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Purpose: Pueraria lobata (P. lobata), a dual-purpose food and medicine, displays limited efficacy in alcohol detoxification and liver 
protection, with previous research primarily focused on puerarin in its dried roots. In this study, we investigated the potential effects 
and mechanisms of fresh P. lobata root-derived exosome-like nanovesicles (P-ELNs) for mitigating alcoholic intoxication, promoting 
alcohol metabolism effects and protecting the liver in C57BL/6J mice.
Methods: We isolated P-ELNs from fresh P. lobata root using differential centrifugation and characterized them via transmission 
electron microscopy, nanoscale particle sizing, ζ potential analysis, and biochemical assays. In Acute Alcoholism (AAI) mice pre- 
treated with P-ELNs, we evaluated their effects on the timing and duration of the loss of the righting reflex (LORR), liver alcohol 
metabolism enzymes activity, liver and serum alcohol content, and ferroptosis-related markers.
Results: P-ELNs, enriched in proteins, lipids, and small RNAs, exhibited an ideal size (150.7 ± 82.8 nm) and negative surface charge 
(−31 mV). Pre-treatment with 10 mg/(kg.bw) P-ELNs in both male and female mice significantly prolonged ebriety time, shortened 
sobriety time, enhanced acetaldehyde dehydrogenase (ALDH) activity while concurrently inhibited alcohol dehydrogenase (ADH) 
activity, and reduced alcohol content in the liver and serum. Notably, P-ELNs demonstrated more efficacy compared to P-ELNs 
supernatant fluid (abundant puerarin content), suggesting alternative active components beyond puerarin. Additionally, P-ELNs 
prevented ferroptosis by inhibiting the reduction of glutathione peroxidase 4 (GPX4) and reduced glutathione (GSH), and suppressing 
acyl-CoA synthetase long-chain family member 4 (ACSL4) elevation, thereby mitigating pathological liver lipid accumulation.
Conclusion: P-ELNs exhibit distinct exosomal characteristics and effectively alleviate alcoholic intoxication, improve alcohol 
metabolism, suppress ferroptosis, and protect the liver from alcoholic injury. Consequently, P-ELNs hold promise as a therapeutic 
agent for detoxification, sobriety promotion, and prevention of alcoholic liver injury.
Keywords: Pueraria lobata root-derived exosome-like nanovesicles, acute alcoholism, loss of the righting reflex, ethanol metabolism, 
ferroptosis

Introduction
The global burden of alcohol dependence and intoxication poses a significant public health challenge. As per World Health 
Organization (WHO) data from 2018, alcohol poisoning alone accounts for a staggering 18.57 million Disability-Adjusted Life 
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Years (DALYs) lost.1 Furthermore, projections suggest an upward trend in average adult alcohol consumption, from 5.9 liters 
in the 1990s to a projected 7.6 liters by 2030,2 driven primarily by rising consumption in Asia and Africa.3 Excessive alcohol 
exposure can lead to acute intoxication, characterized by temporary central nervous system dysfunction and variable organ 
damage. The liver is particularly vulnerable, with early manifestations often including alcoholic fatty liver disease. If untreated, 
this condition can progress to alcoholic hepatitis, liver fibrosis, and ultimately cirrhosis, culminating in liver failure.4,5 Current 
treatment options for hangovers and alcohol metabolism remain limited. Notably, existing medications like opioids, benzo-
diazepines, and barbiturates carry significant risks, including addiction potential and residual effects.6,7 Therefore, the 
development of novel, non-harmful dietary drugs for alcohol detoxification and liver protection is of paramount importance.

Recent advancements in plant biology have revealed the widespread secretion of extracellular vesicles (EVs) by plant 
cells. These EVs, ranging from 80 to 300 nm in diameter, are intricate nano-carriers encapsulating a diverse repertoire of 
bioactive molecules. Their remarkable antioxidative, anti-inflammatory, and anti-tumor properties have attracted sig-
nificant attention, along with their crucial roles in intercellular communication.8,9 To address the absence of uniform 
markers for plant-derived EVs, the International Society for Extracellular Vesicles revised its nomenclature in 2018, 
designating them as exosome-like nanovesicles (ELNs) or vesicle-like nanoparticles (VLNs).10 Notably, these plant- 
derived ELNs exhibit promising potential in liver protection beyond their established biological activities. Emerging 
research suggests that ELNs isolated from microvesicles, enriched with bioactive compounds, can modulate diverse 
biological processes in the liver and other organs.11 In this respect, Ginger-derived nanoparticles (GDNs) have demon-
strated efficacy in protecting mice from alcohol-induced liver damage.12 Similarly, pre-treatment with Shiitake 
Mushroom-derived exosome-like nanoparticles (S-ELNs) was found to confer protection against acute liver injury 
induced by D-galactosamine (GalN) and lipopolysaccharides (LPS) in murine models.13 Moreover, Pomegranate- 
derived exosome-like nanovesicles (P-NVs) have been shown to mitigate intestinal leakage and liver damage associated 
with alcohol consumption.14 In a noteworthy study, oral administration of Oat nanoparticles (oatN) prevented alcohol- 
induced activation of inflammatory signaling pathways in the brain, consequently enhancing memory function in mice.15 

However, the potential of Pueraria lobata (P. lobata) root-derived exosome-like nanoparticles (P-ELNs) in anti- 
Intoxication, alcohol metabolism-promoting effects and liver protection remains relatively unexplored.

The root and flower of the P. lobata plant, as mentioned in traditional medical texts such as “Qianjin Fang” for their 
reputed hangover relief properties, are recognized for their extracts abundant in flavonoids and isoflavones, with puerarin 
being the primary active component.16,17 While P. lobata serves a dual purpose as both food and medicine, demonstrating 
effects in alcohol detoxification and liver protection, its effectiveness is directly proportional to the dosage, leading to 
suboptimal utilization.18 This may be attributed to the potential loss of active components during traditional processing 
methods, with existing research primarily focusing on the puerarin content found in the root’s dry powder. In our study, we 
refine extraction methods from previous literature19–21 to produce high-concentration P-ELNs from P. lobata roots. These 
are then applied in an acute alcohol intoxication mice model to explore specific therapeutic effects and the underlying 
mechanisms. Given that the liver is the primary site of alcohol metabolism, it is subject to complex pathogenic mechanisms 
from alcohol exposure, prominently involving oxidative stress, inflammation, and hepatocyte death.5

Hepatocytes, characterized by an abundance of mitochondria, are highly susceptible to mitochondrial-linked programmed 
cell death (PCD) pathways, including apoptosis, ferroptosis, autophagy, and pyroptosis, following exposure to alcohol. Previous 
studies have demonstrated that alcohol exposure induces alterations in distinct biomarkers associated with ferroptosis.22,23 

Specifically, long-term ethanol consumption in male mice triggers ferroptosis, as evidenced by dysregulated ferroptosis-related 
gene expression, elevated lipid peroxidation, and intracellular iron accumulation in the liver.24 Furthermore, studies have 
demonstrated the protective effects of ferroptosis inhibitors, such as ferrostatin-1, in mitigating alcohol-induced liver damage 
in female mice on an ethanol diet.25 Additionally, an iron-deficient diet has been shown to attenuate the decline of glutathione 
peroxidase 4 (GPX4) and alleviate alcohol-induced liver injury by utilizing reduced glutathione (GSH) to detoxify malondial-
dehyde (MDA).26 Despite these advancements, the potential role of plant exosomes in mediating ferroptosis during alcohol- 
induced liver damage remains uninvestigated, presenting a promising avenue for further research.

This study sought to examine the distinct therapeutic effects of P-ELNs in mice subjected to alcohol exposure while 
also delving into the potential involvement of ferroptosis mechanisms. Our investigation into P-ELNs not only enhances 
comprehension regarding plant exosomes but also holds the potential to propel advancements in research related to 
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alcohol detoxification and liver protection. This, in turn, contributes to the enhancement of therapeutic options in this 
domain for the improvement of human health and overall welfare.

Materials and Methods
Separation and Identification of P-ELNs
P. lobata was provided and identified by Chief pharmacist Boqun Li, Chongqing Technical Innovation Center for Quality 
Evaluation and Identification of Authentic Medicinal Herbs, in accordance with the standards set by the Chinese 
Pharmacopoeia. It is currently stored at the Pharmacy of Traditional Chinese Medicine, Chongqing University Three 
Gorges Hospital (No. 20200804GeGen).

Fresh P. lobata roots, is annually collected and meticulously selected from the Three Gorges Reservoir Area in China, 
specifically during the period between November and March, underwent a thorough cleansing process using deionized water 
followed by surface drying for preservation. Approximately 200 g of these fresh roots were finely cut into fragments smaller 
than 1 centimeter and pulverized using a grinding machine through 1 to 3 cycles until achieving a texture resembling fluffy 
meat. The ratio of fresh P. lobata to crushed P. lobata ranges from 1:0.9 to 1. Following this, 400 mL of 4°C pre-chilled PBS 
buffer was added at a ratio of 1:1.5–2 relative to the weight of the P. lobata roots material (g). The resulting mixture was 
securely sealed with plastic wrap and incubated overnight at 4°C on a shaker set to a low, uniform speed. This incubation 
process aimed to maximize the release of P-ELNs from the fresh P. lobata roots tissue into the PBS buffer. After the 
overnight incubation, large particles and impurities, such as remnants of the P. lobata roots, were eliminated using dual layers 
of medical gauze, and the P. lobata roots PBS buffer was collected. This buffer then underwent centrifugation in a high-speed 
refrigerated centrifuge (Allegra 64R, Beckman Coulter, US) at 2000 ×g for 30 minutes, followed by 10,000 ×g for 60 
minutes. The resulting supernatant was further filtered using a 0.22 µm filter (SLGPR33RB, Millipore, Germany). 
Subsequently, the filtered supernatant was placed in an ultracentrifuge (Optima MAX-XP, Beckman Coulter, US) and 
centrifuged at 150,000 ×g for 120 minutes. At this stage, the precipitated particles obtained were identified as P-ELNs, and 
the supernatant above the precipitate was termed the P. lobata root-derived exosome-like nanovesicles supernatant fluid 
(P-ELNs SNF) (Figure 1A, top left). The pellet was subjected to repeated washing and resuspension in PBS, followed by 
transfer into a sucrose gradient (8%/30%/45%/60%) and further centrifugation at 150,000 ×g for 120 minutes. Bands 
between the 8%/30% and 30%/45% layers were harvested, designated as P-ELNs1 and P-ELNs2, respectively. The protein 
concentration of P-ELNs was quantified using the BCA assay kit (Beyotime, China).

Characterization of P-ELNs
For the characterization of P-ELNs, P-ELNs1, and P-ELNs2, their size and morphology were analyzed using 
Transmission Electron Microscopy (TEM) (HT7700, Hitachi, Japan). A 20 µL aliquot of the P-ELNs sample was placed 
on a carbon-coated copper grid for 3–5 minutes. Excess liquid was then carefully removed with filter paper. 
Subsequently, 2% phosphotungstic acid was applied to the grid for 1–2 minutes, followed again by the removal of 
excess liquid with filter paper and drying at room temperature. The samples were then observed under TEM, and images 
were obtained for analysis.

The ζ potential of each particle was measured using a Nanocolter counter (Resun-G02, Resun Technology, China). 
During the experiments, a nanometer pore chip with a measurement range of 60–200 nm was selected.

Particle size distribution was determined using a Nanoparticle Tracking Analysis (NTA) instrument (Zetasizer Nano 
ZS, Malvern Panalytical, UK).

Principal Component Analysis of P-ELNs
RNA extraction from P-ELNs was performed using the phenol-chloroform method (9109, TaKaRa, Japan), and the RNA 
concentration was determined. The extracted P-ELNs RNA was divided into two aliquots. One aliquot remained untreated 
and served as a control. The other aliquot was incubated with ribonuclease (10 µg/mL) at 37°C for 30 minutes. For analysis, 
10 µL of each sample was loaded onto a 2.5% agarose gel for electrophoresis, followed by UV visualization.
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To extract proteins from P-ELNs, a lysis buffer containing RIPA, PMSF, NaF, and Na3VO3 in the ratio of 100:1:1:1 
was used. 10 µL of the protein extract was then loaded onto an SDS-PAGE gel, and the proteins were visualized using 
Coomassie Brilliant Blue staining.

Lipids were purified from P-ELNs using the Folch method. The lipids were then separated on a silica gel Thin-Layer 
Chromatography (TLC) plate (HX29848329, Millipore, Germany) using a solvent mixture of chloroform/methanol/acetic 
acid (9:4:0.5, v/v) as the developing agent. Visualization was conducted under UV light.

Figure 1 Characterization of P-ELNs, P-ELNs1, and P-ELNs2, Extract photos ((A), left), TEM images ((A), right), ζ potential (B), and NTA (C). TEM images include scale 
bars of 1 μm and 200 nm. 
Abbreviations: NTA, nanoparticle tracking analysis; TEM, transmission electron microscopy; P-ELNs, Pueraria lobata root - exosome-like nanovesicles.
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Experimental Animals
In the described experiments, female C57BL/6J mice aged 10 weeks (20–22g) and male C57BL/6J mice aged 8 weeks 
(20–22g) were procured from Sepharose (Beijing) Biotech Co., Ltd. During the acclimation period, the mice were 
provided with a standard diet supplied by Jiangsu Xietong Pharmaceutical Bio-engineering Co., Ltd.

Optimal Concentration Determination Experiment for P-ELNs
Male C57BL/6J mice were randomly divided into five groups, each consisting of 15 mice. The groups were: Normal 
Control (NC), PBS + Ethanol (EtOH), 2 mg/(kg.bw) P-ELNs + EtOH, 10 mg/(kg.bw) P-ELNs + EtOH, and 50 mg/(kg. 
bw) P-ELNs + EtOH. All mice were fasted for 12 hours prior to the experiment. Each group was administered a single 
dose of their respective treatments (the NC group received PBS by gavage). After 30 minutes, all groups except the NC 
were administered 15.625mL/(kg.bw) of 40% ethanol (analytical grade, diluted with distilled water, Chongqing 
Chuandong Chemical Co., LTD.) by gavage [equivalent to an ethanol dose of 5g/(kg.bw)] to induce the model. After 
alcohol administration via gavage, mice were anesthetized with pentobarbital sodium at 60, 120, and 240 minutes post- 
gavage, followed by euthanasia for sample collection (n=5).

Intoxication Experiment
In a randomized controlled experiment, 45 male and 45 female C57BL/6J mice (15 per group) received varying ethanol 
doses (3.6, 5.0, or 6.4 g/(kg.bw), 40% volume fraction, following a 12-hour fast. The onset and proportion of ethanol 
intoxication (measured by Loss of Righting Reflex (LORR) within less than 5 minutes, 5–10 minutes, and more than 10 
minutes) were assessed.

Note: The intoxicated mice were not euthanized, and they were kept for a period of time before being used for other 
preliminary experiments or model construction.

Acute Alcoholism Experiment (AAI)
C57BL/6J mice were randomly divided into four groups: NC, PBS + EtOH, P-ELNs SNF + EtOH, and P-ELNs + EtOH. 
All groups were fasted for 12 hours before the experiment and were then given a single dose of their respective treatments 
(NC group received PBS by gavage). After 30 minutes, all groups except the NC were administered ethanol (40% volume 
fraction) to induce the model. The dosage for male mice (6 per group) was 15.625 mL/(kg.bw), and for female mice (6 per 
group), it was 20 mL/(kg.bw) [equivalent to an ethanol dose of 6.4g/(kg.bw)]. The Ebriety time (Time to LORR, the time 
from consciousness to loss of righting reflex) was observed and recorded. Ebriety was determined based on the disap-
pearance of the righting reflex: after ethanol administration, mice were placed on their backs in the cage, and those 
maintaining this position for over 30 seconds were considered intoxicated. The Sober-up time (LORR duration, the duration 
required for recovery from ethanol-induced unconsciousness and ataxia) was also recorded.27 Mice were euthanized using 
pentobarbital sodium anesthesia within 6–10 hours after alcohol administration, followed by subsequent tissue collection.

Biochemical Marker Detection
The concentration of various components such as ethanol, alcohol dehydrogenase (ADH), acetaldehyde dehydrogenase (ALDH), 
and reduced glutathione (GSH) were measured using specific assay kits. The kits used include the ethanol assay kit (Y1D, 
Cominbio, China), ADH assay kit (ADH1W, Cominbio, China), ALDH assay kit (ALDH, Cominbio, China), and GSH assay kit 
(BC1175, Solarbio, China). These kits facilitate the quantitative determination of these biochemical markers in the samples.

Western Blot (WB) Analysis
For Western blotting, samples stored in liquid nitrogen were thawed and lysed with RIPA lysis buffer (P0013B, Beyotime, China) 
to extract proteins. The proteins were then separated by conventional SDS-PAGE (PG112, Epizyme, China) and transferred onto 
a PVDF membrane (IPVH00010, Millipore, US). The membrane was blocked using a rapid blocking solution (12,010,020, 
Bio-Rad, US) and incubated overnight with primary antibodies. HRP-conjugated secondary antibodies were then used for 
immunoblotting. Protein signals were detected using a multifunctional imaging system (UVP Chemstudio touch, Jena, Germany). 
Quantitative analysis of the protein bands was performed using Image J software.
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Oil Red O Staining
Liver frozen sections prepared with a cryostat (CRYOSTAR NX50, Thermo, US) were equilibrated to room temperature 
before being fixed for 15 minutes using a tissue fixative solution (G1101, Servicebio, China). After a thorough rinsing 
with tap water and air-drying, the sections were immersed in Oil Red O working stain (G1015, Servicebio, China) for 8– 
10 minutes, with emphasis placed on covering to shield from light. A brief differentiation was then carried out in two 
60% isopropanol baths, followed by rinsing in two distilled water baths. Post-rinsing, the sections were counterstained 
with hematoxylin (G1004, Servicebio, China) for 3–5 minutes and washed three to five times with pure water. This was 
followed by a brief differentiation in the differentiation solution and two subsequent pure water rinses to “blue” the 
sections. The staining quality was assessed under a microscope, after which the sections were mounted using a glycerol 
gelatin mounting medium. Finally, microscopic examination and image capture were conducted for analytical purposes.

Statistical Analysis and Data Processing
The data presented in this study were analyzed using GraphPad Prism software, version 8.0 (GraphPad Software, Inc., 
USA). The statistical analysis was conducted using one-way or two-way ANOVA, followed by post hoc multiple 
comparisons performed with Tukey’s and Dunnett’s tests. Graphical representations were generated using the same 
software. These experiments were replicated a minimum of three times to ensure reliability.

Results were expressed as the mean ± SEM. Significance levels in the figures were denoted as p < 0.05. Any 
deviations or additional annotations provided in the text supersede these general criteria. This approach ensures that the 
statistical analysis is both rigorous and transparent, allowing for the accurate interpretation of the experimental data.

Results
Characterization of P-ELNs
Fresh P. lobata roots were utilized to extract and isolate natural exosome-like vesicles (P-ELNs) via differential centrifuga-
tion. This was followed by a sucrose density gradient ultracentrifugation refinement step, which concentrated the P-ELNs at 
specific interfaces within the gradient (Figure 1A, left). Advanced techniques like TEM (Figure 1A, right), Nanocolter ζ 
potential meter (Figure 1B), and Zetasizer Nano ZS NTA instrument (Figure 1C) were employed to assess the vesicles’ 
integrity, charge, and size. The results revealed that the P-ELNs were nanometric, with diameters of 150.7 ± 82.8 nm, 209.7 
± 118.4 nm, and 142.1 ± 58.1 nm for the isolated P-ELNs, P-ELNs1, and P-ELNs2, respectively. The ζ potential values 
were consistently negative, concentrated around −31 mV, −29 mV, and −34 mV, respectively, indicating the characteristic 
structure of exosome vesicles. Subsequent research focused on evaluating the role of P-ELNs in mice exposed to alcohol.

Principal Component Analysis of P-ELNs
In the context of the principal component analysis of P-ELNs, standard purification methods were employed to extract 
proteins, RNA, and lipids. Upon separation on SDS-polyacrylamide gels and visualization with Coomassie staining, 
a spectrum of protein bands was revealed (Figure 2B). BCA assays quantified P-ELN protein concentrations at 5.28 ± 0.05, 
4.31 ± 0.04, and 0.68 ± 0.04 mg/mL for P-ELNs, P-ELNs1, and P-ELNs2, respectively (Figure 2A). P-ELNs primarily 
contained small, RNase-sensitive RNA species (Figure 2C). TLC analysis confirmed the presence of diverse lipids within 
P-ELNs, while puerarin (a flavonoid) was scarce in P-ELNs but abundant in the P-ELNs Supernatant Fluid (SNF) (Figure 2D). 
These findings collectively demonstrate that P-ELNs possess characteristics consistent with plant-derived exosomal content.

Optimal Concentration Determination of Pre-Oral Administration of P-ELNs in 
Ethanol-Exposed Mice
It is now understood that during the hepatic metabolism of ethanol within the physiological context, two enzymatically 
catalyzed reactions play a central role. Initially, alcohol dehydrogenase 1 (ADH1) facilitates the oxidation of most of the 
ethanol to acetaldehyde. Subsequently, aldehyde dehydrogenase 2 (ALDH2) and its cofactors further oxidize acetaldehyde to 
acetic acid primarily within the mitochondria, while a minor portion undergoes oxidation in the cytoplasm by ALDH1 and its 
cofactors.5 A critical aspect in determining the most effective concentration of orally administered P-ELNs in ethanol-exposed 
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mice involves investigating hepatic alcohol metabolism, including liver ALDH and ADH activities, as well as serum ethanol 
concentration. Through assessments of liver ALDH and ADH activities, along with serum EtOH levels, it was observed that 
a concentration of 10 mg/kg.bw P-ELNs significantly reduced hepatic alcohol concentration (p<0.05, Figure 3B), markedly 

Figure 2 Analysis of the principal components of P-ELNs via protein BCA assay (A), Coomassie staining (B), RNA agarose gel (C), and TLC (D). 
Abbreviation: TLC, lipid thin-layer chromatography.
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enhanced hepatic ALDH activity (p<0.05, Figure 3C), and the administration of P-ELNs at a dosage of 50 mg/kg body weight 
was found to be the most effective in reducing liver ADH activity (p<0.05, Figure 3D). Although variations in serum ethanol 
concentrations across groups were not statistically significant, the 10 mg/kg.bw P-ELNs group exhibited a p-value of 0.0519 
compared to the model group (Figure 3A). This lack of significant difference can be attributed to two factors: firstly, the time 
required for the transport of metabolized alcohol from the liver to the bloodstream; secondly, the relatively small number of 
mice sampled at each time point in the experiment (n=5). Therefore, an integrated analysis concludes that 10 mg/kg.bw 
P-ELNs represents the optimal dose for improving alcohol metabolism.

Effect of Oral Administration of P-ELNs on the Righting Reflex in Mice with AAI
The requirement for the mice righting reflex experiment is that mice can rapidly become intoxicated, and their time to loss of 
righting reflex, referred to as “Ebriety time” (Time to LORR), and the number of mice exhibiting signs of intoxication was 
meticulously recorded. Due to variations in gender-specific drinking patterns among humans, we conducted a study to 
quantify the differential alcohol consumption between male and female mice during a specific timeframe of intoxication. 
When male mice were administered ethanol at a concentration of 5.0 g/(kg.bw) [40% ethanol by volume, administered at 
15.625 mL/(kg.bw)], the proportion of intoxication within 5–10 minutes was 66.67% (Figure 4A). In contrast, for female mice 

Figure 3 Evaluation of the optimal pre-oral dose of P-ELNs (0 [PBS], 2, 10, and 50 mg/(kg.bw)) in ethanol-exposed mice. Post-alcohol gavage, samples were collected at 60, 
120, and 240 minutes for serum (A) and hepatic alcohol content (B), as well as hepatic ALDH (C) and ADH enzyme activity (D) analysis (n=5, *p<0.05, **p<0.01, 
***p<0.001 vs PBS + EtOH). 
Abbreviations: ADH, alcohol dehydrogenase; ALDH, acetaldehyde dehydrogenase.
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to reach a 60% intoxication rate within 5–10 minutes, the required ethanol concentration was 6.4 g/(kg.bw) [40% ethanol by 
volume, administered at 20 mL/(kg.bw)] (Figure 4B). Conversely, epidemiological studies have indicated that women exhibit 
a higher susceptibility to alcohol-induced liver damage compared to men.28 This vulnerability can be attributed to factors such 
as lower body weight and higher body fat content in women, which ultimately contribute to the manifestation of more 
pronounced alcohol-related liver damage. However, in Sprague-Dawley or Wistar rats of consistent weight, there is no 
significant difference in susceptibility to liver damage induced by ethanol.29 Based on these observations, we infer that the 
differences in our intoxication experiment results may be due to age in weeks, hormonal levels, alcohol metabolism-related 
enzyme activities, and pharmacokinetics in male and female C57 mice of similar weight (8-week-old male and 10-week-old 
female). The more rapid and pronounced ethanol metabolism in female mice might be attributable to these factors. 
Consequently, considering these reasons and the gender differences involved in human alcohol consumption, our subsequent 
experiments will be conducted separately in male and female mice to observe and study the differences in alcohol metabolism 
after the oral administration of P-ELNs in ethanol-exposed mice.

Building upon the preceding experimental findings, the Loss of Righting Reflex experiment was executed according to the 
AAI animal model schematic (Figure 4C). In the righting reflex experiment involving male mice, pre-oral administration of 
P-ELNs significantly increased Ebriety time (time to LORR, p<0.05) and reduced Sober-up time (duration of LORR, p<0.05) 
(Figure 4D), displaying more efficacy compared to P-ELNs SNF. Similar outcomes were observed in high-dose alcohol- 
exposed female mice (Figure 4E), where the effects were more pronounced than those of P-ELNs SNF. Intriguingly, in high- 
dose alcohol-exposed female mice, oral administration of P-ELNs proved more effective in shortening Sober-up time, while 
P-ELNs SNF exhibited a diminishing effect on reducing Sober-up time as the alcohol concentration increased (from male to 
female mice). This observation may also be linked to gender differences in alcohol tolerance among mice.

Figure 4 Percentage of intoxicated mice following varying alcohol doses (3.6, 5.0, and 6.4 g/(kg.bw)) over different time intervals (<5, 5–10, and >10 min) in male and female 
mice (male in (A), female in (B), n=15); A schematic diagram of the P-ELNs oral administration in the AAI mice model (C) and the LORR experiment of the Ebriety and 
Sober-up time in AAI mice after oral administration of P-ELNs (male in (D), female in (E), n=6, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
Abbreviations: AAI, acute alcoholism; LORR, loss of righting reflex.
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Biochemical Markers of Alcohol Metabolism in Mice with AAI
In the setting of AAI, the duration of intoxication and recovery in mice displaying a loss of righting reflex serves as the most 
direct phenotypic indicator of intoxication. Meanwhile, biochemical markers of alcohol metabolism provide substantial 
evidence of the organism’s response to alcohol exposure. In the righting reflex experiment involving male C57 mice pre-orally 
administered with P-ELNs, a significant decrease in both ADH activity and serum ethanol concentration (p<0.05) (Figure 5A) 
was observed, surpassing the results from mice administered with P-ELNs SNF. Similarly, in the experiment with female mice 
exposed to higher alcohol doses, pre-oral administration of P-ELNs significantly increased hepatic ALDH activity (p<0.05) 
and decreased ADH activity (p<0.05), although the reduction in serum alcohol content was not substantial (Figure 5B). This 
effect also surpassed that of P-ELNs SNF administration. The observed differences between male and female C57 mice are 
presumed to be inherently linked to variations in alcohol exposure dosages and gender-specific physiological differences.

Furthermore, an intriguing observation was made. Traditionally, the alcohol detoxification and liver-protective effects 
of P. lobata have been attributed to puerarin, a constituent of the root. However, through principal component analysis of 
puerarin content (Figure 2D), Ebriety and Sober-up times (Figures 4D and E), as well as biochemical markers (Figure 5), 
it was demonstrated that the anti-Intoxication and alcohol metabolism-promoting of P-ELNs is not solely due to puerarin 
but other active components present in P-ELNs.

Figure 5 Biochemical markers of alcohol metabolism, including serum alcohol content and hepatic ALDH and ADH enzyme activity (male in (A), female in (B) in AAI mice 
by oral administration of P-ELNs (n=6, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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P-ELNs Mitigate Alcohol-Induced Ferroptosis in Mice
Subsequently, we assessed the alterations in alcohol metabolism and ferroptosis markers in hepatic cells using liver 
tissues from mice acutely intoxicated with alcohol and pre-treated with P-ELNs.

It has been established that ADH1, highly expressed in the liver, stomach, kidney, and colon tissues, plays a crucial 
role in the oxidation of most ethanol in the liver.5 Besides, cytoplasmic ethanol can induce Cytochrome P450 Family 2 
Subfamily E Member 1 (CYP2E1), oxidizing a portion of ethanol to acetaldehyde.30 ALDH2, the primary isoenzyme 
catalyzing acetaldehyde conversion, has a Michaelis constant (Km) about one-tenth of that of ALDH1.5 In the present 
study, during the righting reflex experiment with male C57 mice, post-P-ELNs treatment led to a significant increase in 
hepatic ALDH2 and CYP2E1 protein levels (p<0.05), while ADH1 levels remained relatively unchanged (Figure 6A). 
Similarly, in female C57 mice exposed to higher alcohol doses, ALDH2 changes were consistent with those in males 
(p<0.05), but variations in CYP2E1 and ADH1 were not significant (Figure 6B). The abrupt decline in CYP2E1 protein 
levels from low-dose male to high-dose female mice might be attributed to ethanol serving as a substrate for enzyme- 
catalyzed reactions, where increased ethanol dosage could lead to threshold limits or feedback inhibition, and possibly to 
differences in enzymatic activity between genders.

Liver cells, rich in mitochondria, are susceptible to ferroptosis induced by excessive alcohol exposure.23 GPX4, a pivotal 
factor resisting ferroptosis, functions by selenium-dependent reduction of lipid peroxides using GSH.31,32 Excessive lipid 
peroxidation destabilizes lipid bilayers, leading to cellular membrane disintegration and increased sensitivity to ferroptosis. 
Acyl-CoA synthetase long-chain family member 4 (ACSL4), a key enzyme regulating lipid composition, promotes 
ferroptosis, while Ferritin Heavy Chain 1 (FTH1) disrupts iron autophagosomes, inhibiting ferroptosis.31 In male C57 
mice (Figure 6A), compared to healthy males pre-treated with PBS (NC group), those exposed to alcohol post-PBS treatment 
exhibited a significant reduction in hepatic GPX4 levels (p<0.05), consistent with existing literature on alcohol-induced 
ferroptosis.22,23 Variations in the intensity of Western Blot (WB) bands indicate that individual differences in male mice 
contribute to subtle changes in ACSL4 and FTH1 protein levels. In contrast, post-P-ELNs treatment in alcohol-exposed 
males significantly increased GPX4 (p<0.05) and decreased ACSL4 (p<0.05), suggesting tolerance or inhibition of 
ferroptosis and mitigating its occurrence. As ferroptosis involves decreased GPX4 activity and GSH depletion, GSH levels 
in male C57 mice were measured (Figure 6B), showing no significant differences. Furthermore, we assessed ferroptosis 
markers in the livers of female mice exposed to higher alcohol concentrations post-P-ELNs treatment (Figure 6C), observing 
changes in GPX4 levels (p<0.05) consistent with male mice, while variations in ACSL4 and FTH1 remained inconspicuous, 
correlating with individual differences and alcohol metabolism. Liver GSH content analysis (Figure 6D) confirmed the 
presence of ferroptosis, with a significant rise in GSH levels (p<0.05). Lipid peroxidation, a crucial marker of ferroptosis, 
was evident in Oil Red O staining liver sections of C57 mice (Figure 6E), with pathological changes like extensive 
hepatocyte lipid droplets and cellular atrophy in alcohol-exposed mice post-PBS treatment. These were substantially 
inhibited in livers of mice pre-treated with P-ELNs. Hence, the results suggest that P-ELNs appear to inhibit alcohol- 
induced ferroptosis, preventing hepatic lipid accumulation.

Discussion
P. lobata is a commonly consumed ingredient in daily diets, recognized in Traditional Chinese Medicine for its 
hepatoprotective properties. Among these, the extract of P. lobata - Puerarin (comprising total flavonoids and isofla-
vones) has exhibited efficacy in studies pertaining to alcohol-induced liver protection.16,17 This constituent effectively 
counteracts the central nervous system depression induced by excessive alcohol consumption, reduces sleep duration in 
mice, and ameliorates acute alcohol poisoning as well as hepatic injury.18 Furthermore, it also regulates blood hormone 
levels and free radical concentrations while mitigating blood viscosity.33 However, the effectiveness of P. lobata, both as 
a dietary component and medicinal agent, is directly proportional to dosage, leading to suboptimal therapeutic effects. 
Traditional preparation techniques contribute to the loss of active components, with most research focusing on puerarin 
present in dried P. lobata powder. While there are various medications available for liver damage protection, the options 
for alcohol detoxification and promoting wakefulness are limited, often involving substances with addiction potential and 
residual effects.6,7 In this context, our study introduces P-ELNs, distinct exosome-like structures extracted from P. lobata. 
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Remarkably, oral administration of 10 mg/(kg.bw) P-ELNs could effectively mitigate the effects of alcohol Intoxication 
and potentially improve alcohol metabolism in both male and female mice, with female mice showing particularly 
promising outcomes. Notably, the higher performance of pre-oral administration of P-ELNs compared to P-ELNs SNF in 
reducing Ebriety times and promoting Sober-up times suggests that the effects are not attributed to puerarin, given the 
negligible puerarin content in P-ELNs and its abundance in P-ELNs SNF as shown in lipid TLC. Next, the active 
components within P-ELNs will be a focal point for future research, contributing to new possibilities in the realm of 
alcohol detoxification promotion.

Figure 6 Hepatic alcohol metabolism and ferroptosis protein biomarkers (male in (A), n=4), liver GSH content (male in (B), n=6), hepatic alcohol metabolism and 
ferroptosis protein biomarkers (female in (C), n=4), liver GSH content (female in (D), n=6) and changes in Oil Red O staining (E) in AAI mice by oral administration of 
P-ELNs (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
Abbreviation: GSH, reduced glutathione.
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It is now understood that the primary pathway for ethanol metabolism in the liver involves a sequential two-step 
enzymatic process. Initially, ethanol is converted to acetaldehyde by ADH, and subsequently, acetaldehyde is oxidized to 
acetic acid by ALDH.5 Acetaldehyde, an intermediate metabolite, possesses high reactivity and exerts significant 
hepatotoxicity; its accumulation within the body can result in severe hangover symptoms.34–36 Therefore, eliminating 
acetaldehyde can effectively alleviate alcohol-induced hangovers and mitigate liver toxicity. For instance, Tiaogan Jiejiu 
Tongluo Formula, by lowering the activity of ADH and raising the activity of ALDH, accelerates the conversion of 
acetaldehyde to acetic acid, alleviates the accumulation of large amounts of acetaldehyde and chronic acetaldehyde 
poisoning, and reduces the chronic liver injury induced by alcohol in SD rats.37 Besides, certain functional beverages 
such as soda water and jia duo bao herbal infusion can also mitigate acetaldehyde levels in the body through ADH 
inhibition and ALDH enhancement, thus alleviating alcohol-induced hangovers in Kunming mice and preventing liver 
injury.38 Additionally, Electrolytic hydrogen water (EHW) demonstrates the ability to reduce intracellular acetaldehyde 
levels, suppress cellular reactive oxygen species (ROS) elevation, and prevent cell death by inhibiting ADH activity 
while increasing ALDH activity in HepG2 liver cells.39 In our investigation using an AAI model in mice, oral 
administration of P-ELNs resulted in a significant reduction in hepatic ADH activity and a notable increase in ALDH 
activity, indicating the promotion of acetaldehyde metabolism and elimination through regulation of the ADH/ALDH 
dehydrogenase system, thereby accelerating alcohol metabolism. Further studies are warranted to elucidate the specific 
biochemical mechanisms underlying these findings.

Alcohol metabolism primarily occurs in hepatocytes within the body. Excessive alcohol metabolism can disrupt lipid 
homeostasis, leading to an increased production of lipid peroxides. This disturbance results in the destabilization of lipid 
bilayers and membrane disintegration, impacting cellular sensitivity to ferroptosis and exacerbating lipid accumulation in 
liver cells.22,23,30 Previous studies have demonstrated the involvement of ferroptosis in cell death induced by alcohol both 
in vivo and in vitro.24–26,40 Our research also observed significant ferroptosis in liver cells of the control model group 
exposed to alcohol. Although the mechanism by which plant-derived exosomes mediate ferroptosis in the context of 
alcohol exposure is not fully understood, our study provided hitherto undocumented evidence that mice pre-treated with 
P-ELNs and then exposed to alcohol exhibited a notable improvement in liver ferroptosis markers compared to the 
control model group. This improvement included an increase in GPX4 protein levels and GSH activity, coupled with 
a decrease in ACSL4 protein levels. According to relevant studies, Alda-1, an ALDH2 activator, has demonstrated 
efficacy in ameliorating gastric mucosal damage and ferroptosis induced by HCl/ethanol in rats.41 In contrast, ADH 
transgenic mice exhibited exacerbated ferroptosis development following alcohol stimulation, resulting in significant 
alcohol-induced cardiac remodeling, functional defects, and insulin resistance.42 Therefore, we propose that P-ELNs 
alleviate alcohol-induced liver injury by enhancing the enzyme system associated with alcohol metabolism and inhibiting 
key components involved in ferroptosis. This finding holds great significance and offers a potential approach for utilizing 
plant-derived exosomal vesicles as preventive or therapeutic agents against alcohol-related liver injury.

Conclusion
Our study shows that fresh P. lobata roots can extract natural exosomal-like nanovesicles, which have obvious plant 
exosome characteristics. They contain rich biologically active functional molecules and show better biocompatibility and 
utilization. P-ELNs significantly enhance anti-intoxication and alcohol metabolism potential in the AAI mice. This is 
different from previous studies, as the observed effects are not due to the action of puerarin found in P. lobata roots. The 
active components of P-ELNs that play a key role, as well as the underlying mechanisms involved, will be the focus of 
our future research. Furthermore, it has been observed that P-ELNs not only facilitate alcohol metabolism but also exhibit 
a suppressive effect on the progression of ferroptosis and mitigate acute alcohol-induced liver injury. Considering the 
current emphasis on investigating the role of P-ELNs in promoting alcohol metabolism and protecting against acute liver 
injury, further comprehensive exploration is warranted to elucidate their protective effects on chronic liver injury. In 
summary, this study provides initial insights into the anti-intoxication and alcohol metabolism-promoting effects of 
P-ELNs and their related mechanisms, which lays theoretical foundation for the development of novel health agents for 
alcohol detoxification and liver protection in the future.
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