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Abstract
Background  Acetaminophen (APAP) overdose is a significant cause of drug-induced liver injury (DILI). 
N-acetylcysteine (NAC) is the first-line agent used in the clinic. However, it rarely benefits patients with advanced 
APAP toxicity. Mesenchymal stromal cells (MSCs) have demonstrated potential in treating DILI. However, the specific 
mechanism by which MSCs protect against APAP-induced liver injury remains unclear.

Methods  APAP was injected intraperitoneally to induce a liver injury model. We then detected histopathology, 
biochemical indices, and inflammatory cytokine levels to assess the efficacy of MSCs and MSC extracellular vesicles 
(MSC-EVs). Flow cytometry was performed to reveal the immunoregulatory effects of MSCs and MSC-EVs on the 
neutrophils. RNA sequencing (RNA-Seq) of liver tissues was used to identify critical target genes for MSC treatment.

Results  MSC and MSC-EV treatment effectively alleviated APAP-induced liver injury and inhibited neutrophil 
infiltration. RNA-Seq analysis and ELISA data indicated that C-X-C motif chemokine 1 (CXCL1), a chemoattractant 
for neutrophils, was a key molecule in the MSC-mediated amelioration of APAP-induced liver damage. In addition, 
neutralization of CXCL1 reduced APAP-induced liver damage, which was accompanied by decreased neutrophil 
infiltration. Importantly, we verified that MSC-EV-derived miR-186-5p directly binds to the 3’-UTR of Cxcl1 to inhibit its 
expression in hepatocytes. The agomir miR-186-5p showed excellent potential for the treatment of DILI.
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Introduction
Acetaminophen (APAP) is a commonly used antipyretic 
and analgesic drug in clinical practice, and APAP over-
dose is the most common cause of drug-induced acute 
liver injury (DILI) worldwide [1]. Approximately 50% of 
patients in the United States have acute liver failure (ALF) 
related to APAP-induced ALF [2, 3], and APAP-induced 
ALF is also considered a major public health problem in 
developing countries. At present, the only drug used for 
the early treatment of APAP overdose is the antioxidant 
N-acetylcysteine (NAC), which promotes the synthesis of 
glutathione (GSH) in the body to deplete N-acetyl-p-ben-
zoquinone-imine (NAPQI), thereby reducing liver injury 
[4]. However, owing to the narrow treatment window, 
NAC is best used only within 8–10  h after APAP over-
dose, and a large proportion of patients miss the crucial 
window for NAC treatment. When patients progress to 

liver failure, the only effective treatment option is liver 
transplantation [5, 6]. Therefore, the exploration of more 
efficacious strategies to alleviate DILI has substantial 
clinical importance.

When APAP overdose occurs, the active metabolite 
NAPQI induces mitochondrial damage, causes hepato-
cyte necrosis, and activates the inflammatory response, 
which ultimately results in acute liver injury [7, 8]. In 
addition to APAP-induced hepatotoxicity, hepatocyte 
necrosis during DILI can further recruit neutrophils that 
activate the inflammatory response. Neutrophils are rap-
idly recruited to the injury site and mediate the intrahe-
patic inflammatory cascade [9]. Although, recent studies 
have shown that excessive neutrophil infiltration into the 
liver can cause severe inflammation and necrosis [10–
12]. But, the specific regulatory network between the 

Conclusions  Our findings suggest that MSCs and MSC-EVs are an effective approach to mitigate DILI. Targeting the 
miR-186-5p/CXCL1 axis is a promising approach to improve the efficacy of MSCs and MSC-EVs in the treatment of DILI.
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hepatocyte damage and the inflammatory cascade during 
DILI remains unknown.

Mesenchymal stromal cells (MSCs) are adult stem cells 
that can be isolated from multiple human tissues, includ-
ing bone marrow, gingiva, the umbilical cord (UC), and 
adipose tissue [13, 14]. They are the most frequently used 
cell type in stem cell therapy, offering a range of benefi-
cial properties that contribute to regeneration, repair, and 
immune modulation. The therapeutic potential of MSCs 
has been demonstrated in the treatment of immune dis-
orders [15, 16] and liver injury [17, 18]. Previous studies 
have reported that MSCs exert protective effects against 
APAP-induced liver damage via the secretion of multiple 
soluble paracrine factors, which inhibit inflammatory sig-
naling pathways [19–22]. In addition, recent studies have 
demonstrated that extracellular vesicles (EVs), nanocarri-
ers released by MSCs, play important roles in MSC ther-
apy [23–26]. However, the specific regulatory mechanism 
of MSCs in the treatment of DILI is not fully understood.

In this study, we performed RNA transcriptomic anal-
ysis of liver tissues from mice with APAP-induced liver 
injury that were treated with or without MSCs. We found 
that MSCs improved liver function and ameliorated liver 
injury, and these effects were accompanied by decreased 
neutrophil infiltration. The RNA transcriptomic pro-
files revealed that MSCs modulated the inflammatory 
response in APAP-induced liver injury, and the overlap 
of the differentially expressed genes (DEGs) between the 
groups revealed that Cxcl1, which is a chemoattractant 
for neutrophils, was the only target gene. Mechanistically, 
via a luciferase reporter assay, we confirmed that MSC-
EV-derived miR-186-5p bound to the 3’-UTR of Cxcl1to 
inhibit its expression in hepatocytes. Furthermore, neu-
tralizing CXCL1 reduced drug-induced liver damage 
in vivo, and the agomir miR-186-5p showed excellent 
potential for treating APAP-induced ALF. Collectively, 
these results provide further insights into the targeted 
cellular and molecular mechanisms by which MSCs exert 
immunosuppressive effects in the treatment of DILI.

Materials and methods
Animals
Male C57BL/6 mice (8–10 w) were purchased from 
GemPharmatech (Guangdong, China) and were housed 
in a specific pathogen-free (SPF) barrier environment at 
the Sun Yat-sen University Laboratory Animal Centre 
(Guangdong, China).

APAP-induced liver injury mouse model
We prepared an APAP-induced liver injury model fol-
lowing previously published protocols [27]. Briefly, liver 
injury was induced by intraperitoneal injection of APAP 
(Rhawn, Shanghai, China) at a dose of 400  mg/kg. For 
MSC or MSC-EV transplantation, 1 × 106MSCs or 200 µg 

of MSC-EVs were suspended in 200 µL of ice-cold phos-
phate-buffered saline (PBS) and administered via tail 
vein injection 4  h after APAP administration. The con-
trol group was injected with PBS alone via the tail vein. 
At 24 h after APAP injection, the mice were anesthetized 
with sodium pentobarbital (100  mg/kg) for blood and 
liver tissue collection.

MSC isolation and identification
Human umbilical cords (UCs) were collected and pro-
cessed after informed consent was provided by all the 
participants who were included in the study. Briefly, the 
UCs were dissected into 2 cm sections and the blood ves-
sels were removed. The remaining tissue was then cut 
into smaller pieces and digested with collagenase IV for 
1  h. The tissue was subsequently cultured in complete 
Dulbecco’s modified Eagle’s medium (DMEM), and the 
medium was changed every three days to remove nonad-
herent cells. MSCs exhibit fibroblast morphology and are 
characterized by a series of phenotypic markers and the 
ability to differentiate into trilineages. Passage 5 MSCs 
were used in all the experiments.

Flow cytometry
Flow cytometry was used to detect the phenotypic mark-
ers of MSCs, the proportion of neutrophils and the per-
centage of CD11b+F4/80+ cells in mouse livers and 
spleens. Mononuclear cells isolated from mouse liver 
and spleen tissues were stained with antibodies against 
CD11b, Ly6G and F4/80 from BioLegend (San Diego, 
USA). The fluorescence of the cells was subsequently 
detected via CytoFLEX (CytoFLEX LX, Beckman, USA). 
The antibodies and other reagents used are listed in Sup-
plementary Table 1.

MSC-EV isolation and characterization
EVs were isolated according to methods described in 
previous studies. Briefly, we collected the supernatant 
of the MSCs, removed the cell fragments, and centri-
fuged them at 8600 g for 30 min. Finally, the EV precipi-
tates were obtained by centrifuging at 23,700  rpm for 
2.5 h with an ultrahigh-speed centrifuge (Optimal-90 K, 
Beckman, USA). We then used transmission electron 
microscopy (TEM) to identify the EVs (Tecnai T12, FEI, 
Czech Republic). The number and size of the isolated 
MSC-EVs (20  µl, 1:750 dilution with double-distilled 
water (ddH2O)) were detected via nanoparticle tracking 
analysis (NTA) (NanoSight NS300, Malvern, UK). The 
levels of the exosome protein markers Alix (CST, Mas-
sachusetts, USA), TSG101 (Abcam, Cambridge, UK) and 
CD63 (Abcam, Cambridge, UK) present in MSC-EVs 
were assessed in two samples of MSC-EVs and the cor-
responding MSCs via western blotting.
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Measurements of aminotransferase (ALT) and aspartate 
transaminase (AST)
ALT and AST in the serum were measured via a Hitachi 
7020 automatic biochemical analyzer (Hitachi, Tokyo, 
Japan).

Hematoxylin and eosin (H&E) staining and 
immunohistochemistry (IHC)
Liver paraffin sections  (4  μm thick) were prepared for 
H&E and IHC staining. To block endogenous peroxi-
dases, the sections were incubated in 3% hydrogen per-
oxide for 10 minutes. After antigen retrieval and Dako 
protein blocking (Dako), primary antibody incubation 
was performed, which included an anti-C-X-C motif 
chemokine 1 (CXCL1) polyclonal antibody (Proteintech, 
Rosemount, IL, USA), an anti-myeloperoxidase (MPO) 
monoclonal antibody (Proteintech, Rosemount, IL, USA), 
and a rabbit anti-Ly6G pAb (Servicebio, Wuhan, China); 
subsequently, the corresponding secondary antibodies 
were used. Following the final application of Diamino-
benzidine (DAB) and hematoxylin staining, the samples 
were observed via an orthogonal fluorescence micro-
scope (Nikon, USA), and images were acquired.

TUNEL staining
The TMR TUNEL Cell Apoptosis Detection Kit was 
obtained from Servicebio (Wuhan, China). The paraffin 
sections were pretreated with a gradient of xylene and 
ethanol, as recommended by the manufacturer. After-
ward, these sections were incubated with a mixture of 
TdTase and fluorescein in the dark for one hour. The sec-
tions were subsequently immersed in Hoechst solution 
and incubated for eight minutes. Thereafter, the paraf-
fin sections were photographed under a laser confocal 
microscope (STELLARIS STED, Leica, China).

Cell line and cell culture
AML12 cells were cultured in DMEM/Ham’s F12 
medium supplemented with 10% fetal bovine serum 
(FBS), 1% insulin-transferrin-selenium (ITS), and 1% 
penicillin and streptomycin. The cells were subcultured 
regularly via 0.25% trypsin and passaged at a 1:5 ratio 
every 3 days.

Western blotting analysis
Protein was extracted from cells, liver tissues, or MSC-
EVs via RIPA buffer (Beyotime, Shanghai, China) supple-
mented with protease inhibitors (Roche, Indianapolis, IN, 
USA). Following the separation of protein lysates by 10% 
SDS‒PAGE and their transfer onto polyvinylidene fluo-
ride (PVDF) membranes, the membranes were blocked 
in TBST containing 5% BSA (MCE, New Jersey, USA) at 
room temperature for 1 h, followed by sequential incuba-
tion with appropriate primary and secondary antibodies. 

Western blotting results were obtained by scanning the 
protein bands via the Tanon 5200 Automated Chemi-
luminescent Image System (Tanon, Shanghai, China) 
with NcmECL Ultra chemiluminescence reagent (NCM, 
Suzhou, China). Supplementary Table 2shows the spe-
cific antibodies used for western blotting.

Enzyme-linked immunosorbent assay (ELISA)
First, the tissues were homogenized in 1 × PBS supple-
mented with protease inhibitors at a ratio of 1:9 (Roche, 
Indianapolis, IN, USA). ELISA were conducted follow-
ing the manufacturer’s protocol (CXCL1 ELISA kits 
from Elabscience, Wuhan, China). The absorption of the 
sample was recorded at 450  nm by a microplate reader 
(Thermo Scientific, Vantaa, Finland), and the concentra-
tions of target proteins in the tissue homogenates were 
determined on the basis of the standard curve.

Anti-CXCL1 injections
Both the mCXCL1/KC mAb and the rIgG2A control 
were obtained from R&D Systems (Minneapolis, MN, 
USA). One hour before and 4 h after the intraperitoneal 
injection of APAP, 50  µg of mCXCL1/KC mAb or the 
rIgG2A control was intraperitoneally injected.

Transfection of mimics
AML12 cells were cultured in a 12-well plate at a density 
of 5 × 104cells per well. The miR-186-5p mimic (30 nM) 
or the same concentration of negative control (mimic 
NC) was subsequently transfected into these cells. Ribo-
FECTTMCP reagent (RiboBio, Guangzhou, China) was 
simultaneously added to the medium to increase the 
transfection efficiency. The medium was changed 6  h 
later. In parallel, 5′FAM-labeled mimic-NC was trans-
fected into AML12 cells with riboFECTTMCP reagent 
to determine the optimal transfection concentration via 
immunofluorescence. Twenty-four hours after transfec-
tion, the miRNA mimic transfection efficiency in AML12 
cells was detected via RT‒qPCR. The miR-186-5p mimic 
and negative control were acquired from RiboBio.

In vivo miRNA agomir treatment
To confirm the function of the miRNAs in vivo, an 
miRNA agomir (RiboBio, Guangzhou, China) was 
selected. After 4  h of APAP treatment, agomir-186-5p 
or the agomir-negative control (20 nmol; RiboBio) was 
administered via tail vein injection. All the injections 
were administered as described in previous studies [28, 
29].

Dual-luciferase reporter assay
The pmirGLO luciferase vector was a kind gift from 
Professor Weicheng Liang. The Cxcl1 3’-UTR frag-
ment was inserted into the pmirGLO luciferase vector 
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(pmirGLO-Cxcl1-WT). We subsequently constructed 
a mutant Cxcl1 plasmid (pmirGLO-Cxcl1-MUT) with 
a Mut Express Fast Mutagenesis Kit (Vazyme, Nanjing, 
China). After the appropriate plasmid (30 ng/well) was 
transfected into 293T cells for 48  h, luciferase assays 
were conducted with a Dual Luciferase Reporter Assay 
Kit (Vazyme, Nanjing, China), and the signal intensities 
of firefly luciferase and Renilla luciferase were measured 
with a microplate reader (INFINITE 200 PRO, Tecan, 
Switzerland). The transcriptional activity was assessed by 
normalizing the firefly luciferase activity to that of Renilla 
luciferase.

Isolation of neutrophils and migration assay
Neutrophils were isolated from mouse bone marrow via 
a Percoll density gradient as previously described [30]. 
Briefly, mouse bone marrow cells were suspended by 
flushing the femur and tibia with 1 × PBS, followed by fil-
tration through a 100 μm mesh sieve. Neutrophils were 
isolated from mouse bone marrow via gradient centrifu-
gation (2500 g, 30 min) with 62% Percoll and 81% Percoll 
at 4  °C. The neutrophils were subsequently stained with 
antibodies against CD11b (BioLegend, San Diego, USA) 
and Ly6G (BioLegend, San Diego, USA) to determine the 
purity of the isolated neutrophils.

Neutrophils were labeled with 5 µM CFSE (Invitro-
gen, California, USA) at 37  °C for 15 min. A neutrophil 
migration assay was subsequently performed accord-
ing to previous methods [31]. A total of 1 × 105 neutro-
phils were placed in the upper chamber of a Transwell 
device (Corning, NY, USA), and 1 × 105 APAP-pretreated 
AML12 cells were seeded in the lower chamber. Follow-
ing a 2  h incubation period, the number of neutrophils 
that had migrated was determined.

RNA isolation and real-time RT‒qPCR
Total RNA was extracted from tissues or cells via a Fast 
Reverse Transcription Kit with gDNA remover (ESs-
cience, Shanghai, China). Reverse transcription was con-
ducted via an RNA Quick Purification Kit (ESscience, 
Shanghai, China). Reverse transcription of miRNA into 
cDNA was performed via the GoldenStartTM RT6 cDNA 
Synthesis Kit Ver.2 (Tsingke Biotech, Beijing, China). The 
internal control for miRNA was U6 RNA. 18 S or β-actin 
was used as the internal control for mRNA expression. 
Each sample was subjected to RT‒qPCR on a Light Cycler 
480 II (Roche, Indianapolis, IN, USA) with replicate wells 
using ChamQ SYBR RT‒qPCR Master Mix (Vazyme, 
Nanjing, China). All primer sequences that were used for 
RT‒qPCR are listed in Supplementary Table 3.

RNA sequencing and data processing
The samples were prepared, sequenced, and analyzed as 
previously reported [32]. Gene set enrichment analysis 

(GSEA) was performed with GSEA software ​(​​​h​t​​t​p​s​​:​/​/​w​​
w​w​​.​b​r​o​a​d​i​n​s​t​i​t​u​t​e​.​o​r​g​/​g​s​e​a​/​​​​​)​. DEGs were identified and 
analyzed with DESeq2 on the basis of the following cutoff 
criteria: p < 0.05 and |Fc|>1.5. The DEGs were subjected 
to GO and KEGG pathway analyses via the online Data-
base for Annotation Visualization and Integrated Discov-
ery (DAVID), with a statistical significance threshold of 
p < 0.05. The sequencing data generated in this study have 
been submitted to the Gene Expression Omnibus (GEO) 
database with the accession number GSE252192.

Clinical data and specimen collection
All clinical procedures were approved by the Ethics Com-
mittee of the Third Affiliated Hospital of Sun Yat-sen 
University (Approval number: RG2023-301-02). Liver 
specimens were obtained from four patients who under-
went transplantation with drug-induced liver failure. 
Healthy liver paraffin sections were obtained from the 
liver tissue surrounding the hemangioma in five hepatic 
hemangioma patients. All clinical samples were obtained 
at the Third Affiliated Hospital of Sun Yat-sen Univer-
sity with written informed consent from patients or their 
guardians. IHC analysis was used to determine CXCL1 
and MPO expression in liver tissue sections.

Statistical analysis
All the results are expressed as the means ± SD. Student’s 
t test and one-way ANOVA were used for statistical 
analyses between two groups or multigroup compari-
sons. Analysis and graphing were performed via Graph-
Pad Prism version 9.0 (GraphPad 9.0, San Diego, CA, 
USA). P < 0.05 was considered statistically significant. 
(ns: not significant; *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001)

Checklist statement
The work has been reported in line with the ARRIVE 
guidelines 2.0.

Results
MSCs alleviate APAP-induced acute liver injury
To study the impact of MSCs on DILI, we prepared an 
animal model of liver injury via the intraperitoneal injec-
tion of 400 mg/kg APAP. The surface markers and differ-
entiation capacities of the MSCs used in this study were 
assessed (Supplementary Fig. 1A‒C). We performed MSC 
infusion and sample collection, as shown in Fig. 1A. The 
APAP group presented significant liver necrotic damage 
and high levels of AST and ALT, whereas the MSC group 
presented minimal liver necrotic damage and reduced 
levels of AST and ALT (Fig.  1B-D). TUNEL staining of 
liver sections revealed extensive apoptosis in liver tis-
sues from the APAP group, whereas this effect was allevi-
ated by MSC therapy (Supplementary Fig. 2A-B). Innate 

https://www.broadinstitute.org/gsea/
https://www.broadinstitute.org/gsea/
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Fig. 1  MSCs attenuate APAP-induced acute liver injury. A) Schematic illustration of the experimental design. B) Representative images of HE-stained liver 
tissue from the indicated groups of mice. Scale bar = 100 μm. C) The percentage of the liver necrosis area (n = 5/group). D) Statistical graph of the serum 
AST and ALT levels in the indicated groups (n = 5/group). E) Representative dot plots of neutrophils (CD11b+Ly6G+) in mouse liver tissue detected by flow 
cytometry. F) Bar graph representing the statistical data in Fig. 1E (n = 3/group). G) Bar graph of neutrophils (CD11b+Ly6G+) in the mouse spleen detected 
by flow cytometry (n = 3/group). H) Bar graph of Kupffer cells (CD11b+F4/80+) in mouse livers detected by flow cytometry (n = 3/group). I) The mRNA 
expression levels of Il6 in the liver tissues of the indicated groups of mice were detected via RT‒qPCR (n = 6/group). J) The mRNA expression levels of Tnfa 
in the liver tissues of the indicated groups of mice were detected by RT‒qPCR (n = 8/group). K) Representative images of MPO immunohistochemical 
staining of liver tissue from the indicated groups of mice. Scale bar = 100 μm. L) Representative images of Ly6G immunohistochemical staining of liver 
tissue from the indicated groups of mice. Scale bar = 100 μm
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immune cells reportedly play major roles in liver injury 
[33]. The flow cytometry data revealed an increase in the 
percentage of neutrophils and Kupffer cells in both the 
liver and spleen after APAP treatment. In contrast, the 
administration of MSCs significantly attenuated neutro-
phil infiltration in both the liver and spleen but did not 
affect the percentage of Kupffer cells (Fig.  1E-H). Com-
pared with APAP alone, MSCs significantly attenuated 
Il6 and Tnfα mRNA expression in the liver (Fig.  1I and 
J). During immune responses, neutrophils release MPO 
to eliminate pathogens [34, 35]. Immunohistochemical 
staining revealed higher levels of Ly6G and MPO protein 
signals in the livers of APAP-treated mice than in those 
of control mice. The expression levels of MPO and Ly6G 
were decreased in the MSC group (Fig. 1K and L). These 
data demonstrate that MSCs can inhibit the infiltration of 
neutrophils into the liver and ameliorate APAP-induced 
liver injury.

Identification of Cxcl1 as a critical target gene of MSC 
treatment
Liver tissues from the control (CTRL) group, the 
APAP + PBS (APAP_PBS) group, and the APAP + MSC 
(APAP_MSC) group 24  h after APAP administration 
were subjected to RNA sequencing, with the aim of 
investigating potential target genes with altered expres-
sion following MSC treatment. A volcano plot was 
generated to visualize the DEGs between the CTRL 
and APAP_PBS groups and between the APAP_PBS 
and APAP_MSC groups (Fig.  2A). According to the 
KEGG pathway enrichment analysis, the DEGs were 
found to be associated primarily with the immune sys-
tem (Fig.  2B and C). A Venn diagram was generated to 
analyze the DEGs between the CTRL group and the 
APAP_PBS group, as well as between the APAP group 
and the APAP_MSC group. The analysis revealed 206 
DEGs between the CTRL and APAP_PBS groups that 
exhibited opposite expression trends compared with 
the DEGs between the APAP_PBS and APAP_MSC 
groups (Fig.  2D). The GSEA results revealed that neu-
trophil-related immune responses, including neutro-
phil migration, the TNF signaling pathway, leukocyte 
transendothelial migration, and the chemokine signal-
ing pathway, were enriched in the APAP_PBS group and 
repressed in the APAP_MSC group (Fig. 2E and F, Sup-
plementary Fig. 2C). The top 20 genes among the DEGs 
are presented in a heatmap (Fig. 2G). Among these genes, 
Cxcl1, which is a member of the CXC chemokine family, 
is closely related to immune system activation and serves 
as a chemoattractant for various immune cells, espe-
cially neutrophils. RT‒qPCR and ELISA data confirmed 
that Cxcl1 expression in mouse livers was increased after 
APAP administration but was significantly decreased 
after MSC treatment (Fig.  2H and I). Furthermore, we 

detected a strong correlation between the Cxcl1 mRNA 
level and the percentage of CD11b+Ly6G+ cells in the 
liver (Fig.  2J). Similarly, immunohistochemical staining 
revealed increased Cxcl1 protein signals in the APAP 
group, whereas the levels in the MSC-treated group 
were decreased (Fig. 2K). Finally, we detected increased 
expression of CXCL1 and MPO in liver tissues from DILI 
patients (Supplementary Fig. 2D and 2E), suggesting that 
CXCL1 is closely associated with DILI. Taken together, 
these results suggest that MSCs may inhibit neutrophil-
mediated immune responses by targeting CXCL1.

CXCL1 is involved in the exacerbation of liver injury during 
APAP-induced ALF
To further examine the impact of CXCL1 on APAP-
induced liver injury, we injected a CXCL1 neutralizing 
antibody into model mice 1 h before and 4 h after intra-
peritoneal APAP administration. In addition, a con-
trol group was established and received injections of an 
anti-IgG antibody. We collected peripheral blood and 
liver tissues for analysis 24 h after APAP administration 
(Fig.  3A). Compared with the IgG group, CXCL1 neu-
tralization reduced the extent and necrosis area of liver 
injury, as well as ALT and AST levels (Fig. 3B-D). TUNEL 
staining also revealed that CXCL1 neutralization reduced 
the number of apoptotic cells in liver tissues (Supplemen-
tary Fig. 3A and 3B). Flow cytometry data revealed that 
CXCL1 neutralization reduced the percentage of neutro-
phils in both the liver and spleen but did not affect the 
percentage of Kupffer cells (Fig.  3E-G and Supplemen-
tary Fig.  3C). The RT‒qPCR results revealed that neu-
tralization of CXCL1 decreased the levels of Cxcl1, Il6 
and Tnfα in liver tissue (Fig. 3H‒J). Immunohistochemi-
cal staining also revealed lower levels of the MPO, Ly6G 
and Cxcl1 proteins in the livers of the CXCL1 neutraliza-
tion group (Supplementary Fig. 3D and Fig. 3K-L). Over-
all, these results indicate that CXCL1 exacerbates liver 
injury and promotes neutrophil infiltration after APAP 
administration.

MSC-EVs reduce hepatic damage and neutrophil 
infiltration in vivo
A previous study reported that intravenously injected 
MSCs that lodge in the lungs promptly undergo apop-
tosis and are cleared within 24  h [36]. EVs have unique 
biological functions and therapeutic potential similar to 
those of MSCs, as well as being a means of long-distance 
cell-to-cell communication in the body [37]. We therefore 
explored the therapeutic effectiveness of MSC-EVs in the 
treatment of DILI. EVs were obtained from the superna-
tant of MSCs via ultracentrifugation and characterized 
via transmission electron microscopy (TEM), nanopar-
ticle tracking analysis (NTA) and western blotting (Sup-
plementary Fig.  4A‒C). The therapeutic transplantation 
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Fig. 2  Identification of Cxcl1 as a key target gene in MSC therapy. A) Volcano plot displaying the differentially expressed genes (DEGs) between the CTRL 
and APAP + PBS groups and between the APAP + PBS and APAP + MSC groups. B) Enriched pathways of organismal system classes for DEGs in the CTRL vs. 
APAP + PBS groups. C) Enriched pathways of organismal system classes for DEGs in the APAP + PBS vs. APAP + MSC groups. D) Venn diagram showing the 
intersection of DEGs between the CTRL and APAP + PBS groups and the APAP + PBS and APAP + MSC groups. E) Gene set enrichment analysis (GSEA) of 
neutrophil migration and F) the TNF signaling pathway. G) Heatmap displaying the top 20 genes with the highest expression levels among the DEGs at 
the intersection of the gene sets from Fig. 2D. H) The expression levels of Cxcl1 mRNA in the liver tissue of the indicated groups of mice were detected via 
RT‒qPCR (n = 4/group). I) The protein expression levels of Cxcl1 in liver tissue homogenates from the indicated groups of mice were detected via ELISA 
(n = 5/group). J) The correlation between hepatic Cxcl1 mRNA expression and CD11b+Ly6G+ cells in liver tissue (n = 16). K) Representative images of Cxcl1 
immunohistochemical staining of liver tissue from the indicated groups of mice. Scale bar = 100 μm
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Fig. 3  CXCL1 is a key factor involved in the aggravation of liver injury in APAP-induced ALF. A) Schematic illustration of the experimental design. B) Repre-
sentative images of HE-stained liver tissue from the indicated groups of mice. Scale bar = 100 μm. C) The percentage of the liver necrosis area (n = 5/group). 
D) Statistical graph of the serum AST and ALT levels in each group of mice (n = 6/group). E-F) Representative dot plots of neutrophils (CD11b+Ly6G+) in 
mouse liver tissue detected by flow cytometry and the corresponding statistical data. (n = 5/group). G) Bar graph of neutrophils (CD11b+Ly6G+) in the 
mouse spleen detected by flow cytometry (n = 3/group). H) The mRNA expression levels of Cxcl1 in the liver tissue of the indicated groups of mice were 
detected by RT‒qPCR (n = 6/group). I) The mRNA expression levels of Il6 in the liver tissue of the indicated groups of mice were detected by RT‒qPCR 
(n = 4/group). J) The mRNA expression levels of Tnfa in the liver tissue of the indicated groups of mice were detected by RT‒qPCR (n = 6/group). K) Repre-
sentative images of Ly6G immunohistochemical staining of liver tissue from the indicated groups of mice. Scale bar = 100 μm. L) Representative images 
of Cxcl1 immunohistochemical staining of liver tissue from the indicated groups of mice. Scale bar = 100 μm
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procedures are illustrated in Fig. 4A. As expected, the liv-
ers of the mice in the MSC-EV-treated group presented 
smaller necrotic areas (Fig.  4B-C) and lower levels of 
serum transaminases (Fig. 4D). Flow cytometry analysis 
also revealed reduced neutrophil infiltration into both 
the liver and spleen after MSC-EV treatment (Fig. 4E-G). 
RT‒qPCR analysis further confirmed the downregulation 
of Cxcl1, Il6, and Tnfα mRNA expression in mouse livers 
after EV treatment (Fig.  4H‒J). Similarly, immunohisto-
chemical staining revealed decreased protein expression 
of MPO, Ly6G and Cxcl1 in the livers of the mice after 
MSC-EV treatment (Supplementary Fig. 5A and Fig. 4K-
L). Overall, these findings indicate that MSC-EVs exert 
significant therapeutic effects on APAP-induced liver 
injury in mice.

EVs derived from MSCs inhibit hepatocyte CXCL1 
production in vitro
Next, to establish an in vitro model to examine EV target 
cells, we investigated the source of CXCL1 in the liver. 
During liver injury, hepatocytes and stromal cells in the 
liver have been shown in previous studies to produce 
CXCL1 [38]. We harvested primary hepatocytes (PHCs) 
and nonparenchymal cells (NPCs) from the livers of 
WT mice and APAP-treated mice. Cxcl1 mRNA expres-
sion was greater in PHCs than in NPCs from the livers 
of APAP-treated WT mice (Supplementary Fig. 5B). We 
then treated AML12 cells, a mouse hepatocyte cell line, 
with APAP and added MSC-EVs to evaluate the degree of 
hepatocyte injury (Fig. 5A). An apoptosis assay revealed 
that MSC-EVs significantly decreased the number of 
apoptotic AML12 cells (Fig. 5B and C). Compared with 
those in APAP-treated AML12 cells, the mRNA expres-
sion levels of Cxcl1 in APAP- and MSC-EV-treated 
AML12 cells were lower (Fig. 5D). In addition, we estab-
lished a coculture system with hepatocytes and CFSE-
labeled neutrophils (Fig. 5E). The number of neutrophils 
was confirmed to be > 90% pure by flow cytometric anal-
ysis (Supplementary Fig.  5C), and the Transwell results 
revealed that APAP treatment induced neutrophil migra-
tion, which was inhibited by MSC-EVs (Fig.  5F). These 
findings indicate that MSC-EVs protect hepatocytes from 
APAP-induced damage by regulating CXCL1 expression.

miR-186-5p directly targets CXCL1 expression in 
hepatocytes
MicroRNAs (miRNAs) can modulate the expression 
of target genes that encode proteins by binding to the 
3’-UTRs of their target genes [39]. EVs derived from 
MSCs contain abundant miRNAs, which are deliv-
ered to different tissues or cells to exert their biological 
effects [40]. We predicted potential miRNAs that could 
interact with Cxcl1 via bioinformatics websites (miRDB 
and ENCORI) and compared these results with existing 

MSC-EV miRNA sequencing data (GSE215041). The 
top hit was identified as miR-186-5p (Fig. 6A). Next, we 
identified putative binding sites for miR-186-5p within 
the 3’-UTRs of the human and mouse Cxcl1 mRNA 
sequences (Fig.  6B). To confirm these predictions, we 
constructed dual-luciferase reporter plasmids, namely, 
pmirGLO-Cxcl1-WT and pmirGLO-Cxcl1-MUT, and 
transfected them into 293T cells. After miR-186-5p 
stimulation, the luciferase activity of the WT sequence 
decreased, and this response was abolished by mutation 
of the 3’-UTR of Cxcl1 (Fig. 6C). To study the therapeutic 
effect of miR-186-5p on DILI in vitro, we synthesized a 
mimic of miR-186-5p. The synthetic mimic (mimic-miR-
186-5p) and control mimic (mimic-NC) were transfected 
into AML12 cells. To determine the optimal concentra-
tion of mimic, we transfected the different concentra-
tions with a 5’-FAM-labeled mimic NC and detected 
them by immunofluorescence (Supplementary Fig.  5D). 
The transfection efficiency of the miR-186-5p mimic was 
confirmed via RT‒qPCR (Supplementary Fig. 5E). Com-
pared with mimic-NC, the miR-186-5p mimic mark-
edly reduced apoptosis in AML12 cells and increased 
the number of viable (Annexin V-PI-) AML12 cells after 
APAP treatment (Fig. 6D and E). In the hepatocyte and 
CFSE-labeled neutrophil coculture system (Fig.  6F), the 
Transwell assay results revealed that APAP treatment 
induced neutrophil migration in the mimic-NC group, 
but this migration was inhibited by the mimic-miR-
186-5p (Fig. 6G). These results indicate that miR-186-5p 
inhibits the expression of CXCL1, thereby reducing the 
apoptosis of AML12 cells.

miR-186-5p alleviates APAP-induced liver injury
Encouraged by the hepatoprotective effect of miR-
186-5p in vitro, we examined the therapeutic efficacy 
of miR-186-5p in an APAP-induced ALF model. The 
therapeutic transplantation procedures are illustrated 
in Fig. 7A. Compared with those in the negative control 
(agomir-NC) group, the apoptotic areas of the livers and 
the serum levels of transaminases in the agomir-186-5p 
group were lower (Fig.  7B-D). Flow cytometry analysis 
revealed that injection of agomir-186-5p significantly 
reduced neutrophil infiltration into liver and spleen tis-
sues (Fig. 7E-G). Compared with those in the agomir-NC 
group, Cxcl1, Il6, and Tnfα mRNA expression levels were 
significantly lower in the agomir-186-5p group (Fig. 7H-
J). Immunohistochemical staining revealed abundant 
MPO, Ly6G and Cxcl1 protein signals in liver sections 
from the agomir-NC group, whereas injection of agomir-
186-5p significantly reduced the MPO, Ly6G and Cxcl1 
protein signals (Supplementary Fig.  6A and Fig.  7K-L). 
Taken together, these findings indicate that MSC-EVs 
predominantly alleviate liver injury by delivering miR-
186-5p and reducing neutrophil infiltration.
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Fig. 4  MSC-EVs alleviate liver injury and neutrophil infiltration in vivo. A) Schematic illustration of the experimental design. B) Representative images 
of HE-stained liver tissue from the indicated groups of mice. Scale bar = 100 μm. C) The percentage of the liver necrosis area (n = 5/group). D) Statistical 
graph of the serum AST and ALT levels in the indicated groups (n = 6/group). E-F) Representative dot plots of neutrophils (CD11b+Ly6G+) in mouse liver 
tissue detected by flow cytometry and the corresponding statistical data (n = 5/group). G) Bar graph of neutrophils (CD11b+Ly6G+) in the mouse spleen 
detected by flow cytometry (n = 3/group). H) The mRNA expression levels of Cxcl1 in the liver tissue of the indicated groups were detected by RT‒qPCR 
(n = 3/group). I) The mRNA expression levels of Il6 in the liver tissue of the indicated groups of mice were detected by RT‒qPCR (n = 6/group). J) The mRNA 
expression levels of Tnfa in the liver tissue of the indicated groups of mice were detected by RT‒qPCR (n = 6/group). K) Representative images of Ly6G 
immunohistochemical staining of liver tissue from the indicated groups (scale bar = 100 μm). L) Representative images of Cxcl1 immunohistochemical 
staining of liver tissue from the indicated groups of mice (scale bar = 100 μm)
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Fig. 5  MSC-EVs reduce hepatocyte apoptosis and neutrophil infiltration in vitro. A) Schematic illustration of the experimental design. B) Representative 
dot plots of Annexin V and PI staining of the indicated groups detected by flow cytometry. C) Bar graph showing the statistical data of the Annexin V+ cells 
in Fig. 4B (n = 4/group). D) The mRNA expression levels of Cxcl1 in the liver tissue of the indicated groups of mice were detected by RT‒qPCR (n = 3/group). 
E) Schematic diagram of the neutrophil Transwell migration test for the APAP-induced AML12 cell injury model. F) Bar graph displaying the chemotactic 
number of CFSE-labeled neutrophils (n = 5/group)
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Discussion
The objective of this study was to investigate the mech-
anism by which MSCs prevent the neutrophilic inflam-
matory response and protect against APAP-induced liver 
injury. To this end, we performed RNA transcriptomic 
analysis of liver tissues from mice with APAP-induced 

ALF that had been treated with or without MSCs. We 
found that MSC-derived miR-186-5p ameliorates acute 
liver injury by reducing CXCL1 production in hepato-
cytes, resulting in decreased neutrophil infiltration into 
the liver (Graphical abstract).

Fig. 6  miR-186-5p plays a key role in MSC-EV therapy for APAP-induced liver injury. A) Venn diagram showing the intersection between potential miRNAs 
predicted by bioinformatics websites to bind with Cxcl1 and the existing sequencing data. B) The potential binding site sequence of miR-186-5p and 
CXCL1. C) Bar graph representing the fluorescence intensity of HEK293T cells transfected with luciferase reporter plasmids determined via the Dual-Lucif-
erase Reporter Assay System (n = 4/group). D) Representative dot plots of Annexin V and PI staining of the indicated groups detected by flow cytometry. 
E) Bar graph showing the statistical data of the number of Annexin V+ cells (left, n = 9/group) and the number of Annexin V−PI− cells (right, n = 9/group). 
F) Schematic diagram of the neutrophil Transwell migration test of miR-186-5p mimic transplantation for the treatment of the APAP-induced AML12 cell 
injury model. G) Bar graph displaying the chemotactic number of CFSE-labeled neutrophils (n = 3/group)
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Fig. 7  Administration of the miR-186-5p agomir contributes to the amelioration of APAP-induced liver injury. A) Schematic illustration of the experi-
mental design. B) Representative images of HE-stained liver tissue from the indicated groups of mice. Scale bar = 100 μm. C) The percentage of the liver 
necrosis area (n = 5/group). D) Statistical graph of the serum AST and ALT levels in the indicated groups of mice (n = 6/group). E) Representative dot plots 
of neutrophils (CD11b+Ly6G+) in mouse liver tissue detected by flow cytometry. F) Bar graph representing the statistical data in Fig. 7D (n = 3/group). G) 
Bar graph of neutrophils (CD11b+Ly6G+) in the mouse spleen detected by flow cytometry (n = 3/group). H) The mRNA expression levels of Cxcl1 in the 
liver tissue of the indicated groups of mice were detected by RT‒qPCR (n = 4/group). I) The mRNA expression levels of Il6 in the liver tissue of the indicated 
groups of mice were detected by RT‒qPCR (n = 6/group). J) The mRNA expression levels of Tnfa in the liver tissue of the indicated groups of mice were 
detected by RT‒qPCR (n = 6/group). K) Representative images of Ly6G immunohistochemical staining of liver tissue from the indicated groups of mice. 
Scale bar = 100 μm. L) Representative images of Cxcl1 immunohistochemical staining of liver tissue from the indicated groups of mice. Scale bar = 100 μm
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Neutrophils constitute the first line of defense in the 
innate immune response. It has also been suggested that, 
after APAP overdose, neutrophils cause liver impairment 
[41–43]. CXCL1 belongs to the subfamily of CXC che-
mokines [44], mediates neutrophil recruitment by bind-
ing to CXC chemokine receptor 2 (CXCR2) and plays an 
important role in neutrophil activation, recruitment, and 
infiltration [45]. In our studies, we verified that elevated 
CXCL1 expression was positively correlated with neu-
trophil infiltration in liver samples from both animals 
and patients with drug-induced ALF. CXCL1 could serve 
as a prognostic factor for patients who have developed 
ALI due to APAP, and it has been reported to be a prog-
nostic factor for patients with hepatitis B virus-related 
acute‒chronic liver failure [46]. A previous study dem-
onstrated that CXCL1 contributes to the exacerbation of 
APAP-induced acute liver injury and recruits neutrophils 
to necrotic areas in the liver [38]. However, the source 
that produces CXCL1 during APAP-induced liver injury 
remains poorly understood. Through the isolation of pri-
mary hepatocytes and nonparenchymal cells, we found 
that CXCL1 was expressed predominantly by hepato-
cytes during APAP-induced liver injury. In another study, 
the expression of CXCL1 also increased in hepatocytes 
during Con A-induced acute liver injury [47]. This evi-
dence may indicate that hepatocytes are the main source 
of CXCL1 during acute liver injury. Importantly, neutral-
ization of CXCL1 ameliorated APAP-induced liver injury 
and decreased neutrophil infiltration. Our analyses high-
lights the role of CXCL1 in the chemotaxis of neutrophils 
during DILI, which may further contribute to the devel-
opment of ALI.

Consistent with previous findings that MSCs possess 
anti- inflammatory and antioxidant functions to repair 
liver damage [21, 48–52], we found that MSC treat-
ment alleviated DILI accompanied by decreased neu-
trophil infiltration. An analysis of the RNA-seq data 
revealed that Cxcl1 was markedly downregulated in the 
APAP + MSC group. The subsequent data revealed that 
increased CXCL1 expression and neutrophil infiltra-
tion were suppressed by MSC or MSC-EV treatment, 
which in turn reduced the subsequent activation of the 
immune cascade and the progression of hepatocyte 
apoptosis. Several miRNAs are associated with a reduc-
tion in CXCL1 expression through binding to its 3’-UTR 
[53–56]. To determine the possible role of miRNAs in 
MSC-EVs, we used an miRNA database (miRDB), which 
predicted a potential binding site of miR-186-5p in the 
3’-UTR of mouse and human CXCL1 mRNAs. We fur-
ther validated these findings with a luciferase reporter 
system. We observed that MSC-EVs or the miR-186-5p 
mimic protected AML12 cells against APAP-induced 
apoptosis, which is consistent with previous reports that 
MSC-EVs and miR-186-5p exert antioxidative stress and 

protective effects on cells [57–60]. These findings indi-
cate that the regulation of CXCL1 expression in hepato-
cytes is essential for the ability of MSCs to mitigate DILI. 
However, whether other effects of MSCs, such as cell‒cell 
contact or the secretion of soluble factors, play a role in 
regulating CXCL1 remains unknown and is an area for 
further research.

EVs contain a range of mRNAs and microRNAs that 
can be transferred to target cells in an endocrine or para-
crine manner [61, 62]. MSC-EVs have the same thera-
peutic effect on liver injury [52, 63, 64] and have even 
better application prospects than cells because they have 
an extended circulation half-life and biocompatibility 
[65–67]. Our present study revealed that both MSCs and 
MSC-EVs have therapeutic effects on APAP-induced 
liver injury, but whether the effects of EVs are better than 
those of MSCs has not been determined, and the mecha-
nism still needs further exploration.

Conclusion
In brief, the present study is the first to demonstrate that 
MSC-derived EVs deliver miR-186-5p to hepatocytes, 
downregulating CXCL1 expression and inhibiting neu-
trophil infiltration, thereby alleviating APAP-induced 
ALF. Our research elucidates the targeted cellular and 
molecular mechanisms by which MSC products exert 
immunosuppressive effects in the treatment of drug-
induced liver failure.
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