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Abstract
Background As cell-free nanotherapeutics, extracellular vesicles derived from mesenchymal stem cells (MSC-EVs) 
have shown potential therapeutic action against liver diseases. However, their effects on autoimmune hepatitis (AIH) 
are not yet well understood.

Methods and results In this study, we utilized a well-established concanavalin A (Con A)-induced fulminant 
hepatitis mouse model to investigate the effects of MSC-EVs on AIH. We found that MSC-EVs provide significant 
protection against Con A-induced hepatitis in C57BL/6 male mice, with their effectiveness being critically dependent 
on the gut microbiota. MSC-EVs modulate the composition of the gut microbiota, particularly by increasing the 
abundance of norank_f__Muribaculaceae, and impact liver metabolic profiles, leading to significant amelioration of 
liver injury. The identification of Acetyl-DL-Valine as a protective metabolite underscores the therapeutic potential of 
targeting gut‒liver axis interactions in liver diseases.

Conclusion Overall, our data demonstrate that MSC-EVs exhibit nanotherapeutic potential in Con A-induced 
hepatitis and provide new insights into the treatment of autoimmune hepatitis.
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Introduction
Autoimmune hepatitis (AIH), characterized by immune-
mediated liver inflammation and cytokine production, 
is a progressive liver condition that can progress to cir-
rhosis, liver failure, or even tumors. An elevated amino-
transferase level is associated with the condition, as well 
as hypergammaglobulinemia with high levels of IgG and 
the production of characteristic autoantibodies [1].The 
histopathology of AIH typically manifests as interface 
hepatitis, characterized by dense portal mononuclear cell 
infiltration, including lymphocytes, monocytes/macro-
phages, and plasma cells [2].

However, the underlying mechanisms of this disease 
remain largely unknown, and treatment options are lim-
ited. While corticosteroids and azathioprine are effective 
combinations for treating AIH, these therapies, like those 
for other autoimmune diseases, often come with significant 
drawbacks [3]. Prolonged steroid use can lead to significant 
side effects, including immunosuppression, osteoporosis, 
and sodium retention [4]. Furthermore, the discontinua-
tion of steroid treatment often results in disease relapse in 
the majority of patients [5]. Therefore, exploring alternative 
therapeutic approaches offers a novel strategy that could 
reduce side effects and enhance treatment efficacy.

As mesenchymal stem cells (MSCs) develop specific 
secretion abilities, they are becoming an important cell 

therapy for the treatment of liver diseases [6, 7]. Previ-
ously, we showed that MSCs can effectively treat isch-
emia-type biliary lesions after liver transplantation (LT) 
[8]and after hepatitis B virus-related acute-to-chronic 
liver failure [9]. Furthermore, our experimental data 
revealed that MSCs protect the liver in a Concanavalin 
A (ConA)-induced hepatitis mouse model, a well-estab-
lished model of human autoimmune hepatitis caused by 
T cells and inducible by interferon-gamma (IFN-gamma) 
[10, 11].

The extracellular vesicles (EVs) produced by MSCs 
include exosomes (with diameters ranging from 30 to 
150  nm), microvesicles (with diameters between 150 
and 500  nm), and apoptotic bodies (ranging from 800 
to 500 nm in diameter) [12]. MSC-EVs can replicate the 
biological potential of MSCs, suggesting that they could 
replace cell therapy and enable cell-free therapy [13, 14]. 
Nevertheless, the therapeutic possibilities and funda-
mental mechanisms of MSC-EVs in Con A-induced hep-
atitis are still not well understood.

Recently, the concept of the gut‒liver axis, which 
describes the reciprocal interactions between the liver 
and gut, has attracted significant research interest. 
Changes in the gut microbiota, including reduced micro-
bial diversity, loss of beneficial bacteria, and an increase 
in opportunistic pathogens, are commonly observed in 
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patients with liver diseases [15]. Compared with that in 
healthy controls, intestinal dysbiosis has been detected 
in patients with AIH, with studies indicating reduced 
species richness and evenness in their fecal microbiome 
[16]. Changes in the gut microbiota are linked to the 
development of autoimmune hepatitis (AIH). A study 
by Qingqing Liu et al.. demonstrated that probiotics and 
prebiotics, alone or in combination, can alter the gut 
microbiota, restore immune balance, and preserve the 
integrity of the intestinal barrier, effectively mitigating 
liver injury induced by Con A [17].

Therefore, we hypothesized that treating Con A-induced 
hepatitis with MSC-EVs could normalize the microbiota 
composition and function, thereby reducing inflammation 
to normal levels. To test this hypothesis, we explored how 
MSC-EVs affect disease conditions and the composition of 
the gut microbiome and function in a ConA-induced hep-
atitis model via 16 S rRNA gene sequencing. This approach 
allowed us to evaluate the response of the gut microbiome 
to MSC-EVs treatment and its role in liver inflammation 
and disease development.

Materials and methods
Human UC-MSC isolation and identification
The method for isolating UC-MSCs received approval 
from the Research Ethics Committee of the Third Affili-
ated Hospital of Sun Yat-sen University and was executed 
under sterile conditions following previously established 
standardized protocols [18]. With the consent of the par-
ents, we stored fresh umbilical cords from newborns at 
4 °C after they had severed. The cords were washed twice 
with PBS to eliminate any residual blood. The cleaned 
cords were then cut into 10  mm³ pieces and incubated 
in a digestion solution containing type I collagenase and 
0.1% hyaluronidase with 3 mM CaCl2 at 37  °C for 4  h. 
The digested tissues were transferred to DMEM (Thermo 
Fisher Scientific, Waltham, MA, USA) supplemented 
with 10% fetal bovine serum (PAN-Biotech, Aidenbach, 
Germany) and incubated at 37  °C in a 5% CO2 humidi-
fied environment. After 3 days, the culture medium was 
replaced to remove nonadherent cells, and subsequently, 
the medium was replaced every 4 days. After 14 days, 
colonies of fibroblast-like cells appeared, which were sub-
sequently trypsinized and moved to new flasks for con-
tinued expansion. For further analysis, the MSCs were 
treated at 37 °C with 0.05% trypsin-EDTA (GIBCO, Invit-
rogen, Inc., Carlsbad, CA, USA) and stored at 80 °C.

Phenotypic characterization of human umbilical 
cord-derived mesenchymal stem cells (hUC-MSCs) was 
conducted via flow cytometry. When the cells reached 
70–80% confluence, they were harvested and rinsed 
twice with PBS supplemented with 1% bovine serum 
albumin (BSA; Gibco, USA) to avoid nonspecific anti-
gen attachment. The cells were incubated for 30  min at 

4  °C in the dark with monoclonal antibodies, including 
PE-conjugated anti-CD73, FITC-conjugated anti-CD90, 
PE-conjugated anti-CD105, FITC-conjugated anti-CD34, 
FITC-conjugated anti-CD45, and FITC-conjugated anti-
HLA-DR. Flow cytometry was carried out via CytoFLEX 
flow cytometers (Beckman Coulter), and the data were 
analyzed with CytoExpert software (Beckman Coulter).

hUC-MSC-EV isolation, purification, and identification
After 70–80% confluence was reached, the medium was 
changed to 10% exosome-free FBS with 1.0 g/L glucose, 
and the cells were incubated for another 48  h. The cell 
culture supernatant was collected into a centrifuge tube 
and centrifuged at 300 × g for 10 min at 4 °C. The super-
natant was then transferred and centrifuged at 3000 × g 
for 30 min at 4 °C. The supernatant was filtered through 
a 0.22 μm membrane filter. The resulting supernatant was 
transferred to ultracentrifuge tubes, balanced with PBS to 
the nearest milligram, and ultracentrifuged at 100,000 × g 
for 1 h and 10 min at 4 °C. The pellet was collected (leav-
ing 1 ml at the bottom), resuspended in 3 ml of PBS, and 
transferred to a centrifuge tube. The volume was replen-
ished with PBS, and the mixture was ultracentrifuged at 
100,000 × g for 1 h at 4 °C for washing. The pellet was col-
lected again (with the supernatant completely removed), 
resuspended in 500  µl of PBS from the exosome pellet 
obtained from 400  ml of MSC supernatant, and then 
transferred to an EP tube. The concentration of exosomal 
proteins was measured via a bicinchoninic acid (BCA) 
protein assay kit (KeyGEN BioTECH, Jiangsu, China).

hUC-MSC-EVs were visualized via transmission elec-
tron microscopy (TEM), with images captured at 120 kV 
via an FEI Tecnai T12 Spirit transmission electron micro-
scope (FEI Company, Hillsboro, OR, USA). In summary, 
purified hUC-MSC-EVs were treated with 2.5% glutaral-
dehyde for 1 h, followed by ultracentrifugation and resus-
pension in 100 µl of PBS. A formvar carbon-coated grid 
was then coated with 10 µl of hUC-MSC-EVs, and TEM 
images were produced after negative staining with 3% 
aqueous phosphotungstic acid.

To monitor the size distribution of the hUC-MSC-EVs, 
nanoparticle tracking analysis (NTA) was performed 
via a Particle Metrix ZetaView® instrument (Particle 
Metrix GmbH, Inning, Germany). A microscope was 
used to observe hUC-MSC-EVs diluted 100-fold in PBS 
at a concentration of approximately 2  µg/µl. A video 
was recorded for documentation, and ZetaView was 
employed for data analysis.

Mice
C57BL/6 mice, obtained from GemPharmatech Co., 
Ltd. (Nanjing, China), were maintained in a specific 
pathogen-free environment. To minimize confound-
ing effects, we implemented rigorous control measures.
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They were housed in a temperature-controlled setting 
and provided exclusively autoclaved water and sterilized 
food. A total of eight-week-old male animals weighing 
22–26 g were used for the in vivo studies. A random allo-
cation of C57BL/6 mice was performed for each group. 
The mice were randomly divided into three groups: the 
control group (n = 6), Con A + PBS group (n = 7), and Con 
A + MSC-EV group (n = 7). The random numbers for 
group allocation were generated via the Rand() function 
in Microsoft Excel. Additionally, the order of the experi-
mental treatments and measurements was randomized 
to avoid any systematic bias. The mice were anesthetized 
with ketamine. Mice showing signs of liver failure that are 
incompatible with survival will be euthanized via cervical 
dislocation following deep anesthesia. The Sun Yat-sen 
University Institutional Animal Care and Use Commit-
tee reviewed and approved all the animal protocols. This 
work has been reported in line with the ARRIVE guide-
lines 2.0.

Pretreatment with a cocktail of broad-spectrum antibiotics 
(Abx)
The Con A + Abx and Con A + Abx + MSC-EV group mice 
(n = 4 per group) were given a cocktail of 200 mg/kg van-
comycin, 200  mg/kg metronidazole, 200  mg/kg neomy-
cin, or 200  mg/kg ampicillin by oral gavage daily for 3 
days.

Con A-induced hepatitis and hUC-MSC-EV injection
A single dose of Con A (15  mg/kg) was administered 
through the tail vein. Thirty minutes after Con A injec-
tion, PBS or hUC-MSC-EVs (100  µg/100 µl, approxi-
mately 1 × 109 nanoparticles) suspended in 150 µl of PBS 
were intravenously (i.v.) injected through the tail vein. 
Further analysis of the blood and liver tissues was carried 
out 12 h later.

Acetyl-DL-Valine administration
The Acetyl-DL-Valine administration group received i.p. 
injections of 50  mg/kg Acetyl-DL-Valine dissolved in 
normal saline 30 min before tail vein injection of ConA to 
induce the hepatitis model.

Hematoxylin and eosin (HE)
An overnight fixation in 4% paraformaldehyde was fol-
lowed by paraffin embedding of mouse liver tissues from 
the corresponding locations. Hematoxylin and eosin 
(H&E) staining was conducted on the Sect. (4 μm thick).

Measurement of serum alanine aminotransferase (ALT) and 
aspartate transaminase (AST)
Twelve hours after Con A injection, serum samples were 
collected. The levels of ALT and AST in the serum were 

measured via an automatic biochemical analyzer (Hita-
chi, Tokyo, Japan).

Collection and DNA extraction of fecal samples
The sterilized tubes containing mouse feces were stored 
at -80  °C until use. Genomic DNA from the microbial 
community was extracted via the E.Z.N.A.® Soil DNA 
Kit (Omega Bio-Tek, Norcross, GA, USA) following 
the manufacturer’s instructions. To quantify the DNA 
concentration and purity, a NanoDrop 2000 was used 
(Thermo Fisher Scientific, Wilmington, DE).

Sequencing and analysis of 16 S rRNA
The V3-V4 hypervariable region of the bacterial 16  S 
rRNA gene was amplified via the primer pairs 338  F 
(5’- A C T C C T A C G G G A G G C A G C A G-3’) and 806R 
(5’-GGACTACHVGGGTWTCTAAT-3’) with an ABI 
GeneAmp® 9700 PCR thermocycler (ABI, CA, USA). The 
resulting amplicons were purified via the AxyPrep DNA 
Gel Extraction Kit (Axygen Biosciences) and quantified 
via QuantiFluor-ST (Promega).

The purified amplicons were combined in equimolar 
amounts and sequenced via the Illumina MiSeq PE300 
platform (Illumina, San Diego, USA) following standard 
protocols provided by Majorbio Bio-Pharm Technol-
ogy Co. Ltd. (Shanghai, China). The raw reads have been 
deposited in the NCBI Sequence Read Archive (SRA) 
database under Accession Number PRJNA1161608. The 
multiplexed 16 S rRNA sequencing reads were processed 
via fastp version 0.19.6 [19] and merged via FLASH ver-
sion 1.2.11 [20].

The high-quality sequences subsequently underwent 
denoising through the DADA2 [21] plugin integrated 
within the QIIME2 [22] (version 2020.2) pipeline, which 
utilized the suggested parameters. This process achieves 
single nucleotide resolution by analyzing error profiles 
present within the samples. The sequences that have been 
denoised by DADA2 are commonly referred to as ampli-
con sequence variants (ASVs). The analysis and classifica-
tion of the 16 S rRNA raw reads were based on ASV. To 
reduce the impact of sequencing depth on alpha and beta 
diversity, each sample’s sequence count was rarefied to 
20,000. This approach maintained an average Good’s cov-
erage of 97.90%. Taxonomic classification of ASVs was 
carried out via the naive Bayes consensus taxonomy clas-
sifier in QIIME 2, with reference to the SILVA 16 S rRNA 
database (v138) [23].

Liquid Chromatography‒Mass Spectrometry (LC‒MS) 
analysis
Fifty milligrams of fecal samples were obtained from the 
same samples utilized for 16 S rRNA sequencing. Metab-
olite extraction was conducted using 400 µL of a metha-
nol solution at a 4:1 (v/v) ratio. The resulting mixture was 
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incubated at − 20 °C and subsequently homogenized with 
a high-throughput tissue grinder (Wonbio-96c, Shang-
hai Wanbo Biotechnology Co., Ltd.) at a frequency of 
50  Hz for six minutes. This procedure was followed by 
30  s of vortex mixing and ultrasonication at 40 kHz for 
30 min at a temperature of 5 °C. The samples were then 
incubated at − 20 °C for an additional 30 min to facilitate 
protein precipitation. Following this, the samples were 
centrifuged at 13,000×g and 4 °C for 15 min, after which 
the supernatants were carefully transferred to vials desig-
nated for LC‒MS analysis.

To maintain quality control, the supernatants from 
each sample were combined. LC‒MS detection was 
executed with an AUHPLC-Q Exactive system. The 
chromatographic parameters were established as fol-
lows: an ACQUITY UPLC HSS T3 column (100  mm × 
2.1 mm, 1.8 μm; Waters, Milford) was used. Mobile phase 
A was composed of 95% water and 5% acetonitrile (with 
0.1% formic acid), while mobile phase B was composed 
of 47.5% acetonitrile, 47.5% isopropanol, and 5% water 
(with 0.1% formic acid). The flow rate was maintained 
at 0.40 mL/min, with an injection volume of 2 µL, and 
the column temperature was maintained at 40  °C. The 
raw data were processed, aligned, and identified via Pro-
genesis QI metabonomics software.The raw data can be 
accessed publicly through the MetaboLights repository 
(http:// www.ebi .ac.uk/ meta bolights) [24]under accession 
number MTBLS11105.

Statistical and bioinformatics analyses
The data analysis for this investigation was performed 
via IBM SPSS version 21.0, with the results expressed 
as the means ± standard deviations (SDs). For compari-
sons involving multiple groups, Tukey’s post hoc test was 
employed, whereas Student’s t test was utilized for the 
analysis of two groups. Graphical representations and 
additional analyses were produced via GraphPad Prism 
version 5.01.

Power analysis was conducted using G*Power (Ver-
sion 3.1.9.7, Germany) for the t-test based on our previ-
ous data with this model [10, 11]. An alpha level of 0.05, 
a power of 80%, and an effect size of 0.8 (one-tailed) were 
employed. The power analysis indicated that a minimum 
of 6 mice per group is required.

The relative abundances of bacterial taxa at both the 
phylum and genus levels were compared across groups 
on the basis of ASV data, employing one-way nonpara-
metric ANOVA (Kruskal‒Wallis H test), with a sig-
nificance threshold established at P < 0.05. The alpha 
diversity of the gut microbiome was assessed via the 
ACE, Chao1, Shannon, Simpson, and Sobs indices. The 
resemblance between microbial communities across vari-
ous samples was assessed through principal coordinate 
analysis (PCoA), utilizing both Bray‒Curtis and Jaccard 

metric dissimilarity, implemented via the Vegan v2.4.3 
package. Statistical significance was determined via the 
nonparametric Wilcoxon rank-sum test and the Krus-
kal‒Wallis test. The features that contributed most to the 
differences between the control and treatment groups 
were identified. The LEfSe tool [25]  (   h t  t p :  / / h u  t t  e n h o w e r 
. s p h . h a r v a r d . e d u / L E f S e     ) was used to determine the taxa 
of bacteria, ranging from phylum to genus, that exhibited 
significant abundance across the various groups, with a 
threshold set for the linear discriminant analysis (LDA) 
score greater than 3.5 and a p value of less than 0.05. The 
therapeutic outcomes (AST and ALT) and the relative 
abundances of genera were analyzed using Pearson’s rank 
correlation analysis to obtain the corresponding corre-
lation coefficient (Corr) matrix and correlation P-value 
matrix. The statistical analysis was performed using 
Python 2.7 and R 3.3.1.

To evaluate global metabolic alterations among groups, 
partial least squares discriminant analysis (PLS-DA) 
was employed, with all metabolite variables subjected 
to Pareto scaling prior to analysis. The validity of the 
model was assessed through the calculation of R² and Q², 
which reflect the interpretability and predictability of the 
model, respectively, thereby reducing the potential for 
overfitting. The variable importance in projection (VIP) 
was calculated within the PLS-DA framework, with sig-
nificant differences identified by VIP values exceeding 1 
and P values falling below 0.05.

Differentially abundant metabolites between the two 
groups were mapped to their respective biochemical 
pathways through metabolic enrichment and pathway 
analysis via the KEGG database  (   h t t p : / / w w w . g e n o m e . j p 
/ k e g g /     ) . These metabolites are categorized according to 
their associated pathways or functions. The enrichment 
analysis typically investigates a collection of metabolites 
within a functional node to ascertain their presence. The 
focus of the analysis evolved from individual metabolites 
to a group-level annotation approach. The Python pack-
age scipy.stats (https:/ /docs.s cipy.or g/do c/scipy/) was 
employed to identify significantly enriched pathways via 
Fisher’s exact test.

Pearson correlation coefficients were computed to 
explore the relationships between fecal metabolite con-
centrations and the relative abundances of genera, result-
ing in both a correlation coefficient matrix and a P value 
matrix. Only correlations with P < 0.05 were deemed sig-
nificant. Throughout all the statistical evaluations, a P 
value threshold of < 0.05 was considered indicative of sta-
tistical significance.

Results
Phenotypic analysis of hUC-MSCs
The hUC-MSCs exhibited a fibroblast-like morphology 
and high expression levels of specific antigens (CD73, 

http://www.ebi.ac.uk/metabolights
http://huttenhower.sph.harvard.edu/LEfSe
http://huttenhower.sph.harvard.edu/LEfSe
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
https://docs.scipy.org/doc/scipy/
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CD90, and CD105, ≥ 95% positive) (Fig. S1A, B, C) but 
minimal expression of hematopoietic lineage markers 
(CD11b, CD19, CD34, CD45, and HLA-DR, ≤ 2% posi-
tive) (Fig. S1D, E, F, G, H). The morphology of the MSCs 
was spindle shaped, which was consistent with that of the 
fibroblasts (Fig. S1I). Following the induction of osteo-
genesis and adipogenesis, Alizarin red staining revealed 
mineral accumulation and bone nodule formation (Fig. 
S1J). Oil Red O staining revealed that the hUC-MSCs 
contained numerous neutral lipid droplets in their cyto-
plasm (Fig. S1K).

Assessment of MSC-EV characteristics
Ultracentrifugation was used to isolate hUC-MSC-EVs 
from hUC-MSC-conditioned medium (hUC-MSC-CM), 
which were then subjected to TEM, nanoparticle track-
ing analysis (NTA), and Western blotting. The obtained 
MSC-EVs exhibited a rounded shape enveloped by a dou-
ble-layered membrane structure, as observed by TEM 
(Fig.  1A, B). Furthermore, NTA revealed that the aver-
age diameter of the hUC-MSC-EVs was 128 nm (Fig. 1C). 
Western blot analysis also confirmed the presence of 
MSC-EV markers such as TSG101 in the hUC-MSC-
EVs, whereas the absence of glucose-regulated protein 
94 (Grp94) verified the absence of contamination from 
endoplasmic reticulum (ER)-derived vesicles (Fig. 1D).

MSC-EVs significantly protected against Con A-induced 
hepatitis in mice via the gut microbiota
Gross liver appearance and histological analysis at 12  h 
demonstrated that MSC-EVs effectively ameliorated 
Con-A-induced hepatocyte necrosis, disseminated hem-
orrhage, and collagen deposition. Hepatocyte necro-
sis, disseminated hemorrhage, and collagen deposition 
caused by Con-A were effectively ameliorated by MSC-
EVs on the basis of gross liver appearance and histologi-
cal analysis at 12 h (Fig. 2A, B, C). At 12 h after Con A 
administration, the MSC-EV group presented signifi-
cant decreases in serum AST and ALT activities, indi-
cating the immediate and effective amelioration of Con 
A-induced liver hepatitis by MSC-EVs (Fig. 2D, E). These 
results confirmed that MSC-EVs effectively protected 
mice from Con A-induced hepatitis in vivo. However, 
Con A-induced hepatitis model mice were adminis-
tered a cocktail of antibiotics (Abx) to clear the intestinal 
flora. Compared with Con-EVs alone, MSC-EVs did not 
effectively ameliorate Con A-induced hepatocyte necro-
sis, disseminated hemorrhage, or collagen deposition 
(Fig. 2A, B, C). Additionally, the Con A + Abx + MSC-EV 
group did not have significantly lower serum AST or ALT 
activities than the Con A + MSC-EV group did (Fig. 2D, 
E). These findings suggest that the addition of antibiotics 
may compromise the therapeutic efficacy of MSC-EVs in 
mitigating Con A-induced liver injury.

Fig. 1 Characterization of MSC-EVs. (A) EVs produced by MSCs include exosomes (30–150  nm), microvesicles (150–500  nm), and apoptotic bodies 
(500–800 nm) in diameter. (B) EV preparation via ultracentrifugation. (C) The morphologies of two typical electric vehicles were captured via transmis-
sion electron microscopy (scale bars = 300 nm and 100 nm). (D) TEM was used to detect the size of the MSC-EVs. (E) Western blot analysis showing the 
expression levels of MSC-EV markers (GRP94, CD63, and TSG101) in both MSCs and MSC-EVs.Full-length blots/gels are presented in Supplementary Fig. S2
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MSC-EVs modulate the gut microbiota and increase the 
abundance of norank_f__Muribaculaceae at the genus 
level
Considering the role of the gut microbiota in mice, we 
hypothesized that MSC-EVs could impact the microbial 
composition. To investigate this hypothesis, we con-
ducted 16  S rRNA gene sequencing analysis on fecal 
samples collected from three groups of mice: control, 
Con A + PBS, and Con A + MSC-EVs (n = 6–7 individu-
als/group). The microbial diversity was measured and 
compared at the ASV level. Alpha diversity indices were 
measured via various methods (ACE, Chao1, Shan-
non, Simpson, and Sobs indices) (Fig.  3A-E). Signifi-
cant differences in alpha diversity were observed among 
the control, Con A + PBS, and Con A + MSC-EV groups 
(P = 0.009461, P = 0.009461, P = 0.007294, P = 0.03941, and 
P = 0.006826 for each index, respectively). On the basis of 

the Bray‒Curtis and Jaccard metric distances, PCoA was 
used to analyze beta diversity, and the microbiota of these 
three groups were distinctively separated (R = 0.3687, 
P = 0.001000, and R = 0.3800, P = 0.001000, respectively) 
(Fig. 3F‒G).

Alpha diversity based on the ACE (A), Chao1 (B), Shan-
non (C), Simpson (D), and Sobs (E) indices. Differences 
in the data were calculated via a two-sided Mann‒Whit-
ney test. The horizontal bar within the box represents 
the median. The top and bottom of the box represent the 
75th and 25th quartiles, respectively. (F) PCoA via Bray‒
Curtis and (G) Jaccard metric distances of beta diversity. 
Differences in the data were calculated via the ANOSIM 
test. n = 6–7 individuals/group. Each point represents an 
individual mouse. All the exact P values are given. analy-
sis. *P < 0.05, **P < 0.01, and ***P < 0.001. ANOSIM, analy-
sis of similarities; PCoA, principal coordinate.

Fig. 2 MSC-EVs significantly alleviated symptoms of Con A-induced hepatitis; however, when mice were administered a combination of antibiotics to 
clear the intestinal flora, the MSC-EVs failed to effectively mitigate Con A-induced liver injury. (A) Representative gross appearance of livers 12 h after 
Con A treatment as indicated. groups. (B) Representative hematoxylin and eosin (H&E) staining Photographs and (C) quantification of necrotic areas in 
liver tissues 12 h after Con A administration in the indicated groups. (D) Serum AST and ALT (E) levels were measured 12 h after Con A treatment in the 
indicated groups. The data in C-E are presented as the means ± standard deviations (means ± SDss) (n = 4–7 for each group), with statistical significance 
indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001
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At the phylum level (Fig.  4A), significant differences 
were observed among the groups. Specifically, the rela-
tive abundance of Bacteroidia was greater in both the 
Con A + PBS and Con A + MSC-EV groups than in the 
control group. Analysis at the genus level (Fig.  4B) fur-
ther revealed a notable increase in the relative abun-
dance of norank_f__Muribaculaceae in both the Con 
A + PBS and Con A + MSC-EV groups compared with the 
control. Within the Con A-challenged groups, distinct 
differences were noted between the mice treated with 
PBS and those treated with MSC-EVs. At the phylum 
level (Fig.  4C), the Con A + MSC-EV group presented a 
greater relative abundance of Bacteroidia than did the 
Con A + PBS group. Similarly, at the genus level (Fig. 4D), 
the Con A + MSC-EV group presented increased levels of 
norank_f__Muribaculaceae compared with those in the 
Con A + PBS group.

In addition, several genera with high discriminative 
power (linear discriminant analysis (LDA) score > 3.5) 
were identified on the basis of linear discriminant analy-
sis effect size (LEfSe). In the control group, genera such 
as Bifidobacterium, Lactobacillus, Turicibacter, Dubosi-
ella, Bacillus, Faecalibaculum, and Aquabacterium were 
notably predominant. Conversely, in the Con A + PBS 
group, genera such as unclassified_f__Lachnospiraceae, 
norank_f__Desulfovibrionaceae, unclassified_f__Oscil-
lospiraceae, norank_f__Oscillospiraceae, UBA1819, and 
Bilophila showed pronounced predominance. The Con 
A + MSC-EV group exhibited a notable predominance of 
the genera norank_f__Muribaculaceae and _Lachnospi-
raceae_NK4A136_group (Fig. 4E, F).

Furthermore, to evaluate the microbiome response to 
MSC-EVs, the taxa that differentiated between the Con 
A + PBS group and the Con A + MSC-EV group were 
assessed (Fig. 4G, H). In the Con A + PBS group, the gen-
era UBA1819, Anaerostipes, Holdemanella, Bacillus, and 
Megasphaera were predominant. Conversely, in the Con 
A + MSC-EV group, the genera norank_f__Muribacu-
laceae and Rikenellaceae_RC9_gut_group were notably 
predominant.

As shown in Fig. S3 Pearson’s correlation analysis 
indicated that changes in AST and ALT were negatively 
associated with changes in the abundance of the genus 
norank_f__Muribaculaceae (r = -0.69166, p = 0.00614 and 
r = -0.69716, p = 0.00558, respectively).

These findings underscore the modulatory effects of 
MSC-EVs on the gut microbiota composition, particu-
larly in enhancing the abundance of norank_f__Murib-
aculaceae at the genus level in Con A-induced liver injury 
models.

Effects of MSC-EVs on liver metabolites
Liver metabolites were measured in all the samples via 
liquid chromatography‒tandem mass spectrometry (LC‒
MS) to identify those associated with MSC-EV-induced 
alleviation in the Con A group. A total of 2106 metabo-
lites were detected in the Con A + PBS group, and 2113 
were detected in the Con A + MSC-EV group. The Venn 
diagram indicated that different groups presented dis-
tinct metabolite changes. Furthermore, the abundance 
of 59 metabolites significantly differed between the Con 
A + PBS group and the Con A + MSC-EV group (Fig. 5A). 

Fig. 3 Gut microbiota diversity among the three groups in terms of alpha and beta diversity
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The difference in metabolite levels between Con A + PBS 
and Con A + MSC-EVs was then determined via partial 
least-squares discriminant analysis (PLS-DA). The score 
plot of the PLS-DA results clearly revealed separation 
between the two groups (Fig.  5B). Volcano plot show-
ing differentially abundant metabolites between the Con 
A + PBS group and the Con A + MSC-EV group. Com-
pared with the Con A + PBS group, the Con A + MSC-
EV group presented an upregulation of 12 metabolites, 
a downregulation of 8 metabolites, and no significant 
changes in 2011 metabolites (Fig. 5C). The following top 
20 metabolites were identified as potential discriminant 
markers between the Con A + PBS group and the Con 
A + MSC-EV group (Variable Importance in the Projec-
tion (VIP) > 1.0): 5-hydroxypentanoic acid (VIP = 6.8951), 
ethyl isothiocyanate (VIP = 4.2988), benzimidazole 
(VIP = 4.2021), octopine (VIP = 3.8176), 8-methylthiooc-
tyldesulfoglucosinolate (VIP = 3.1891), eicosapentae-
noic acid (VIP = 3.0786), 8-hydroxy-2-desoxyguanosine 
(VIP = 2.9641), PE (16:1/0:0) (VIP = 2.4922), hippuric 

acid (VIP = 2.3305), achenugenol (VIP = 2.2026), gluco-
syl (2E,6E,10x)-10,11-dihydroxy-2,6-farnesadienoate 
(VIP = 2.0944), zeranol (VIP = 1.9236), LysoPA (16:0/0:0) 
(VIP = 1.7724), [3-[2-aminoethoxy “Lipid metabolism” 
was ranked first in the “metabolism” category, followed 
by “amino acid metabolism” (Fig.  5E). Two metabolites, 
LysoPC(16:1(9Z)/0:0) and eicosapentaenoic acid, were 
assigned to “lipid metabolism,” whereas one metabolite, 
octopine, was assigned to “membrane transport.”

Analysis of metabolite pathways revealed significant 
differences in the following pathways between the Con 
A + PBS group and the Con A + MSC-EV group: choline 
metabolism in cancer and glycerophospholipid metabo-
lism (Fig.  5F). A topological analysis was conducted 
to assess the impact of these pathways, as indicated by 
the size of the bubbles (Fig.  5G). Glycerophospholipid 
metabolism, the biosynthesis of unsaturated fatty acids, 
and arginine and proline metabolism were the main 
pathways altered between the Con A + PBS group and the 
Con A + MSC-EV group. (Fig. 5G).

Fig. 4 MSC-EVs modulate the gut microbiota and appear to increase the abundance of the norank_f__Muribaculaceae genus. Fecal bacterial DNA from 
control mice, Con A + PBS-treated mice, and Con A + MSC-EV-treated mice (n = 6–7 individuals/group) was analyzed via 16 S rRNA gene sequencing. 
(A) The gut microbiota differed among the indicated groups at the phylum level. Compared with that in the control group, the relative abundance of 
Bacteroidia in the Con A + PBS and Con A + MSC-EV groups increased. (B) The gut microbiota differed among the indicated groups at the genus level. 
Compared with that in the control group, the relative abundance of norank_f__Muribaculaceae in the Con A + PBS and Con A + MSC-EV groups increased. 
(C) The gut microbiota differed among the indicated groups at the phylum level. The relative abundance of Bacteroidia was greater in the Con A + MSC-
EV group than in the Con A + PBS group. (D) The gut microbiota differed among the indicated groups at the genus level. The relative abundance of 
norank_f__Muribaculaceae increased in the Con A + MSC-EV group compared with the Con A + PBS group. (E, F) Cladograms generated by LEfSe depict 
taxonomic associations between microbiome communities from control, Con A + PBS, and Con A + MSC-EV mice (LDA > 3.5). Red, blue, and green bars 
indicate taxa predominant in the control, Con A + PBS, and Con A + MSC-EV groups, respectively. (G, H) Cladograms generated by LEfSe depict taxonomic 
associations between microbiome communities from Con A + PBS and Con A + MSC-EV mice (LDA > 3.5). Red bars indicate taxa predominant in Con 
A + PBS-treated mice, and blue bars indicate taxa predominant in Con A + MSC-EV-treated mice
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Fig. 5 A comprehensive comparative metabolic analysis was performed to compare the liver metabolite profiles between the Con A + PBS and Con 
A + MSC-EV groups. (A) Composition of liver metabolites between the Con A + PBS and Con A + MSC-EV groups of mice is represented by a Venn diagram 
of metabolites. (B) PLS-DA score plot of liver metabolites between the Con A + PBS and Con A + MSC-EV groups of mice. (C) A volcano plot was generated 
to illustrate the distribution of all the metabolites identified via LC‒MS between the Con A + PBS and Con A + MSC-EV groups. (D) Heatmap of distinct 
metabolites between the Con A + PBS and Con A + MSC-EV groups. Differentiated groups are illustrated by the horizontal axis, metabolites by the vertical 
axis, and quantities of metabolites by colored blocks at different locations. A significant change was considered as VIP > 1 and p > 0.05 for the metabolites. 
(E) KEGG pathway classification: detected and annotated metabolites. The x-axis displays level-2 terms of the KEGG pathway, whereas the y-axis shows the 
number of identified metabolites. (F) Differentially abundant metabolites in the Con A + PBS group versus the Con A + MSC-EV group were analyzed for 
enriched metabolic pathways. On the X-axis, the significantly enriched pathways for the participating metabolites are represented. The y-axis represents 
the enrichment ratio, which represents the ratio between metabolites enriched in the pathway and all metabolites identified in the pathway. The colors 
represent the significance of enrichment; the deeper the color is, the more significant the enrichment. (G) Topological analysis of metabolic pathways 
between the Con A + PBS and Con A + MSC-EV groups. The x-axis denotes the relative significance of metabolites within the pathway and their corre-
sponding impact values. The y-axis represents the enrichment significance of metabolites in the pathway, quantified as − log10 (P value). The bubble size 
indicates the impact value, whereas the bubble color signifies the P value. Larger bubbles indicate greater importance of the pathway. (H) Alterations in 
liver metabolite and fecal genus abundances. A heatmap shows the Pearson correlation coefficients between changes in fecal metabolite concentra-
tions and variation in the relative abundances of the top 15 enriched bacterial genera. Each cell color intensity indicates the strength of the correlation 
between changes in liver metabolites and shifts in genus abundance. Statistical significance was adjusted for multiple comparisons via Benjamini‒Hoch-
berg false discovery rate correction. *P < 0.05, **P < 0.01, and ***P < 0.001
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Correlations between liver metabolites and the fecal 
microbiota
Pearson correlation coefficients were calculated to 
explore the relationships between the relative abun-
dances of genus-level constituents of the fecal microbiota 
and selected liver metabolites. In the fecal microbiome, 
liver metabolites and the abundance of genera were sig-
nificantly correlated. As shown in Fig.  5H, Pearson’s 
correlation analysis revealed that the abundance of the 
genus g__norank_f__Muribaculaceae was negatively 
associated with the level of [3-[2-aminoethoxy(hydroxy)
phosphoryl]oxy-2-hydroxypropyl] hexadecanoate (r 

= -0.7897, P = 0.00078). Additionally, it was positively 
associated with the levels of acetyl-DL-valine (r = 0.5812, 
P = 0.02927), PC (P-16:0/2:0) (r = 0.5758, P = 0.03119), and 
2-amino-6-methoxypurine (r = 0.5532, P = 0.04019).

Acetyl-DL-Valine significantly protected against Con 
A-induced hepatitis in mice
Gross liver appearance and histological analysis at 12  h 
demonstrated that Acyl-DL-Valine effectively improved 
hepatocyte necrosis, disseminated hemorrhage, and 
collagen deposition in Con A-induced hepatitis mice 
(Fig.  6A, B, C). At 12  h post-Con A administration, the 

Fig. 6 Acetyl-DL-Valine significantly alleviated symptoms in Con A-induced hepatitis. (A) Representative gross images of livers from the indicated groups 
12 h after Con A treatment are shown. (B) Representative hematoxylin and eosin (H&E) staining (C) The number of necrotic areas in the liver tissues 12 h 
after Con A administration was quantified in the indicated groups. Serum AST (D) and ALT (E) levels were assessed 12 h after Con A treatment in the 
specified groups. For each group in C-E, the means ± standard deviations are presented (n = 4–7 individuals for each group), with asterisks symbolizing 
statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001
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Con A + Acetyl-DL-Valine group presented significant 
decreases in serum AST and ALT activities, indicat-
ing the immediate and effective amelioration of Con 
A-induced hepatitis by Acetyl-DL-Valine (Fig.  6D, E). 
These results confirm that Acetyl-DL-Valine effectively 
protects mice from Con A-induced hepatitis in vivo.

Discussion
MSC-EV-mediated therapy is anticipated to offer an 
innovative, cell-free, noninvasive, less immunogenic, 
and nontoxic alternative strategy for liver treatment, 
while also providing important mechanistic insights 
into the reparative functions of liver cells [26].MSC-EVs 
have been extensively studied by researchers in the field 
of liver diseases. MSC-EVs have the capacity to shift the 
polarization balance towards type-2 regulatory macro-
phages [27], modulate the ratios of Th17 to Treg cells, 
diminish neutrophil infiltration [28], and mitigate oxida-
tive stress [29, 30]. MSC-EVs help reduce mitochondrial 
damage and inflammation by stabilizing mitochondrial 
DNA [31]. MSC-EVs modulate CD154 expression of 
intrahepatic CD4 + T cells during liver IRI through the 
Ca2+-calcineurin-NFAT1 signaling pathway [32]. MSC-
EVs alleviate sepsis-associated liver dysfunction by inhib-
iting macrophage glycolysis-mediated inflammatory 
response [33]. Additionally, MSC-EVs can downregulate 
hepatic stellate cell activation and reduce liver injury in 
mice infected with S. japonicum [34].In our research, 
we concentrate on the impacts of MSC-EVs on autoim-
mune hepatitis via the regulation of gut microbiota and 
metabolites.

In this study, we elucidated a novel role for MSC-EVs in 
ameliorating Con A-induced hepatitis in a gut microbi-
ota-dependent manner. Our findings indicate that MSC-
EVs directly modulate the gut microbiota, resulting in a 
greater abundance of norank_f__Muribaculaceae at the 
genus level and increased levels of Acetyl-DL-Valine in 
the liver.

Con A-induced autoimmune hepatitis (AIH) in murine 
experimental models effectively replicates human AIH 
[35]. In vitro research has demonstrated that Con A 
exerts direct toxicity on hepatocytes, causing their apop-
tosis. The pathological characteristics of AIH include ele-
vated serum levels of ALT and AST, as well as extensive 
liver tissue necrosis [36].

Our previous research demonstrated significant thera-
peutic effects of UC-MSCs in a ConA-induced hepati-
tis mouse model. Given this finding, it is pertinent to 
explore whether MSC-EVs could similarly alleviate symp-
toms in such models. Additionally, research has con-
clusively demonstrated that the extracellular vesicles of 
macrophages inhibit the production of cytokines in mac-
rophages after concanavalin A-induced hepatitis [37]. 
Ryo Tamura et al. demonstrated that exosomes derived 

from bone marrow mesenchymal stem cells (MSCs) 
can effectively suppress Con-A-induced liver injury in 
mice [38].Our research represents the first investigation 
demonstrating that UC-MSC-EVs effectively alleviate 
symptoms of Con A-induced hepatitis. Importantly, our 
findings indicate that this therapeutic effect is dependent 
on the gut microbiota. According to this novel discovery, 
the gut microbiota plays a crucial role in mediating the 
therapeutic efficacy of UC-MSC-EVs when treating hepa-
titis induced by ConA.

A critical finding of our research is the dependence of 
the therapeutic effects of MSC-EVs on the gut micro-
biota. When mice with Con A-induced hepatitis were 
treated with a cocktail of antibiotics to deplete the intes-
tinal flora, the beneficial effects of MSC-EVs were nota-
bly compromised. The results of the histological and 
biochemical analyses revealed that the antibiotic-treated 
group did not exhibit significant improvements in hepa-
tocyte necrosis, hemorrhage, or collagen deposition or 
reductions in the serum AST and ALT levels compared 
with those in the Con A + MSC-EV group. These find-
ings suggest that the presence of the gut microbiota 
is essential for the therapeutic efficacy of MSC-EVs 
in liver injury. In a study conducted by Bo Yi et al.., the 
therapeutic effects of MSC-EVs in a liver trauma model 
were investigated, revealing that MSC-exos promote tis-
sue repair in rats with liver trauma by modulating gut 
microbiota and serum metabolites [39].In a model of 
Con A-induced hepatitis, MSC-EVs have the potential to 
modulate the gut microbiota. Although this has not been 
previously reported, the gut microbiota is believed to 
play a role in the amelioration of concanavalin A-induced 
autoimmune hepatitis by koumine [40].

To investigate the function of the gut microbiome more 
deeply, 16  S rRNA gene sequencing was conducted on 
stool samples from the control group, the Con A + PBS 
group, and the Con A + MSC-EV group. The microbial 
composition of the groups differed significantly accord-
ing to the alpha and beta diversity analyses. Notably, 
MSC-EV treatment led to an increase in the relative 
abundance of the genus norank_f__Muribaculaceae. The 
norank_f__Muribaculaceae is a prominent genus found 
in warm-blooded animals, including humans, mice, 
and guinea pigs [41]. These anaerobic bacteria flour-
ish on host glycans, α-glucans, or plant glycans such as 
hemicellulose and pectin. They are involved in bacterial‒
host interactions that maintain homeostasis and inhibit 
pathogenic bacterial growth [42]. Furthermore, poly-
saccharides from Agaricus bisporus improve ulcerative 
colitis in mice by increasing the level of norank_f__Muri-
baculaceae [43]. Alcoholic liver injury is alleviated by 
cytodin-3-O-glucoside, which increases the abundance 
of norank_f__Muribaculaceae [44]. Furthermore, fecal 
microbiota transplantation (FMT) significantly improves 
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LPS/D-gal-induced liver metabolite disorders by increas-
ing the abundance of norank_f__Muribaculaceae [45]. 
In our study, norank_f__Muribaculaceae, identified as a 
beneficial bacterium, exhibited heightened responsive-
ness under ConA treatment. This responsiveness was 
further enhanced by the influence of MSC-EVs, thereby 
facilitating the repair of liver injury.

Metabolomic analysis via LC‒MS identified 2113 
metabolites in the Con A + MSC-EV group, with 59 
metabolites showing significant differences in abun-
dance compared with those in the Con A + PBS group. 
The notable metabolites included LysoPC(16:1(9Z)/0:0), 
eicosapentaenoic acid, and octopine, which are involved 
in metabolic pathways related to lipid metabolism and 
amino acid metabolism. KEGG pathway analysis revealed 
significant alterations in glycerophospholipid metabo-
lism and the biosynthesis of unsaturated fatty acids, sug-
gesting that MSC-EVs influence key metabolic pathways 
to exert their therapeutic effects. Pearson correlation 
analysis revealed significant associations between liver 
metabolites and the relative abundances of specific gut 
microbiota genera. For example, the genus norank_f__
Muribaculaceae was positively correlated with metab-
olites such as acetyl-DL-valine, PC (P-16:0/2:0), and 
2-amino-6-methoxypurine but negatively correlated with 
[3-[2-aminoethoxy(hydroxy)phosphoryl]oxy-2-hydroxy-
propyl] hexadecanoate. These correlations underscore 
the complex interplay between the gut microbiota and 
liver metabolites, suggesting that MSC-EVs may mediate 
their protective effects through the modulation of both 
microbial and metabolic pathways.

Acetyl-DL-valine has emerged as a significant metab-
olite with protective effects against Con A-induced 
hepatitis. Mice treated with Acetyl-DL-Valine showed 
substantial improvements in liver pathology and signifi-
cant reductions in serum AST and ALT levels, confirm-
ing its immediate and effective protective role. These 
findings highlight Acetyl-DL-Valine as a potential thera-
peutic agent for liver injury, warranting further inves-
tigation into its mechanisms of action and therapeutic 
applications. Although the specific effects of Acetyl-DL-
Valine on AIH have not been extensively studied, as an 
acetylated amino acid, it potentially exhibits biological 
activities akin to those of other acetylated amino acids. 
These compounds are involved in metabolic regulation, 
the antioxidant stress response, and anti-inflammatory 
reactions. For example, N-acetyl-L-cysteine (NAC) has 
been widely studied for its anti-inflammatory properties. 
It acts as a precursor to glutathione, a critical antioxidant 
that helps reduce oxidative stress and inflammation in 
various tissues. Studies have demonstrated that NAC can 
significantly reduce inflammation in conditions such as 
respiratory diseases, liver disorders, and sepsis [46]. Sim-
ilarly, N-acetylglutamine enhances immune function and 

reduces inflammation by increasing glutamine availabil-
ity, facilitating glutathione synthesis, which in turn helps 
maintain the cellular redox balance and alleviates inflam-
matory responses in immune cells and tissues under 
stress [47].

Numerous studies suggest that short-chain fatty acids 
(SCFAs), particularly butyrate, significantly influence 
inflammation modulation in the liver. For instance, 
research indicates that butyrate can diminish inflamma-
tion by inhibiting the activation of NFκB, a key player in 
inflammatory processes, while also facilitating the reso-
lution of inflammatory responses [48, 49].In addition, 
certain metabolites produced by gut microbiota, such 
as lactate and acetate, play a significant role in influenc-
ing liver metabolism and inflammation. Lactate, which is 
generated during glycolysis in inflammatory conditions, 
acts as a signaling molecule that can modulate immune 
responses and inflammation [48]. On the other hand, 
acetate has been linked to enhanced metabolic health 
and a decrease in fat accumulation in the liver [50]. In 
our study, the intestinal metabolite Acetyl-DL-valine may 
be absorbed into the bloodstream and then enter the liver 
to exert anti-inflammatory effects.

The Con A-induced hepatitis model presents several 
limitations worth noting. Firstly, this model, character-
ized by T-lymphocyte-mediated hepatic injury, does not 
trigger B cell activation during the experimental period 
[51]. Consequently, we postulate that the development of 
autoantibodies is unlikely, indicating potential discrep-
ancies in the underlying mechanisms of AIH. Secondly, 
while Con A induces transient inflammatory cell infil-
tration within the liver, the hepatic damage observed is 
subject to gradual repair over time [52]. Therefore, we 
euthanized the animals 12  h after model induction to 
analyze the blood and liver tissues. Lastly, it is critical to 
highlight that excessively high concentrations of Con A 
could lead to irreversible liver damage, resulting in rapid 
mortality among the mice [35]. Therefore, meticulous 
control of the Con A dosage is imperative for the success-
ful induction of liver injury.

Besides the limitations of the model, there are sev-
eral limitations to this study. In addition to the mecha-
nisms previously discussed, hUC-MSC-MSC-EVs also 
contain protein, mRNA, and ncRNA components that 
might contribute to their immunoregulatory actions. 
Furthermore, it is worthwhile to further investigate how 
the intestinal norank_f__Muribaculaceae influences 
the levels of Acetyl-DL-Valine in the liver. Additionally, 
further research is needed to explore how Acetyl-DL-
Valine affects CoA-induced hepatitis. Future research is 
essential to overcome these limitations and to determine 
whether MSC-EVs have an impact on patients with AIH, 
as well as to investigate whether there are alterations in 
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the gut microbiota of these patients following MSC-EVs 
treatment.

Conclusions
In summary, our study provides the first evidence that 
MSC-EVs offer significant protection against Con 
A-induced hepatitis, with their efficacy being critically 
dependent on the gut microbiota. MSC-EVs modulate 
the composition of the gut microbiota, particularly by 
increasing the abundance of norank_f__Muribacula-
ceae, and impact liver metabolic profiles, leading to sig-
nificant amelioration of liver injury. The identification of 
Acetyl-DL-Valine as a protective metabolite underscores 
the therapeutic potential of targeting gut‒liver axis inter-
actions in liver diseases. Future research should delve 
deeper into the mechanisms underlying these interac-
tions and explore the clinical potential of MSC-EVs and 
related metabolites in liver injury therapies.
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