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A B S T R A C T   

Rhamnus utilis Decne. (Family Rhamnaceae Juss.) leaf is commonly prepared as a anti- 
inflammatory herbal medicine and used for tea production. To investigate the mechanism of 
Rhamnus utilis Decne. aqueous extract (RDAE) against acute alcoholic liver disease (ALD) in mice. 
The ALD mouse (Male ICR) model was induced via intragastric administration of 52 % alcohol. 
Mice in each group were treated by gavage once daily with the RDAE (1.12, 2.25, 4.500 g/kg). 
The expression of proteins involved in the MAPKs/NF-κB/COX-2-iNOS pathway was measured by 
western blotting. Non-targeted metabolomics was used to determine metabolic profiles and 
critical pathways, while targeted metabolomics validated key amino acid metabolites. After 
administration of RDAE, the body mass of mice was significantly increased. The liver index was 
significantly decreased. Meanwhile, the serum levels of AST, ALT, TG, TC, MDA, TNF-α, IL-1β and 
IL-6 were significantly decreased (P < 0.05, P < 0.01), but GSH level was inversely increased (P 
< 0.05). Metabolomic analysis revealed nine major pathways involved in the therapeutic effect of 
RDAE, including fructose and mannose metabolism. The levels of 7 amino acids including leucine, 
proline and alanine/sarcosine were significantly upregulated. Additionally, protein levels of 
p–NF–κB (p65)/NF-κB (p65), p-ERK1/2/ERK1/2, p-JNK/JNK, p-p38/p38, COX-2 and iNOS were 
significantly decreased (P < 0.01, P < 0.05). RDAE is used to treat acute ALD by improving lipid 
metabolism, inhibiting the expression of pro-inflammatory cytokines and regulating MAPKs/NF- 
κB/COX-2-iNOS signalling pathway. These findings provide valuable insights for acute ALD 
therapy based on traditional Chinese medicine (TCM).   

1. Introduction 

Alcoholic liver disease (ALD) is a prevalent global liver diseases characterized by a long and recurrent disease course, as well as 
refractoriness. It poses a high risk of progression to fatty liver cirrhosis and even liver cancer [1]. The incidence of ALD is positively 
associated with the amount of alcohol consumed [2]. According to the Global Status Report on Alcohol and Health 2018 released by the 
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World Health Organization (WHO), excessive alcohol consumption leads to approximately 3 million people deaths worldwide [3]. ALD 
encompasses both acute and chronic forms, with acute ALD referring to severe liver injury resulting from a high dose of alcohol 
consumed within a short period. This leads to an increased production of lipid metabolites through ethanol metabolism in vivo, 
triggering cascade reactions that contribute to the development of liver injury [4]. In the initial stages of acute ALD, oxidative stress 
plays a crucial role by causing damage to intracellular macromolecules and organelles, inducing lipid peroxidation in biomembranes 
[5,6], inflammatory responses [7], and apoptosis. The MAPK signaling pathway is intricately associated with inflammation and 
oxidative stress. NF-κB (p65) can elicit the expression of multiple genes by activating stimulating factors such as viruses, tumor ne-
crosis factor, B-cell activating factor, lymphotoxin, etc., thereby generating a diverse array of cytokines involved in inflammation [8, 
9]. In the process of liver injury, there is a significant increase in the phosphorylation level of p38 MAPK, leading to the induction of 
NF-κB (p65) phosphorylation and subsequent release of a plethora of inflammatory factors by liver cells. This cascade results in 
oxidative and inflammatory damage to the liver. The expression of COX-2 exhibits a positive correlation with hepatocyte injury 
severity, and inhibition of COX-2 expression can effectively mitigate hepatic inflammatory infiltration. Furthermore, iNOS, an 
important downstream signaling molecule regulated by NF-κB activation, stimulates nitric oxide (NO) production which can induce 
liver damage through oxidative stress or neutrophil adhesion activation [10]. Both iNOS and COX-2 expressions are induced via NF-κB 
signaling. These reactions can significantly impact the metabolism of sugars, lipids, and amino acids, thereby exacerbating liver injury 
through accelerated metabolite accumulation. Current clinical agents for ALD treatment exhibit drawbacks such as drug resistance and 
potential drug-induced diseases. Hence, there is an urgent need for highly efficient natural herbal medicines with minimal toxic side 
effects to effectively address ALD. 

Rhamnus utilis Decne. (Rhamnaceae) fruits and leaves are commonly utilized in the preparation of anti-inflammatory herbal 
medicines and for tea production. This plant is widely distributed in the northern and northwestern provinces of China, with abundant 
resources. Both traditional Chinese and modern medicine recognize the potential benefits of Rhamnus utilis Decne., including pain 
relief and promotion of digestion [11]. Therefore, it is commonly employed to facilitate digestion, counteract the effects of alcohol, 
safeguard hepatic function, attenuate the activity of associated enzymes, and confer protection against viral invasion [12]. Modern 
investigations have unveiled that Rhamnus utilis Decne. leaves harbor a profusion of chemical constituents including flavones, poly-
phenols, polysaccharides, glycosides, phenols, organic acids, and tannin [13], which underlie their pharmacological attributes with 
particular emphasis on anti-inflammatory and antioxidant properties [14]. In addition, Rhamnus utilis Decne. leaves exhibit hep-
atoprotective effects against CCL4-induced liver injury [15]. A murine study has demonstrated that Rhamnus utilis Decne. leaves can 
also ameliorate alcohol-induced liver injury in mice [16]. However, there remains a paucity of Chinese studies elucidating the 
mechanistic basis for the therapeutic efficacy of Rhamnus utilis Decne. leaves in treating liver injury. 

The present study employed intragastric alcohol administration to model acute ALD in mice. Subsequently, Rhamnus utilis Decne. 
aqueous extract (RDAE) was administered, followed by an analysis of serum biochemical indices and inflammatory factors and 
observation of histopathological changes in liver tissues. Non-targeted metabolomic analysis was utilized to profile global metabolism, 
while targeted metabolomic analysis was employed to validate vital metabolic pathways involved in amino acid metabolism. 
Furthermore, the impact of inflammation on the liver was assessed through the expression of proteins associated with the MAPKs/NF- 
κB/COX-2-iNOS signaling pathway, aiming to elucidate the underlying mechanism behind the therapeutic effect of RDAE against acute 
ALD. The findings from this study are anticipated to provide experimental and theoretical evidence for future development of func-
tional foods derived from Rhamnus utilis Decne. leaves. 

2. Materials 

2.1. Materials and reagents 

Rhamnus utilis Decne. leaves were obtained from Lyuliang City, Shanxi Province, China, and were identified as dry leaves of 
Rhamnus utilis Decne. of the Rhamnaceae Juss. Family by Professor Shuosheng Zhang of the Shanxi University of Chinese Medicine. 
The voucher specimen is stored in the Herbarium of the Herbarium of Shanxi College of Traditional Chinese Medicine (SXTCM), 
Taiyuan, China (No. SXTCM-Zhang-2021012). 

Silymarin (SIL; No. C10742879, Macklin, Shanghai, China), Red Star Erguotou 52◦ (RedStarWine, Beijing, China), alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), triglycerides (TG), total cholesterol (TC), malondialdehyde (MDA), 
glutathione (GSH) (No. 20210719, No. 20210630, No. 20201015, No. 20210716, No. 20201021, No. 20210717, Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China), tumor necrosis factor α (TNF-α), interleukin-1β (IL-1β), IL-6 (No. 202112, No. 202201, No. 
202201, Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China), HRP-conjugated goat anti-rabbit IgG (No. BA1055, 
Boster, Wuhan, China); β-actin, NF-κB (p65), p–NF–κB (p65), p38, p-p38, p-ERK1/2, ERK1/2, p-JNK, JNK, COX-2, and iNOS (No. 
AP0060, No. A2547, No. AP0475, No. AP0545, No. AP0073, No. AP0424, No. AP0715, No. A3254, No. A0215, Boster, Wuhan, China), 
acetonitrile (No. 1499230-935, Merck, St. Louis, MO, USA), ammonium acetate (No. 73594, Sigma-Aldrich, St. Louis, MO, USA), 
formic acid (No. 06450, Fluka, Seltzer, Germany), and methanol (No. 144282, Merck, St. Louis, MO, USA). 

2.2. Instruments 

RE-2000B rotatory evaporator (Shanghai Yarong Biochemistry Instrument Factory, Shanghai, China), TGL16 M high-speed 
refrigerated centrifuge (CenLee, Hunan, China); GeneGnome imaging system (GeneGnome XRQ, Gene, USA), Q Exactive series 
mass spectrometer (Thermo Fisher Scientific, MA, USA), Agilent 1290 Infinity LC ultra-high-pressure liquid chromatograph (Agilent 

X. Meng et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e32523

3

(caption on next page) 

X. Meng et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e32523

4

Technologies Co. Ltd., Palo Alto, CA, USA), low-temperature high-speed centrifuge (Eppendorf5430R, Hamburg, Germany). 

2.3. Experimental animals 

Male ICR mice (SPF-grade, 20 ± 5 g) were provided by Si Pei Fu (Beijing, China) (License No. SCXK-Jing-2019-0010; certificate No. 
110324210102969025). All animal procedures followed the Animal Research Reporting In Vivo Experiments Guidelines (ARRIVE) 
with the approval of the Ethics Committee of the Shanxi University of Chinese Medicine (No. 2021DW261). During the experiment, all 
mice were housed in a clean-grade animal room with ad libitum access to food and water at a temperature of 20–26 ◦C and humidity of 
40%–70 %. 

3. Methods 

3.1. Quality representation of RDAE 

The fresh leaves were subjected to oven drying, followed by crushing and sieving through a 70 mesh sieve. Subsequently, the 
resulting powder (10 g) was refluxed in 300 mL of distilled water at 60 ◦C for two cycles of 2 h each. After filtration, the solution was 
concentrated to a concentration of 1 g/mL and refrigerated for subsequent analysis. 

The determination of total flavone content in RDAE was performed using high-performance liquid chromatography (HPLC) [17]. 

3.2. Grouping and drug administration 

ICR mice (n = 60) were allowed to acclimate for seven days and equally divided into the Blank, Control, SIL (0.2 g/kg), RDAE-L 
(low-dose RDAE, 1.125 g/kg), RDAE-M (medium-dose RDAE, 2.250 g/kg), and RDAE-H (high-dose RDAE, 4.500 g/kg) groups (n = 10 
for each group). Acute ALD was induced in mice based on the literature [18]. Mice in each group received daily oral administration of 
the corresponding agent via gavage. Additionally, apart from the Normal group, mice from other groups were subjected to intragastric 
administration of 12 mL/kg liquor (alcohol concentration: 52 %) 1 h after gavage for ten consecutive days (Fig. 1A). 

After the previous administration, mice were anesthetized using ether. Blood samples were collected from the abdominal aorta and 
incubated at room temperature for 30 min, followed by centrifugation at 3000 rpm at 4 ◦C for 15 min. The resulting serum was stored 
in a freezer at − 80 ◦C. The liver was isolated, with the left lobe preserved in tissue fixation solution at room temperature while the 
remaining portion was stored in a freezer at − 80 ◦C. 

Body mass change was recorded as mean daily weight gain (g) = mean overall weight gain (g)/growth days (d). The visceral (liver) 
index (%) was calculated as liver weight (g)/body weight (g) × 100 %. 

3.3. Hematoxylin & eosin (H&E) staining 

The liver was fixed, dehydrated, rendered transparent, and embedded in paraffin. H&E staining was performed, followed by digital 
slide image scanning and analysis using a computerized system. Hepatic tissue morphology was observed. 

3.4. Oil-Red-O staining 

The same liver section from each group was frozen, sectioned, and stained with an Oil-Red-O solution for 10 min. Subsequently, the 
sections were rinsed with 60 % isopropanol until clear interstitial staining appeared before being washed with distilled water. Finally, 
the sections were sealed with glycerol-gelatin and examined under an inverted microscope. 

3.5. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 

Liver samples from each mouse were preserved in cassettes in Tissue-Teck (Sakura Finetek U.S.A, Torrance, CA) at − 80 ◦C. TUNEL 
tests were performed by standard procedures following the manufacturer’s protocol (Roche, Rotkreuz, Switzerland) [19]. 

3.6. Biochemical analysis 

The serum levels of ALT, AST, TG, TC, MDA, and GSH were determined following the manufacturer’s instructions. 

Fig. 1. Effects of Rhamnus utilis Decne aqueous extract in mice with acute alcoholic liver injury. (A) Establishment of acute alcoholic liver injury 
model in mice, (B) HPLC, (C) Body Weight (‾x ± s, n = 10), (D) The liver index (‾x ± s, n = 10), (E) HE staining, 200 × , (F) Oil-Red-O staining, 200 
× . Normal: blank, control: model, silymarin: positive, RDAE-L: low-dose RADE, RDAE-M: medium-dose RADE, RDAE-H: high-dose RADE, pane: 
Hepatocytes exhibited vacuolationred, circle: Lipid droplets. *P < 0.05, **P < 0.01 vs. Normal group. #P < 0.05, ##P < 0.01 vs. Control group. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.7. Examination of inflammatory factors 

The serum levels of TNF-α, IL-1β, and IL-6 were determined using corresponding enzyme-linked immunosorbent assay (ELISA) Kits. 

3.8. Non-targeted metabolomics 

3.8.1. Sample processing 
Frozen liver samples were thawed at 4 ◦C. Then, 100 mg of the sample was treated with a pre-cooled methanol/acetonitrile/water 

solution (2:2:1, v/v). The mixture was rotated, sonicated at a low temperature for 30 min, kept at − 20 ◦C for 10 min, and centrifuged at 
12,000 rpm at 4 ◦C for 20 min. The supernatant was collected and evaporated to dryness. Mass spectrometry (MS) was performed by 
adding 100 μL of acetonitrile aqueous solution (acetonitrile: water = 1:1, v/v). The mixture was then rotated and centrifuged at 
14,000 rpm and 4 ◦C for 15 min, and the supernatant was collected for further analysis. 

3.8.2. Mass spectrometric and chromatographic operating conditions 
Chromatographic separation was performed using the Agilent 1290 Infinity LC ultrahigh-performance liquid chromatography 

(UHPLC) HILIC chromatography column with the following parameters: column temperature, 25 ◦C; sample injection volume, 2 μL; 
gradient elution conditions (mobile phase A: water + 25 mM ammonium acetate + 25 mM aqueous ammonia; mobile phase B: 
acetonitrile): 95 % B from 0 to 0.5 min, 95 % B to 65 % B from 0.5 to 7 min, 65 % B to 40 % B from 7 to 8 min, 40 % B from 8 to 9 min, 
40 % B to 95 % B from 9 to 9.1 min, and 95 % B from 9.1 to 12 min. 

Metabolites were determined using a Q Exactive Series mass spectrometer with the following parameters: positive and negative ion 
source voltage = ±5500 V, ion source temperature = 600 ◦C, de-clustered voltage = ±60 V, collision energy = (35 ± 15) eV, auxiliary 
gas 1 (Gas 1) = 60 psi, auxiliary gas 2 (Gas 2) = 60 psi, curtain gas (CUR) = 30 psi, range of primary mass-to-charge ratios (m/z) =
60–1000 Da, range of secondary m/z = 25–1000 Da, primary MS scan accumulation time = 0.20 s/spectra, secondary MS scan 
accumulation time = 0.05 s/spectra, information-dependent acquisition (IDA) settings: dynamic exclusion of isotopes within 4 Da, and 
collection of 10 fragment ions per scan [20,21]. 

3.8.3. Data processing 
Raw metabolomic data were obtained and converted into. mzXML format using ProteoWizard and processed using the XCMS 

platform to align peaks, correct retention time, and extract peak area. The data extracted from the XCMS platform were used for 
metabolite structural identification, data preprocessing, quality assessment, and statistical analysis. 

3.9. Quantitative analysis of amino acids and derivatives in liver 

3.9.1. Extraction of metabolites 
A frozen liver sample (60 mg) was mixed with 50 μL MP-water homogenate, rotated for 60 s, and 400 μL methanol-acetonitrile 

aqueous solution (1:1, v/v) was added, followed by 50 μL (50 μm mixture of 16 internal standard isotopes). The mixture was 
rotated for 60 s, sonicated twice at low temperature for 30 min, kept at − 20 ◦C for 1 h, and then centrifuged at 14,000 rpm at 4 ◦C for 
20 min. The supernatant was collected, freeze-dried, and stored at − 80 ◦C. 

3.9.2. Mass spectrometric and chromatographic operating conditions 
Chromatographic separation was achieved using an Agilent 1290 Infinity LC UHPLC with the following parameters: column 

temperature = 40 ◦C, sample injection volume = 1 μL, gradient elution (mobile phase A: 25 mM ammonium formate + 0.08 % FA 
aqueous solution; mobile phase B:0.1 % FA acetonitrile): 90 % B to 70 % B from 0 to 12 min, 70 % B to 50 % B from 12 to 18 min, 50 % 
B to 40 % B from 18 to 25 min, 40 % B to 90 % B from 30 to 30.1 min, and 90 % B from 30.1 to 37 min. 

MS analysis was performed in positive ion mode (PIM) using a 5500 QTRAP mass spectrometer (AB SCIEX) with the following ESI 
source conditions: source temperature = 500 ◦C, gas 1 = 40 psi, gas 2 = 40 psi, CUR = 30 psi, ion Sapary Voltage Floating (ISVF) =
5500 V. 

3.9.3. Data processing 
Metabolic pathway enrichment analysis was performed using the Metabo Analyst 5.0 database (https://www.metaboanalyst.ca/ 

home.xhtml). The area and retention time of the chromatographic peaks were determined using MultiQuant (Oxford Instruments, 
Shanghai, China). Retention time was corrected based on standard amino acids and derivatives for metabolite identification. 

3.10. Western blotting 

Protein levels of p-ERK1/2/ERK1/2, p-JNK/JNK, p-p38/p38, p–NF–κB (p65)/NF-κB (p65), COX-2 and iNOS in liver tissues were 
measured as previously described [19,20]. 

3.11. Statistical analysis 

Data from efficacy experiments, shown as ‾x ± s and conforming to the homogeneity of variance, were processed using GraphPad 
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Prism 8.0.2 (GraphPad Software Inc., San Diego, CA, USA), with P < 0.05 set as the threshold for statistical significance. 

4. Results 

4.1. Quality representation of RDAE 

The major monomeric components, including lutidine and kaempferol, of the total flavone of RDAE were determined using HPLC 
(Fig. 1B) for quality representation of RDAE. The precision, repeatability, stability, and spiked recovery of the method were analyzed, 
and the method was found to be feasible and met the methodological requirements. The standard curves of lutidine and kaempferol 
were Y = 334.67X + 27.626 (R = 0.9997) and Y = 1053X + 0.52.021 (R = 0.9995), and their contents were 166.5 ± 2.82 and 0.025 ±
5.82 mg/g, respectively. 

4.2. RDAE improves body mass and histopathologic changes in the liver tissue of mice with acute ALD 

Compared to the normal group, the control group showed a significant reduction in the body mass of the mice (P < 0.01). After 
administration of medium- and high-dose RDAE, body mass was significantly increased (P < 0.05) (Fig. 1C). 

In contrast, the liver index was significantly increased after modeling acute ALD (P < 0.01), but remarkably decreased following the 
administration of medium- and high-dose RDAE (P < 0.05) (Fig. 1D). 

The results of HE staining revealed that mice in the Normal group presented with normal liver cells, which were arranged neatly 
and tightly without inflammatory infiltration, significant degeneration, or necrosis. In the Control group, there were some vacuolar- 
type liver cells, and the cell cords were disordered, with inflammatory infiltration. Following RDAE administration, the number of 
vacuolar-type liver cells reduced, and the liver cells tended to be closely arranged, with decreased inflammatory infiltration (Fig. 1E). 

Oil-Red-O staining analysis revealed the absence of lipid accumulation and cell infiltration in the Normal group, while some liver 
cells exhibited red lipid droplets with severe necrosis. However, treatment with RDAE resulted in a reduction of hepatic lipid droplet 
accumulation (Fig. 1F). 

TUNEL results showed that the apoptosis rate of hepatocytes in RDAE group was significantly reduced compared with Control 
group (Fig. 1G). 

RDAE could improve inflammatory infiltration and lipid accumulation in liver cells in mice with acute ALD by improving body 
mass and liver index. 

4.3. RDAE improves the serum aminotransferases, liver lipid metabolism, and antioxidant levels in mice with acute ALD 

The expression levels of serum enzymes associated with liver injury were measured. Serum levels of ALT and AST were significantly 
higher in the Control group than in the Normal group (P < 0.01). In comparison with the Control group, the serum ALT level was 
remarkably reduced in the RDAE-H group (P < 0.05), and the serum AST level was significantly decreased in both the RDAE-M and 
RDAE-H groups (P < 0.05) (Fig. 2A–B). 

Hepatic TG and TC levels, which are indicative of lipid metabolism, were examined. The TG (P < 0.01) and TC (P < 0.001) levels 
significantly increased after modeling acute ALD. In contrast, remarkable reductions in TG (RDAE-M and RDAE-H, P < 0.05) and TC 
(RDAE-H, P < 0.05) contents were noted after RDAE administration (Fig. 2C–D). 

In addition, the serum levels of MDA and reduced GSH, products of lipid peroxidation, were tested. Increased serum MDA and 
decreased GSH levels were observed after acute ALD (P < 0.01), whereas reduced MDA and increased GSH levels were observed after 
administration of high-dose RDAE (P < 0.05) (Fig. 2E–F). 

4.4. RDAE reduces the levels of serum inflammatory factors in mice with acute ALD 

Modeling of acute ALD significantly increased TNF-α, IL-1β, and IL-6 levels (P < 0.01 or P < 0.05), suggesting that alcohol con-
sumption could induce inflammatory injury in liver cells. Following high-dose RDAE administration, all three indicators were 
remarkably reduced (P < 0.05) (Fig. 2G–I). The results indicated that RDAE could reduce the serum levels of the inflammatory factors 
TNF-α, IL-1β, and IL-6 in mice with acute ALD. 

4.5. RDAE affects the liver metabolic profile in mice with acute ALD 

4.5.1. Multivariate statistical analysis 
A total of 929 metabolites were identified in PIM and negative ion mode (NIM), including 510 in PIM and 419 in NIM. There were 

61 differential metabolites between the Normal and Control groups, 35 between the RDAE-H and Control groups, and 50 between the 
SIL and Control groups. The metabolites identified in PIM accounted more amongst the total metabolites and therefore were selected 

Fig. 2. Serum analysis (‾x ±s, n ¼ 10). (A) ALT, (B) AST, (C) TG, (D) TC, (E) MDA, (F) GSH, (G) TNF-α, (H) IL-1β, (I) IL-6. Normal: blank, Control: 
model, Silymarin: positive, RDAE-L: low-dose RADE, RDAE-M: medium-dose RADE, RDAE-H: high-dose RADE. *P < 0.05, **P < 0.01 vs. Normal 
group. #P < 0.05, ##P < 0.01 vs. Control group. 
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for further analysis. 
Unsupervised principal component analysis (PCA) can reflect the original information, whereas supervised orthogonal partial least- 

squares discriminant analysis (OPLS-DA) can intuitively reveal the clustering and trajectory of each sample. In metabolomics, PCA 
plots can reflect the overall degree of variation that considers the metabolic differences between groups. Here, PCA plots of the Blank, 
Control, SIL, and RDAE-H groups (the RDAE-H group was selected owing to its stronger pharmacological effect) were obtained, which 
revealed significant separation between the groups (Fig. 3A). 

The results of OPLS-DA demonstrated significant separation between the Normal and Control, SIL and Control, and RDAE-H and 
Control groups, suggesting that the control was stable with high confidence and good predictive performance (Fig. 3B–D). Validation 
was performed to avoid overfitting. The Q2 intercept of the model was smaller than 0. The R2 and Q2 of the model for the Control and 
Normal groups were 0.9626 and − 0.00248, respectively, while those for the Control and SIL groups were 0.9967 and 0.1204, 
respectively. In the context of differentiating the Control from the RDAE-H groups, the R2 and Q2 were 0.9942 and 0.04512, 
respectively. R2 represents the linear fit of the data, and a value closer to 1 indicates better model fit. These results indicate that the 
model was effective and reliable (Fig. 3E–G). 

4.5.2. Screening of differential metabolites 
A total of 34 differentially expressed metabolites were identified. Between the Normal and Control groups, there were 25 differ-

ential metabolites, including 13 metabolites (chenodeoxycholic acid, tauroursodeoxycholate, leucine oleyl, etc.) with increased 
content, and 12 metabolites (e.g., 1, 2-dioleacylglycerol, hexylamine) with decreased content in the liver tissue of the Control group. It 
was suggested that the 25 endogenous differential metabolites might be potential biomarkers for predicting ethanol-induced alcoholic 
liver injury in mice. After RDAE administration, 11 metabolites were differentially expressed, among which dichloropyridine ester 
acetate, glucosamine, 1-stearyl-sn-glycerol-3-choline phosphate, glycine-L-leucine, and L-2-piperidinic acid were more abundant, 

Fig. 3. Liver metabolomic analysis. (A) PCA and OPLS-DA plots of mice in each group, (B) OPLS-DA score plots between normal and control in 
positive ion mode, (C) OPLS-DA score plots between RADE-H and control in positive ion mode, (D) OPLS-DA score plots between Silymarin and 
control in positive ion mode, (E) 200-Time permutations were performed and plotted between normal and control in positive ion mode, (F) 200- 
Time permutations were performed and plotted between RADE-H and control in positive ion mode, (G) 200-Time permutations were performed and 
plotted between Silymarin and control in positive ion mode, (H) Heat map of different metabolites between normal and control, (I) Heat map of 
different metabolites between RADE-H and control. Normal: blank, control: model, silymarin: positive, RDAE-L: low-dose RADE, RDAE-M: medium- 
dose RADE, RDAE-H: high-dose RADE. 

Table 1 
Comparison of metabolites between different groups.   

Difffferential metabolites Normal vs. Control 
up-down 

Control vs. RDAE-H 
up-down 

1 Chenodeoxycholate Up – 
2 2-((4r)-4-((3r,5r,6s,7r,9s,10r, 13r,1 4s,17r) − 3,6,7-trihydroxy-10,13-dimethylhexadecahydro-1 h- 

cyclopenta[a]phenanthren-17-yi)pentanamido)ethane-1-sulfonic acid 
Up Down 

3 Taurochenodeoxycholate Up – 
4 1-O-(cis-9-Octadecenyi)-2-O-acetyl-sn-glycero-3-phosphocholine Up – 
5 N-oleyl-leucine Up – 
6 7.alpha.-hydroxy-4-cholesten-3-one Up – 
7 1-(1 z-octadeceny)-2-(4z.7z.10z, 13z, 16z, 19z-docosahexaenoyl)-sn-glycero-3-phosphoethanolamine Up – 
8 2-linoleoviglycerol Up – 
9 Sphingosine Up – 
10 1-Methylhistidine Up – 
11 1-palmitoyl-sn-glycero-3-phosphocholine Up – 
12 2-hydroxybenzyl alcoho Up Down 
13 Isonicotinamide Up – 
14 1,2-dilinoleoyiglycerol Down – 
15 Hexylamine Down – 
16 Oxethazaine Down – 
17 2-palmitoyl-rac-giycerol Down – 
18 Monomethyl glutaric acid Down – 
19 1-Stearoy1-2-oleoyl-sn-glycerol 3-phosphocholine (SOPC) Down – 
20 Glucosamine Down Up 
21 1-Stearoyl-sn-glycerol 3-phosphocholine Down Up 
22 Isopropaiin Down Up 
23 Triflumuron Down – 
24 Retinene Down – 
28 Gly-Leu – Up 
29 L-Pipecolic acid – Up 
30 Benzyl alcohol – Down 
32 1-Methylhistidine – Down 
33 Taurochenoceoxycholate – Down 
34 Ol serine – Down  
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whereas benzyl alcohol, salicyl alcohol, 1-methyl-L-histidine, taurogoose (deoxygenated) cholate, and DL-serine were less abundant 
(Table 1). Hierarchical clustering was performed to show the differential metabolites more intuitively, and the results are shown as a 
heatmap (Fig. 3H–I). Collectively, these results demonstrated that high-dose RDAE restored the content of endogenous metabolites at 
different levels. 

4.5.3. Pathway analysis in differential metabolites 
Pathway analysis of differential metabolites was conducted using Metabo Analyst 5.0, resulting in nine metabolism-related 

pathways with differential activity before and after RDAE administration (Fig. 4A–B). These pathways were involved in fructose 
and mannose metabolism, bile secretion, primary bile acid biosynthesis, linoleic acid metabolism, Glycolysis/Gluconeogenesis, Lysine 
degradation, and central carbon metabolism in cancer, which revealed the critical significance of amino acid and glucose metabolism 
in acute ALD. 

4.6. RDAE changes the content of amino acids and derivatives in mice with acute ALD 

To gain further insight into the role of RDAE in ethanol-induced alcoholic liver injury, 31 specific amino acids were selected and 
further analyzed. Targeted metabolomic analysis revealed that among the 29 amino acids and derivatives between the Normal and 
Control groups, leucine, proline, alanine/sarcosine, isoleucine, valine, taurine, choline, tryptophan, glycine, methionine, lysine, 
serine, hydroxyproline, and ornithine exhibited statistically significant differences (P < 0.05). After RDAE administration, a significant 
increase was observed in the levels of leucine, proline, alanine/sarcosine, isoleucine, valine, taurine, and choline (P < 0.05). The 
changing trend of amino acids is shown in Fig. 5. Additionally, the 29 differential amino acids and derivatives in liver tissue were 
processed for correlational analysis. The results indicated that leucine had the strongest positive association with other metabolites, 
whereas creatine, histidine, and arginine had the strongest negative associations with other metabolites (Fig. 6). 

4.7. RDAE significantly increases the expression of proteins involved in the MAPKs/NF-κB/COX-2-iNOS signaling pathway in the liver of 
mice with acute ALD 

Following acute ALD modeling, the protein levels of p–NF–κB (p65)/NF-κB (p65), p-ERK1/2/ERK1/2, p-JNK/JNK and p-p38/p-38 in 
the liver tissue were significantly increased (P < 0.01, P < 0.05). In contrast, the levels of these proteins were reversed by RDAE 
administration (P < 0.01, P < 0.05). 

In addition, the protein levels of COX-2 and iNOS in the liver tissue exhibited an increasing trend with the occurrence of acute ALD 
(P < 0.01), but they were significantly reduced after administration of medium- and high-dose RDAE (P < 0.05, P < 0.01) (Fig. 7A–G). 

The results suggested that RDAE could inhibit the expression of proteins involved in the MAPKs/NF-κB/COX-2-iNOS signaling 
pathway at different levels. The effect of high-dose RDAE was better than that of low-dose RDAE, indicating that RDAE is dose- 
dependent in the treatment of acute ALD. 

5. Discussion 

Chinese herbal medicines have been used extensively utilized the treatment of acute/chronic metabolic disorders, such as liver 
injury, due to their multifaceted pharmacological properties, potent therapeutic effects, and minimal adverse reactions. They also 
constitute a focal point for research on traditional Chinese medicines and functional foods. In this context, our study selected RDAE 
with anti-inflammatory and hepatoprotective functions for analysis to address the existing gap in an in-depth mechanistic investigation 
into the therapeutic efficacy of RDAE in liver injury. 

During acute alcoholic liver injury, alcohol induces excessive production of reactive oxygen species (ROS), leading to elevated 
levels of liver lipids [22,23], oxidative stress [24], and release of inflammatory cytokines including TNF-α, IL-6, and IL-1β [25], thereby 
exacerbating inflammation [26]. In this study, we observed that RDAE mitigated alcohol-induced weight loss and attenuated the 
increase in liver index. Efficacy analysis revealed that RDAE significantly reduced serum levels of TG, TC, ALT, AST, MDA, and in-
flammatory factors (TNF-α, IL-1β,and IL-6), while increasing GSH levels in mice with acute ALD. These findings suggest that RDAE can 
ameliorate alcohol-induced lipid accumulation and oxidative stress while alleviating inflammatory insults in hepatic cells. The effects 
observed were consistent with those exerted by the SIL-positive agent. 

Metabolomics enables a comprehensive analysis of systemic metabolism, while Chinese herbal medicines exhibit holistic thera-
peutic effects against ALD at various developmental stages. In this study, we employed metabolomic approaches to identify potential 
early biomarkers for predicting liver injury and metabolic abnormalities by analyzing differential metabolites following liver injury 
[27]. Currently, mice with ALD are commonly utilized to investigate the metabolic profiles in serum, urine, and liver tissue using 
techniques such as magnetic resonance (NMR) spectroscopy, gas chromatography-mass spectrometry (GC-MS), and liquid chroma-
tography/tandem mass spectrometry (LC-MS) [28]. Previous studies on ALD analysis using metabolomics have primarily focused on 
phospholipid metabolism [29], amino acid metabolism [30,31], and energy metabolism [32]. In our present study, non-targeted 
metabolomics was employed to screen differential metabolites and associated metabolic pathways in mice with acute ALD. We 

Fig. 4. KEGG pathway enrichment analyses. (A) KEGG pathway enrichment analyses of normal and control, (B) KEGG pathway enrichment analyses 
of RADE-H and control. 
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identified 34 differential metabolites and nine related pathways mainly involved in glucose and amino acid metabolism. Following 
administration of RDAE treatment, the levels of these differential metabolites were restored to varying degrees, facilitating the 
normalization of the metabolic phenotype within normal ranges. This finding demonstrates that RDAE significantly impacts the 
metabolism in mice with ALD. Notably, indicators reflecting drug effects such as TG, TC ALT AST GSH MDA exhibited changes after 
RDAE administration. These results align with those observed for positive SIL agents. Our approach analyzes global indicators which 
compensate for limitations observed when analyzing typical indicators. 

In cases of acute alcoholic liver injury, ethanol causes metabolic abnormalities in glucose, lipids, and amino acids, resulting in a 
disrupted tricarboxylic acid (TCA) cycle. To investigate this further, we conducted targeted metabolomics analysis on 31 amino acids 
and their derivatives in liver tissue. Acute alcohol consumption led to decreased levels of isoleucine, leucine, valine and taurine; 
however, RDAE treatment effectively restored the levels of isoleucine, leucine and valine. Isoleucine, leucine and valine are essential 
substrates for protein synthesis as branched-chain amino acids (BCAAs), whose oxidation promotes the TCA cycle leading to mito-
chondrial dysfunction that induces ROS overproduction and activation of the NF-κB pathway promoting inflammatory response and 

Fig. 5. Quantitative analysis of amino acids and their derivatives in liver samples. Normal: blank, Control: model, RDAE-H: high-dose RADE. *P <
0.05, **P < 0.01, ***P < 0.001 vs. Normal group. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. Control group. 

Fig. 6. Differential metabolite heat maps in liver samples. The X- and Y-axes represent variations in amino acids and derivatives, respectively, and a 
deeper color indicates a stronger correlation. Normal: blank, Control: model, RDAE-H: high-dose RADE. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 
Normal group. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. Control group. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 
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oxidative stress injury in peripheral monocytes and endothelial cells [33,34]. These studies suggest that BCAA levels may reflect 
inflammatory processes under different pathophysiological states. Compelling evidence shows that patients with alcoholic liver injury 
have significantly lower levels of isoleucine and leucine compared to healthy individuals [35]. Furthermore, taurine deficiency can 

Fig. 7. Aqueous extract from Rhamnus utilis Decne inhibited MAPKs/NF-κB/COX-2-iNOS signaling pathway in the liver of mice with acute alcoholic 
liver injury. The expression was detected by western blotting, and their expression was normalized relative to β-actin (‾x ± s, n = 3). (A) Protein 
expression of NF-κB(p65), p–NF–κB(p65), ERK1/2, p-ERK1/2, JNK, p-JNK, p-p38, p38, COX-2 and iNOS, (B) p–NF–κB(p65)/NF-κB(p65), (C) p-ERK1/ 

2/ERK1/2, (D) p-JNK/JNK, (E) p-p38/p38, (F) COX-2/β-actin, (G) iNOS/β-actin. Normal: blank, control: model, silymarin: positive, RDAE-L: low- 
dose RADE, RDAE-M: medium-dose RADE, RDAE-H: high-dose RADE. *P < 0.05, **P < 0.01 vs. Normal group. #P < 0.05, ##P < 0.01 vs. Con-
trol group. 
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lead to abnormal liver function [36], which might be due to increased taurinolysis caused by elevated oxidative stress improving 
impaired liver function [37]. Our study yielded consistent results. 

Previous studies have reported that during liver injury, stress stimuli, pathogens, or pro-inflammatory factors can induce phos-
phorylation of essential proteins in the NF-κB (p65) and MAPKs pathways, leading to increased levels of these proteins and subsequent 
severe oxidative and inflammatory damage [7,38]. The NF-κB signaling pathway plays a crucial role in inflammation regulation [39]. 
Following inflammation, activated NF-κB translocates to the nucleus where it regulates the iNOS and COX-2 pathways, thereby 
accelerating inflammatory injury [40,41]. Therefore, the expression of proteins involved in the MAPKs/NF-κB/COX-2-iNOS signaling 
pathway was also examined using western blotting in this study. Consistently with these findings, our study observed a significant 
reduction in the expression of p-P38/P-38 and p–NF–κB (p65)/NF-κB (p65) proteins in mouse liver tissue treated with RDAE (P < 0.05, 
P < 0.001). These results suggest that RDAE exhibits dose-dependent inhibition on protein expression involved in the 
MAPKs/NF-κB/COX-2-iNOS signaling pathway, thus alleviating inflammation in acute ALD. 

Currently, there is a paucity of literature regarding the pharmacological effects and mechanisms of RDAE. Within Chinese liter-
ature, only a limited number of scholars have conducted preliminary investigations in this area. In this study, rutin and naringenin 
were selected as flavonoid constituents for quality control assessment of RDAE using HPLC analysis. Furthermore, the efficacy in-
dicators for anti-inflammatory activity and hepatoprotection were evaluated. A novel non-targeted metabolomics investigation was 
performed to analyze the global hepatic metabolic profile in mice with acute alcoholic liver injury, accompanied by targeted analysis 
of amino acids. The significance of these findings lies in elucidating the potential mechanism underlying RDAE’s protective effect 
against acute alcoholic liver injury, which may involve enhancing lipid metabolism, augmenting antioxidant enzyme activity, sup-
pressing pro-inflammatory cytokine expression and MAPKs/NF-κB/COX-2-iNOS signaling pathways, as well as modulating overall 
hepatic metabolic profile. Indeed, non-targeted metabolomics results have identified nine major metabolic pathways associated with 
lipid and glucose metabolism that are crucial for maintaining stable blood glucose levels in the liver and performing digestion, ab-
sorption, decomposition, synthesis, and transportation of lipids. However, due to time constraints, limited sample size, and space 
availability, this study did not extensively explore these findings. In this study, only non-targeted metabolomics techniques and amino 
acid metabolomics analysis were used to explore the potential pathway of RDAE in the treatment of ALD, providing a possibility to 
clarify the mechanism of RDAE in the treatment of acute ALD. In addition, there are few studies on RDAE and insufficient observations 
on monomer compounds, effects on non-targeted metabolomics, and other aspects related to protein pathways, which will be further 
investigated in future experiments. 

6. Conclusion 

RDAE has the potential to enhance hepatic function and exert a hepatoprotective effect against acute alcoholic liver injury, 
potentially through modulation of lipid metabolism, augmentation of antioxidant enzyme activity, suppression of proinflammatory 
cytokine expression and proteins involved in the MAPKs/NF-κB/COX-2-iNOS signaling pathway, as well as influencing global hepatic 
metabolic profiling. 
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