisms.

SOD, GSH-PX, CAT, and MDA serve as key biomarkers of 
oxidative stress, reflecting the disruption of redox homeostasis between 
pro-oxidants and antioxidant defenses in biological systems. It has been 

reported that when excess ROS are released, the body's antioxidant 
system comes into play to scavenge ROS, resulting in lower levels 
of antioxidants in the body[14]. In this study, CHE upregulated key 
antioxidant enzymes (SOD, GSH-Px, and CAT) while suppressing 
MDA levels. IL-6 and TNF-α are well-recognized pro-inflammatory 
cytokines. Alcohol intake has been shown to disrupt intestinal barrier 
integrity, facilitating the translocation of LPS into the portal circulation, 
where it binds to carrier proteins and activates Kupffer cells, triggering 
pro-inflammatory cytokine release[15]. CHE suppressed alcohol-induced 
elevations of IL-6 and TNF-α, indicating its anti-inflammatory role in 
alleviating hepatic injury. Serum ALT and AST levels are established 
indicators of liver dysfunction severity. It has been shown that increased 
levels of ALT and AST are symptomatic of liver injury[16]. In this study, 
alcohol consumption led to increased ALT and AST levels, which were 
reversed by CHE, while liver tissue sections revealed that CHE reduced 
alcohol-induced inflammatory cell infiltration in the liver. 

Additionally, drawing comparisons with previous report[9] and 
using the same control and experimental models, we evaluated 
the effects of CHE, Puerariae Lobatae Radix (PLR) alone versus 
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its combination with CHE in treating ALI. Interestingly, although 
the CHE-PLR combination remained effective in alleviating liver 
damage, its overall potency was lower than that of either individual 
treatment. This suggests a lack of synergistic effect and hints at a 
potential interference between the bioactive constituents of these 2 
natural products (Fig. S2). This finding contrasts with the synergistic 
effects of the Citri Reticulatae Pericarpium and Chaenomeles 
speciosa (Sweet) Nakai (C + C) combination[12]. In that study, joint 
treatment significantly bolstered antioxidant defenses, yielding the 
lowest liver index and most pronounced reduction in serum TG. 
Conversely, our results suggest that the coexistence of CHE and PLR 
may lead to mutual interference rather than synergy. Notably, this 
discrepancy may stem not only from the inherent incompatibility 
between natural products but also from the variation in experimental 
durations across different batches. In this study, the 11-week 
intervention for the CHE + PLR group was substantially longer than 
the 8-week period in the C + C study. Such prolonged administration 
may have induced metabolic tolerance or cumulative physiological 
stress in the mice, leading to diminished long-term efficacy compared 
to individual natural products. This limitation underscores a crucial 
challenge: the unpredictable pharmacodynamic interactions and 
time-dependent adaptive responses of natural products. To explore 
strategies beyond simple blending, we previously developed a 
redox-responsive nanomicelle using HG-type pectin as a substrate 
to enhance the solubility and bioavailability of oleanolic acid (OA). 
Animal experiments demonstrated that this nanomicelle, PA-SS-OA,  
significantly mitigated ALI by activating the Nrf2 antioxidant 
pathway, exhibiting superior protection compared to OA[17]. These 
findings highlight that for natural products like CHE to achieve 
their maximum potential, future research could consider the 
advanced biopolymer-based delivery strategies over simple multi-
component stacking, thereby ensuring consistent bioavailability 
and bypassing the unpredictable interactions often encountered in 
crude botanical combinations. It is worth noting that the intervention 
period for this nanomicelle study was only 6 weeks, which likely 
avoided the chronic adaptive responses associated with longer 
trials. These findings highlight that for natural products like CHE 
to achieve their maximum potential, future research should account 
for the critical impact of intervention duration on pharmacological 
outcomes. Furthermore, implementing advanced biopolymer-based 
delivery strategies over simple multi-component stacking could 
ensure consistent bioavailability within an optimal therapeutic 
window, thereby bypassing the unpredictable interactions and time-
dependent metabolic interference often encountered in natural product 
combinations. 

Alistipes have potential benefits for liver protection. One study 
reported that a reduction in Alistipes abundance occurs with the 
progression of decompensated cirrhosis[18], Alistipes abundance 
decreases in non-alcoholic steatohepatitis and cirrhosis patients[19-20]. 
Here, CHE tended to reverse the decrease of Alistipes abundance 
induced by ALC. In addition, Pearson analysis revealed Alistipes 
was positively associated with SOD but negatively linked to ALT 
and MDA. These data suggested that CHE may protect the liver by 
regulating the abundance of Alistipes to promote antioxidation and 
reduce the level of ALT. Candidatus_Saccharimonas is a beneficial 
bacterium that can differentiate between diabetic conditions and 
promote short-chain fatty acid  production[21]. In the present study, 
CHE administration led to an increased abundance of Candidatus_

Saccharimonas. Moreover, Pearson correlation analysis revealed 
significant negative associations between this genus and pro-
inflammatory or oxidative stress markers (IL-6, TNF-α, MDA, ALT, 
and AST), while showing positive correlations with antioxidant 
enzymes (SOD, GSH-PX, and CAT). These data suggested that CHE 
protection of mice from alcohol-induced liver damage may be due 
to the interaction of Candidatus_Ssacharmonas with inflammatory 
factors and oxidative stress factors. One study reported that citrus 
peel powder has the function of increasing the abundance of 
Faecalibaculum[22], which is similar to our study. Therefore, multiple 
functional components in CHE may contribute to the increased 
relative abundance of Faecalibaculum. Helicobacter is a pathogenic 
Gram-negative bacteria. It has been reported that Helicobacter is 
considered to be the number one carcinogen of gastric cancer and can 
secrete many harmful substances such as urease, which can cause 
damage to the gastric mucosal barrier[23]. We observed a marked 
decrease in Helicobacter abundance in the ALC group relative to 
the CON group, aligning with prior studies reporting decreased 
Helicobacter prevalence in individuals with chronic alcohol 
intake[24]. A similar declining trend in Helicobacter abundance was 
also observed following CHE treatment. Although both CHE and 
ALC groups exhibited a tendency to reduce its abundance, alcohol 
consumption is associated with the onset of various diseases, whereas 
CHE supplementation may offer a safer intervention strategy. 
Clostridium_sensu_stricto_1 is a pathogenic bacterium whose 
abundance is associated with steatosis as well as inflammation[25]. 
Notably, Clostridium_sensu_stricto_1 exhibited significant positive 
correlations with pro-inflammatory cytokines IL-6 and TNF-α in 
the Pearson correlation analysis, corroborating findings from earlier 
research. Turicibacter is recognized as a pro-inflammatory bacterium, 
and previous studies have indicated that its increased abundance may 
be associated with oxidative stress, showing a positive correlation 
with MDA levels [26-27]. Here, we found that alcohol exposure 
significantly elevated the abundance of Turicibacter, whereas CHE 
treatment effectively restored it to near-normal levels. These findings 
suggest that CHE may alleviate inflammation and oxidative stress 
by modulating Turicibacter abundance, consequently mitigating 
liver injury. This is further supported by Pearson correlation analysis 
showing that Turicibacter positively correlates with inflammatory 
cytokines (IL-6, TNF-α) and negatively with antioxidant markers 
(SOD, GSH-PX, CAT). Therefore, CHE may reduce ALI by 
modulating the gut microbiota and mediating responses such as 
oxidative stress and inflammatory responses.

Network pharmacological analysis suggested a potential 
association between CHE-mediated amelioration of ALI and the 
MAPK signaling pathway, which was further corroborated by 
transcriptomic data. In this study, DEGs in the MAPK signaling 
pathway included Mef2c, Tek, Epha2, Mapt, Flt4, Gadd45g, Rps6ka2, 
Hgf, Flt1, Map3k13, Hspa2, Kdr, Rasgrp3, Hspa1b, Hspa1a, Fos, 
Nr4a1, Il1b, and Cacng7. Amelioration of ALI has been linked to 
suppression of oxidative stress and apoptosis via modulation of the 
MAPK signaling pathway[28-29]. Additionally, Mef2c overexpression 
has been shown to promote hepatocellular carcinoma cell 
proliferation, whereas its knockdown can counteract this effect[30]. 
EphA2, a member of the Eph receptor tyrosine kinase family, is 
considered a potential therapeutic target in cancer. Its involvement 
in modulating Wnt/β-catenin signaling plays a role in gastric cancer 
treatment[31]. Hspa2 has been identified as a potential biomarker, showing 
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elevated expression in hepatocellular carcinoma and several other types 
of cancer[32]. CHE is rich in flavonoids such as quercetin, which has 
been shown to interact with HSPA2—a recognized molecular target—
through binding mechanisms that contribute to its therapeutic potential 
in osteoarthritis[33]. FLT-1, KDR and FLT-4 are members of the VEGF 
receptor family. Hepatic angiogenesis is associated with cirrhosis and 
VEGF, as a vascular endothelial growth factor, is usually present during 
the induction of hepatic angiogenesis[34]. Interestingly, beyond the 
receptors mentioned earlier, Tie2 (also known as Tek) and Tie1 have been 
highlighted as members of the receptor tyrosine kinase family specifically 
expressed in vascular endothelial cells[35]. Gadd45g upregulation 
correlates with non-alcoholic fatty liver disease (NAFLD) pathogenesis[36]. 
In addition, Gadd45g is thought to function as a promoter of cytokine 
secretion[37]. Decreased levels of Mapt are associated with attenuated 
neurotoxicity in Alzheimer’s disease[38]. RPS6KA2 downregulation has 
been shown to mitigate colitis, likely via MAPK pathway modulation[39]. 
MAP3K13 is associated with the NF-κB signaling pathway that mediates 
inflammation[40]. Hgf has been shown to inhibit tumor progression by 
reducing angiogenesis[41]. Rasgrp3 serves as a hepatocellular carcinoma 
proliferation marker, with its downregulation suppressing RAS activation 
and consequently inhibiting OKER cell proliferation[42]. HSP70 is 
considered to be an inducer of pro-inflammatory factors due to its 
function in stimulating innate immune cells[43]. Fos deficiency has been 
shown to increase pro-inflammatory cytokines (TNF-α, IL-6, IL-12 p40) 
and reduce the anti-inflammatory cytokine IL-10 in vivo and in vitro[44]. 
Nr4a1 is involved in maintaining hepatic lipid balance and possesses 
anti-inflammatory properties, contributing to the attenuation of hepatic 
steatosis[45]. 

Interestingly, GO enrichment analysis showed that regulation 
of angiogenesis and regulation of vasculature development were 
significantly enriched pathways for DEGs, which is consistent with 
KEGG enrichment analysis. This also reaffirmed that CHE attenuated 

ALI by inhibiting angiogenesis. Microbiome-transcriptome 
correlation analysis revealed strong associations between Turicibacter, 
Clostridium_sensu_stricto_1, and Candidatus_Saccharimonas and 
the MAPK signaling pathway. Turicibacter is a harmful bacterium 
that is often enriched in obese hosts[26,46], and can be detrimental to 
host health by increasing the promotion of inflammatory responses[27]. 
Alcohol intake markedly increases the abundance of Clostridium_
sensu_stricto_1 in the gut microbiota, which has been positively 
linked to IL-10[25]. Furthermore, the low abundance of Clostridium_
sensu_stricto_1 ameliorates colitis by downregulating the expression 
of inflammation-related genes[47]. Candidatus_Saccharimonas exhibits 
immunomodulatory properties, demonstrating a significant negative 
correlation with pro-inflammatory cytokines[48-49]. Transcriptomics 
implicated MAPK signaling genes primarily in angiogenic and 
inflammatory regulation. Notably, alcohol consumption has been 
found to stimulate angiogenesis, and angiogenesis is seen in liver 
diseases characterized by the phenotype of inflammation[50]. This 
may also explain why Turicibacter, Clostridium_sensu_stricto_1 and 
Candidatus_Saccharimonas are associated with the MAPK signaling 
pathway. Therefore, it is reasonable that CHE can mediate the MAPK 
signaling pathway to reduce alcohol-induced liver inflammation and 
improve angiogenesis by modulating gut microbiota (Fig. 7). While 
this gut-liver axis mechanism is strongly supported by our integrated 
analyses, direct causal evidence at both the functional and protein 
levels is required for validation. Future validation should employ 
fecal microbiota transplantation (FMT) from CHE-treated mice, 
along with assessment of serum LPS and intestinal barrier markers, 
to cement the causal link from microbial remodeling to reduced 
endotoxin translocation. The role of the MAPK signaling pathway 
must be definitively confirmed through in vivo inhibition studies 
complemented by direct protein analysis, in order to fully delineate 
this protective cascade.

Fig. 7 Mechanism of CHE against ALI.
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5.  Conclusion

In summary, CHE demonstrates efficacy against ALI by not 
only restoring gut microbiota dysbiosis but also modulating the 
host MAPK signaling pathway, thereby ameliorating inflammation, 
oxidative stress, and liver tissue damage. It should be noted that 
the aforementioned mechanism is proposed based on multi-omics 
correlations, and its causal relationship requires further validation 
through gut microbiota transplantation and MAPK pathway inhibition 
experiments.
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