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A B S T R A C T   

Background: Previous studies have shown that pyroptosis in hepatocyte is essential for the 
development of MAFLD. Growing evidence has shown that exosomal miRNAs-mediated 
communication between inflammatory cells and hepatocyte is an important link in MAFLD. In 
the present study, we aim to elucidate whether macrophage-derived exosomal miRNAs contribute 
to the hepatocyte pyroptosis in the pathophysiological process of MAFLD. 
Methods: The effects of hepatocyte pyroptosis were investigated in an HFD-induced MAFLD mouse 
model and in the liver tissues from patients with MAFLD using immunohistochemistry, real-time 
PCR, Western blotting, and luciferase reporter assay, among other techniques. MiR-155 inhibitor 
tail injections and AAV-FoxO3a-GFP were also administered to respectively inhibit or overexpress 
its expression in an HFD-induced MAFLD mouse model. 
Results: Hepatocyte pyroptosis was heightened in the liver tissue of patients with MAFLD or HFD- 
induced MAFLD mouse. Importantly, treatment with a caspase-1 inhibitor or overexpression of 
FoxO3a reversed this trend. Our study also demonstrated that miR-155 expression and the 
number of infiltrated macrophages were increased, and knockdown of miR-155 attenuated 
hepotocyte pyroptosis and liver fibrosis in HFD-induced mouse. In addition, we demonstrated 
that macrophage-derived exosomal miR-155 was transferred to hepatocytes, leading to hepato-
cyte pyroptosis in MAFLD mouse. Furthermore, blockade of exosome secretion improved hepo-
tocyte pyroptosis and liver fibrosis in HFD-induced mouse. On the contrary, macrophage-derived 
exosomal miR-155 worsened hepotocyte pyroptosis. Moreover, we found that miR-155 promoted 
hepatocyte pyroptosis in MAFLD by down-regulating FoxO3a. 
Conclusions: Taken together, our results demonstrated that macrophage-derived exosomal miR- 
155 promotes hepatocyte pyroptosis and liver fibrosis in MAFLD.   

1. Introduction 

Metabolic associated fatty liver disease (MAFLD), formerly known as nonalcoholic fatty liver disease (NAFLD), affects up to 25 % of 
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the global population, posing serious threats to human health and imposing substantial economic burdens on society [1,2]. In China, 
the incidence of MAFLD is rising rapidly, with a trend towards younger ages, and currently, the prevalence stands at approximately 15 
% [3]. 

Pyroptosis is a form of programmed cell death that plays an important role in the onset and progression of liver diseases [4,5]. The 
classic pyroptosis pathway is mainly characterized by caspase 1 activation and cleavage of GSDMD to generate cleaved GSDMD 
(pyroptosis marker), which can perforate and kill the cell membrane, accompanied by the release of inflammatory factors such as IL-1β 
and IL-18 [6]. In recent years, numerous studies have shown that hepatocyte pyroptosis is an important link in the pathophysiological 
mechanism of MAFLD [7–9]. However, the mechanism of hepatocyte pyroptosis in MAFLD remains unclear at present and warrants 
further investigation. 

FoxO (Forkhead transcription factor, O subfamily) factor is a subgroup of the Forkhead protein family, comprising FoxO1, FoxO3a, 
FoxO4, and FoxO6. As a type of transcription factor, FoxO protein binds to specific targets in the nucleus, initiating downstream gene 
transcription [10]. Down-regulated FoxO3a induces cardiomyocyte pyroptosis by activating the ASC/IL-1β signaling pathway in both 
diabetic and uremic cardiomyopathy [11,12]. In alcoholic liver disease, the down-regulation of FoxO1, a transcription factor of 
miR-148a, results in increased expression of TXNIP, a target gene of miR-148a. This ultimately leads to hepatocyte pyroptosis [13]. 
However, whether FoxO1, FoxO3a, or both are involved in hepatocyte pyroptosis in MAFLD remains largely unknown. 

Exosomes are goblet shaped microvesicles secreted by cells with a diameter of about 30–130 nm, which carry miRNAs, long non- 
coding RNAs(lncRNAs), mRNAs and other substances that can mediate communication between different cells and tissues [14]. 
Growing evidence has demonstrated that exosome-mediated cellular crosstalk between hepatocyte and inflammatory cells contributed 
to the development of liver-related diseases including MAFLD, liver cancer, and liver fibrosis [15–17]. 

At the current study, we investigated the role of macrophage-derived exosomal miR-155 on the regulation of FoxO signaling and 
hepatocyte pyroptosis in the pathophysiological process of MAFLD. 

2. Methods 

2.1. Human liver samples 

A total of 10 pathological liver samples from individuals with MAFLD were collected. Additionally, six normal liver tissue samples 
from patients with hepatic hemangioma without underlying hepatic diseases were obtained and used as negative controls. All patients 
were informed about the use of their specimens and signed an informed consent agreement. This study was reviewed and approved by 
the ethics committee of Jiangsu Province Official Hospital with the approval number: 2022-037, dated 2022 12 28. The study adhered 
to the principles outlined in the Declaration of Helsinki. 

2.2. MAFLD mouse model and treatments 

C57BL/6 wild-type male mice (22–25 g) were purchased from The Jackson Laboratory (Bar Harbor, ME,USA). The MAFLD mouse 
model was obtained through a high-fat diet (HFD) (protein, 18.1 %; fat, 61.6 %; and carbohydrates, 20.3 %; Jinpan biotechnology, 
Shanghai, China) for 10 weeks. Control group mice were fed a normal chow (NC) diet (protein, 18.3 %; fat, 10.2 %; and carbohydrates, 
71.5 %; Tuopu biotechnology, Shenzhen, China). Ac-YVAD-cmk in DMSO (5 % v/v) was injected intraperitoneally to inhibit caspase-1 
activity in MAFLD mice (once a week for 4 weeks before terminal). MAFLD mice were injected with a type 9 recombinant AAV- 
FoxO3a-GFP (1 × 1011 virion particles in 100 mL of saline solution) through the tail vein. MiR-155 inhibitor (Genechem Biotech 
Inc) combining with In vivo-jetPEITM (Polyplus-transfection, New York, USA) were used to deliver miR-155 inhibitor into the liver via 
tail injection in MAFLD mice (twice at two-day intervals for the last 4 weeks before terminal). All animal experiments were approved 
by the Institutional Animal Care and Use Committee of Nanjing Medical University(IACUC-2101016). 

2.3. Morphologic analysis and immunohistochemistry 

3 μm sections of the formalin-fixed, paraffin-embedded liver were prepared for Masson’s trichrome staining and immunohisto-
chemical stains. The primary antibodies against caspase-1 (1:200), FoxO1 (1:200), FoxO3a (1:200), IL-1β (1:200), IL-18 (1:200), and 
GSDMD (1:200) in PBS containing 3 % bovine serum albumin. Horseradish-peroxidase coupled secondary antibodies (Vectastain elite, 
Vector Labs) were used for staining. All immunohistochemical analyses were repeated at least three times and representative images 
were presented. 

2.4. Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining 

TUNEL staining was performed using an in situ apoptosis detection kit (Takara Bio Inc., Tokyo, Japan) to detect cell death. 

2.5. Isolation of hepatocyte, HSC, and macrophage in mouse liver tissues 

Primary liver cells were isolated from 8-week-old male C57BL/6J wild-type mice. The liver was perfused with digestion solutions 
containing pronase and collagenase IV. Hepatocytes were isolated and cultured as previously described [18,19]. The liver was 
collected and transferred into a 10 cm dish containing cold HBSS-CaCl2 buffer after the perfusion was completed.Cut the liver until all 
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the large clumps are removed, and then the cells were filtered through a 70 μm cell strainer using cold HBSS-CaCl2 buffer. Centrifuge at 
a speed of 50 g at 4 ◦C for 3 min. Discard the supernatant and collect the sediment. HSCs were separated from non-parenchymal cells 
(NPCs) using a reported method [20,21]. Generally, the supernatants of NPCs were centrifuged at 450 g at 4 ◦C for 10 min. Then, the 
cell sediment was collected and centrifuged on a Nycodenz cushion at 1400×g for 15 min. The supernatant was collected, and sub-
sequent centrifugation generated the HSCs. Kuffer cells were isolated by perfusion in situ [22,23]. The liver was dispersed gently, and 
the cell suspension was centrifuged at 50 g for 5 min. The supernatants were collected and then centrifuged again at 50 g for 5 min. The 
cell sediment was collected and resuspended using 25 % Percoll, and then added into 50 % Percoll and centrifuged at 800 g for 20 min. 
The Kuffer cells were collected from the interface between the 25 % Percoll and 50 % Percoll layers. 

2.6. Exosome purification from liver tissues 

Briefly, the liver tissue was cut into uniform pieces of 1 m3, homogenized and filtered. Then, the supernatant was centrifuged at 
2000×g for 15 min, 16,000×g for 30 min, and 160,000×g for 180 min. The exosome pellets were re-suspended in PBS and stored at 
− 80 ◦C. 

2.7. Exosome transfusion experiment 

As described previously, RAW264.7 cells were cultured in FBS-free DMEM for 48 h, and then the conditioned medium was 
collected. The extracellular vesicles were purified through several centrifugation and filtration steps. Saline or exosomes derived from 
RAW264.7 (100 mg) were injected intraperitoneally into MAFLD mice twice per week for a total of 4 weeks before the mice were 
sacrificed. 

Fig. 1. Hepatocytes pyroptosis contributes to the development of MAFLD. (A) Representative Masson staining and immunohistochemical staining of 
Caspase 1, IL-1β, IL-18, and GSDMD, as well as TUNEL assay in the liver tissues from MAFLD patients or normal control. (B)Western blot analysis 
revealed the expression of the level of Caspase 1, IL-1β, IL-18, and Cleaved GSDMD in the liver tissues from various groups as indicated. (C) 
Graphical presentation shows the relative abundance levels of Caspase 1, IL-1β, IL-18, and Cleaved GSDMD after normalization with GAPDH in 
Fig. 1B. (D) The TUNEL assay in liver sections from various groups as indicated. (E) Quantification of TUNEL-positive hepatocytes in Fig. 1D. (F) 
Representative Masson staining in liver sections from various groups as indicated. (G) Semi-quantification of the Trichrome-positive area in Fig. 1F. 
#P < 0.05 versus control, *P < 0.05 versus HFD group. 

W. He et al.                                                                                                                                                                                                             



Heliyon 10 (2024) e35197

4

2.8. Western blot analysis 

Cells harvested from liver tissues and plates were lysed in RIPA buffer. The membranes were blocked with 5 % bovine serum 
albumin and subsequently incubated with primary antibodies, including caspase-1 (1:1000, Abcam, Cambridge, MA), IL-1β (1:1000, 
Abcam, Cambridge, MA), IL-18 (1:1000, Santa Cruz Biotechnology, TX), FoxO1 (1:1000, Cell Signaling Technology, MA), FoxO3a 
(1:1000, Cell Signaling Technology, MA); GSDMD (1:1000, Abcam, Cambridge, MA), and GAPDH (1:5000, CMCTAG, WI). Then, the 
membranes were washed three times with TBS-T for 30 min and incubated with secondary antibody. The bands were detected and 
analyzed using the ChemiDoc XRS System. 

2.9. Real-time PCR 

RNA enriched in small RNAs was extracted from the exosomes and liver tissues for miRNA profile analysis using a mirVana miRNA 
isolation kit (Ambion, Austin, TX, USA). The expression of pri-miRNA and miRNA was measured as previously described [24]. 

Fig. 2. FoxO3a down-regulation led to hepatocytes pyroptosis and liver fibrosis in MAFLD. (A) Representative immunohistochemical staining of 
FoxO1 and FoxO3a in the liver tissues from MAFLD patients or normal control. (B) Western blot analysis revealed the expression of the level of 
FoxO1 and FoxO3a in the liver tissues of mouse from various groups as indicated. (C) Green fluorescence indicates AAV9-FoxO3a-GFP infected liver 
tissues. (D)Western blot analysis revealed the expression of the level of Caspase 1, IL-1β, IL-18, Cleaved GSDMD, and FoxO3a in the liver tissues from 
various groups as indicated. (E) Graphical presentation shows the relative abundance levels of Caspase 1, IL-1β, IL-18, Cleaved GSDMD, and FoxO3a 
after normalization with GAPDH in Fig. 1D. (F) The TUNEL assay in liver sections from various groups as indicated. (G) Quantification of TUNEL- 
positive hepatocytes in Fig. 1F. (H) Representative Masson staining in liver sections from various groups as indicated. (I) Semi-quantification of the 
Trichrome-positive area in Fig. 1H. #P < 0.05 versus control, *P < 0.05 versus HFD group. 
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2.10. Luciferase reporter assay and transfection 

The FoxO3a 3′UTR containing the putative or mutated miR-155–5p binding sites was cloned into a luciferase reporter plasmid 
(pMIR-REPORT Luciferase), which was purchased from Applied Biosystems (Waltham, MA, USA). The constructs were co-transfected 
with miR-155 mimic or miR-155 inhibitor into 293T cells for 48 h. The enzymatic activities of firefly and Renilla luciferases were 
sequentially measured using a dual luciferase assay and a luminometer (Turner Designs, Sunnyvale, CA, USA). 

2.11. Statistical analyses 

All data were presented as the mean ± standard error of mean (SEM). Student’s t-test was performed to compare data between the 
two groups. For comparisons between multiple groups, one-way analysis of variance (ANOVA) followed by Dunnett’s multiple 
comparison test was applied. Statistical analyses were carried out with Prism 7.0 (GraphPad Software, San Diego, California). 

3. Results  

1. Hepatocyte pyroptosis is induced in MAFLD 

To firstly identify pyroptosis in hepatocyte is involved in MAFLD, we examined pyroptosis markers in liver tissues from MAFLD 
patients. As shown in Fig. 1A, the expression of cleaved GSDMD, caspase 1, IL-18 and IL-1β as well as the TUNEL-labeled hepatocyte 

Fig. 3. MiR-155 regulates hepotocyte pyroptosis and liver fibrosis via targeting FoxO3a 3′-UTR in MAFLD. (A) Sequencing analysis of miRNA from 
GEO database (GSE65978) showed the top 20 significantly upregulated miRNAs in HFD group compared with the control group. (B) Among the top 
20 miRNAs significantly upregulated, TargetScan, Pita, and miRanda jointly predicted the targeted regulation of FoxO3a gene by miR-155. (C) qRT- 
PCR results for miR-155 in the liver tissues of mouse from various groups as indicated. (D) Schematic of human FoxO3a 3′UTRs. Locations of the 
predicted miR-155a-binding sites are indicated. (E) Relative luciferase activity in 293T cells transfected with reporter constructs containing the 
3′UTRs of target genes and cotransfected with miR-155 mimics or negative control (NC) or sh-miR-155 (miR-155 inhibitor). Mut, mutant. #p < 0.05 
vs. mimic control. (F) Western blot analysis revealed the expression of the level of Caspase 1, IL-1β, IL-18, Cleaved GSDMD, and FoxO3a in the liver 
tissues from various groups as indicated. (G) Graphical presentation shows the relative abundance levels of Caspase 1, IL-1β, IL-18, Cleaved GSDMD, 
and FoxO3a after normalization with GAPDH in Fig. 1F. #P < 0.05 versus control, *P < 0.05 HFD group. (H) The TUNEL assay in liver sections from 
various groups as indicated. (I) Quantification of TUNEL-positive hepatocytes in Fig. 1H. (J) Representative Masson staining in liver sections from 
various groups as indicated. (K) Semi-quantification of the Trichrome-positive area in Fig. 1J. #P < 0.05 versus control, *P < 0.05 versus 
HFD group. 
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death were significantly increased in liver tissue of MAFLD compared with the healthy controls. Similar to the human samples, 
pyroptosis was also induced in liver tissue of HFD-induced MAFLD mouse model (Fig. 1B and E). More importantly, caspase-1 inhibitor 
treatment ameriorated hepatocyte pyroptosis and liver fibrosis in HFD-induced animal mouse model (Fig. 1B through 1G). Collec-
tively, the above results suggested that pyroptosis is involved in the development of MAFLD.  

2. FoxO3a, but not FoxO1, negatively regulated hepatocyte pyroptosis in HFD-induced mice. 

Since FoxO family proteins mainly play a negative role in regulating cell pyroptosis in liver as well as other organs [13,25–27], and 
FoxO1 and FoxO3a are the main two isforms in the liver. We speculated that downregulation of FoxO1 and/or FoxO3a may be involved 
in hepatocyte pyroptosis in MAFLD. Interestingly, the expression of FoxO3a protein was indeed decreased, whereas FoxO1 protein was 
increased in MAFLD patients compared with the control group (Fig. 2A). Similarly, FoxO3a and FoxO1 showed the same tendency in 
HFD-induced mouse compared with the control mouse (Fig. 2B). Therefore, we overexpressed FoxO3a in the liver of MAFLD mice 
using AAV-FoxO3a-GFP (Fig. 2C). As expected, hepatocyte pyroptosis was significantly attenuated after AAV-FoxO3a-GFP treatment, 
as indicated by the downregulation of GSDMD-N, IL-18, and IL-1β, as well as TUNEL-labeled hepatocyte death (Fig. 2D through 2G). In 
addition, AAV-FoxO3a treatment improved liver fibrosis in the HFD-induced MAFLD mouse model (Fig. 2H and I). Of note, minimal 
changes in FoxO3a mRNA level were found in the liver tissue of MAFLD mice relative to control group (Supplemental Fig. 1).  

3. Inhibiting miR-155 expression attenuated hepatocyte pyroptosis hepatocyte pyroptosis and fibrosis by targeting FoxO3a 3′-UTR 

Because MicroRNAs (miRs) have also been shown to cause cellular pyroptosis through FoxO regulation in the liver and other organs 
[12,13], we mainly focus the role of miRs in regulating hepatocyte FoxO3a expression and pyroptosis under MAFLD condition. Data 
from GEO database indicated that 5 miRNAs (miR-155, miR-223, miR-128, miR-212, miR-678) were predicted to target FoxO3a gene 

Fig. 4. Macrophage derived exosomal miR-155 was transferred into hepatocytes in HFD-induced MAFLD mouse. (A). qRT-PCR analysis of miR-155 
and (B) pri-miR-155 relative folds to U6 expression in hepatocyte (HC), Hepatic stellate cells (HSC), and macrophages (Mɸ) isolated from the control 
and MAFLD mouse is shown. (C) Representative immunohistochemical staining of F4/80 in control and MAFLD liver tissues. (D) qRT-PCR analysis 
of miR-155 relative folds to U6 expression in the exosomes harvested from the control and MAFLD liver tissues. (E) Representative images 
demonstrating the expression and localization of F4/80 (green), Alix (red), and DAPI (blue) by indirect immunofluorescent staining in sections of 
livers from mouse in each group, as indicated. #P < 0.05 versus control. 
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Fig. 5. Macrophage-derived exosome enhanced hepatocyte pyroptosis and fibrosis via transferring miR-155 into hepatocytes in HFD-induced 
MAFLD mouse. (A)Western blot analysis revealed the expression of the level of Caspase 1, IL-1β, IL-18, Cleaved GSDMD, and FoxO3a in the 
liver tissues from various groups as indicated. (B) Graphical presentation shows the relative abundance levels of Caspase 1, IL-1β, IL-18, Cleaved 
GSDMD, and FoxO3a after normalization with GAPDH in Fig. 1A. (C) The TUNEL assay in liver sections from various groups as indicated. (D) 
Quantification of TUNEL-positive hepatocytes in Fig. 1C. (E) Representative Masson staining in liver sections from various groups as indicated. (F) 
Semi-quantification of the Trichrome-positive area in Fig. 1E. #P < 0.05 versus control, *P < 0.05 versus HFD group. 
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among the top 20 up-regulated miRNAs in liver tissue of MAFLD mouse model induced by HFD. However, only miR-155 was predicted 
to target FoxO3a gene by TargetScan, Pita, and miRanda (Fig. 3A and B). In our further verifying experiment, the expression level of 
miR-155 in the liver tissue of MAFLD mice was 3.9 times higher than that of the control group (Fig. 3C). Moreover, miR-155 was 
predicted to recognize sites 1497–1503 in the 3 ′-UTR region of FoxO3a (Fig. 3D), and the lucifeance reporter gene results confirmed 
that miR-155 could negatively regulate the expression of FoxO3a gene by binding to this site (Fig. 3E). More importantly, miR-155 
inhibitor treatment significantly restored hepatocyte FoxO3a expression and attenuated hepatocyte pyroptosis, resulting in the 
ameliorated of liver fibrosis in the HFD-induced MAFLD mouse model (Fig. 3F through 3K).  

4. Macrophage derived exosomes transferred miR-155 into hepatocytes in HFD-induced MAFLD mouse model 

It is well known that miR-155 is an inflammation-related miRNA, primarily expressed in macrophages and other inflammatory cells 
[27]. In the MAFLD mouse model, the expression levels of miR-155 in hepatocytes, hepatic stellate cells (HSCs), and macrophages were 
2.9, 4.6, 5.5 times higher than those in the control group, respectively (Fig. 4A). In the MAFLD mouse model, the pri-miR-155 was not 
significantly increased in hepatocytes and hepatic stellate cells compared with the control mouse (Fig. 4B). However, the expression 
level of pri-miR-155 in macrophages from liver tissue of MAFLD mice was 7.5-fold higher than that of the control group (Fig. 4B). 
Immunohistochemical results showed that the infiltration of F4/80-positive macrophages in the liver tissue of MAFLD mice was 
significantly increased compared to control mouse (Fig. 4C). In addition, the expression level of miR-155 in the exosomes of liver tissue 

Fig. 6. Blockade of exosome secretion with GW4869 attenuated hepatocyte pyroptosis and liver fibrosis in HFD-induced MAFLD mouse. (A) 
Representative images demonstrating the expression and localization of F4/80 (green), Alix (red), and DAPI (blue) by indirect immunofluorescent 
staining in sections of livers from mouse in each group, as indicated. (B) qRT-PCR analysis of miR-155 relative folds to U6 expression in the 
exosomes harvested from the control and MAFLD liver tissues. (C)Western blot analysis revealed the expression of the level of Caspase 1, IL-1β, IL- 
18, Cleaved GSDMD, and FoxO3a in the liver tissues from various groups as indicated. (D) Graphical presentation shows the relative abundance 
levels of Caspase 1, IL-1β, IL-18, Cleaved GSDMD, and FoxO3a after normalization with GAPDH in Fig. 1C. (E) The TUNEL assay in liver sections 
from various groups as indicated. (F) Quantification of TUNEL-positive hepatocytes in Fig. 1E. (G) Representative Masson staining in liver sections 
from various groups as indicated. (H) Semi-quantification of the Trichrome-positive area in Fig. 1G. #P < 0.05 versus control, *P < 0.05 versus 
HFD group. 
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of MAFLD mice was 6.35-fold higher than that of the control group (Fig. 4D). Furthermore, F4/80 (Macrophages marker)/Alix 
(Exosome marker) colocationed signal was increased in hepatocyte in the HFD-induced MAFLD mouse model (Fig. 4E). Collectively, all 
the above results indicated that macrophage-derived exosomes could transfer miR-155 into hepatocytes in the HFD-induced MAFLD 
mouse model.  

5. Macrophage derived exosome enhanced hepatocyte pyroptosis and fibrosis via transferring miR-155 into hepatocytes in HFD- 
induced MAFLD mouse model 

To further confirm the role of macrophage-derived exosomal miR-155 in regulating hepatocytes pyroptosis and liver fibrosis 
processes, we injected macrophage-derived exosomes into HFD-induced MAFLD mouse. Interestingly, macrophage-derived exosome 
enhanced hepatocytes pyroptosis and worsened the liver fibrosis in HFD-induced MAFLD mouse model, which was attenuated by miR- 
155 inhibitor treatment (Fig. 5). Taken together, our results suggested that macrophage-derived exosome transferred miR-155 into 
hepatocytes and enhanced hepatocyte pyroptosis and fibrosis in MAFLD.  

6. Blocking exosome secretion with GW4869 attenuated hepatocytes pyroptosis and fibrosis in HFD-induced MAFLD mouse model 

GW4869 is the most widely used pharmacologic agent for blocking exosome generation. Firstly, the colocalization signal of F4/80 
and Alix was decreased in hepatocyte compared to that in the HFD-induced MAFLD mouse model (Fig. 6A). In addition, the expression 
level of miR-155 in the exosomes of liver tissue of MAFLD mice was lower than HFD-induced MAFLD mouse (Fig. 6B). Of note, 
GW4869 treatment abrogated hepatocytes pyroptosis and liver fibrosis compared with the HFD group (Fig. 6C through 6H). 

4. Discussion 

In our current study, we firstly illustrated that macrophage-derived exosomal miR-155 worsened hepatocyte pyroptosis by down- 
regulating FoxO3a protein expression in MAFLD, as summarized in Fig. 7. 

In MAFLD, the traditional “second hit hypothesis” posits that the initial “hit” is hepatic steatosis, which leads to mitochondrial 
dysfunction in hepatocytes and increases the liver’s vulnerability to a subsequent attack. The second “hit” involves lipid peroxidation 
and an increased production of reactive oxygen species, ultimately resulting in liver cell damage, inflammation, and fibrosis [28]. In 
recent years, the “multiple blow hypothesis” has been gradually accepted, suggesting that various factors contributing to liver cell 
injury occur simultaneously rather than in a simple sequential manner [29]. Theoretically, all factors exacerbating MAFLD injury 
represent potential therapeutic targets. Therefore, investigating the pathophysiological mechanisms underlying liver cell injury in 
MAFLD is of great significance for the prevention and treatment of the disease. 

Taurine can alleviate As2O3-induced non-alcoholic steatohepatitis by inhibiting NLRP3 inflammasome activation and hepatocyte 
pyroptosis [30]. A previous study have confirmed that inflammasome proteins released by hepatocyte pyroptosis can promote the 

Fig. 7. Working model of macrophage-derived exosomal miR-155 induced hepatocyte pyroptosis and liver fibrosis via down-regulating FoxO3a 
expression in MAFLD. Under MAFLD condition, macrophages infiltration and macrophage-derived exosomal miR-155 loading were significantly 
increased in the liver. The macrophage released exosomal miR-155 was transferred into the cytosol led to the translational repression of FoxO3a in 
hepatocyte. Finally, macrophage-derived miR-155-containing exosomes promoted hepatocyte pyroptosis by directly targeting FoxO3a in MAFLD. 
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activation of stellate cells and the occurrence of liver fibrosis in MAFLD [9]. In the present study, we firstly identified that pyroptosis is 
involve in the development of MAFLD using human liver tissues and animal models, which is consistant with previous studies [7,9]. 
Hence, a deep understanding of the exact mechanism regulating hepatocyte pyroptosis is vital to develop new strategies to cure 
MAFLD. 

Down-regulated FoxO3a induces cardiomyocyte pyroptosis in both diabetic and uremic cardiomyopathy [11,12]. In alcoholic liver 
disease, down-regulated expression of FoxO1 ultimately leads to hepatocyte pyroptosis [13]. In our study, FoxO1 is increased in 
MAFLD, which is consistant with previous studies. Therefore, hepatocyte pyroptosis is more likely due to the decreased expression of 
FoxO3a, rather than FoxO1, in MAFLD. Treatment with AAV-FoxO3a improved hepatocyte pyroptosis, confirming this point. 

It is well known that miR-155 is an inflammation-related miRNA, primarily expressed in macrophages and other inflammatory cells 
[27]. As we all know, the increased infiltration of macropahges is a basic characteristic of MAFLD. Previous studies have also shown 
that macrophages play a crucial role in promoting the progression of MAFLD [31]. Furthermore, the interaction between macrophages 
and liver cells contributes to the onset and development of alcoholic liver disease, MAFLD, liver cancer, and other diseases [32–34]. 
Research has indicated that in MAFLD, exosomes released by lipotoxic liver cells deliver miR-192a to macrophages, activating 
macrophage polarization in liver tissue via the Rictor/Akt/FoxO1 signaling pathway and thus facilitating the progression of MAFLD 
[15]. Recent studies in models of alcoholic liver disease have also demonstrated that miR-155 can increase exosome secretion from 
liver cells and macrophages by suppressing the expression of the LAMP1 and LAMP2 genes [35,36]. In our results, we identified that 
the increased infiltrated macrophage derived exosomal miR-155 worsened hepatocytes pyroptosis via targeting FoxO3a in MAFLD. 

In conclusion, macrophage-derived exosomes carrying miR-155 contribute to hepatocyte pyroptosis and the development of 
MAFLD. Inhibiting exosome-mediated crosstalk between macrophages and hepatocytes provides a new theoretical basis for the pre-
vention and control of MAFLD. 
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