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Antagonizing adipose tissue-derived exosome miR-103-hepatocyte phosphatase and tensin homolog pathway alleviates autophagy in non-alcoholic steatohepatitis: A trans-cellular crosstalk
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Abstract
BACKGROUND
Obesity plays a vital role in the occurrence and development of non-alcoholic steatohepatitis (NASH). However, the underlining mechanism is still unclear, where adipose tissue (AT) derived exosomes may actively participate. MicroRNAs (miRNAs) are commonly secreted from exosomes for cell communication. Though the regulation of miR-103 on insulin sensitivity has been reported, the specific role of AT-derived exosomes miR-103 in NASH is still vague and further investigation may provide novel therapeutic choices.

AIM
To determine the specific role of AT-derived exosomes miR-103 in developing NASH through various methods.

METHODS
The expression levels of miR-103 in the AT-derived exosomes and livers were detected and compared between NASH mice and control. The effect of miR-103 on NASH progression was also explored by antagonizing miR-103, including steatosis and inflammation degree changes. The interaction between miR-103 and the autophagy-related gene phosphatase and tensin homolog (PTEN) was confirmed by dual-luciferase reporter assay. The role of the interaction between miR-103 and PTEN on autophagy was verified in NASH-like cells. Finally, the effects of miR-103 from adipose-derived exosomes on NASH and autophagy were analyzed through animal experiments.

RESULTS
The expression of miR-103 was increased in NASH mice, compared to the control, and inhibition of miR-103 could alleviate NASH. The results of the dual-luciferase reporter assay showed miR-103 could interact with PTEN. MiR-103-anta decreased p-AMPKa, p-mammalian target of rapamycin (mTOR), and p62 but increased the protein levels of PTEN and LC3-II/I and the number of autophagosomes in NASH mice. Similar results were also observed in NASH-like cells, and further experiments showed PTEN silencing inhibited the effect of miR-103-anta. AT derived-exosome miR-103 aggravated NASH and increased the expressions of p-AMPKa, p-mTOR, and p62 but decreased the protein levels of PTEN and LC3-II/I and the number of autophagosomes in mice.

CONCLUSION
AT derived-exosome increased the levels of miR-103 in the liver, and miR-103 aggravated NASH. Mechanically, miR-103 could interact with PTEN and inhibit autophagy.
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Core Tip: Our study confirms the important role of miR-103-phosphatase and tensin homolog-autophagy axis in the pathogenesis of non-alcoholic steatohepatitis (NASH). More importantly, the elevation of miR-103 in the liver of NASH mice is partly due to adipose tissue exosome secretion and integration, which also partially explains the mechanism of obesity leading to NASH.

INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is recognized as the hepatocellular manifestation of metabolic syndrome, characterized by hepatic lipid accumulation and inflammation, and precluded with secondary causes, such as chronic viral hepatitis, significant alcohol consumption, long-term use of steatogenic medication, and other chronic liver diseases including autoimmune hepatitis, hemochromatosis, Wilson’s disease[1]. NAFLD is categorized into NAFL, non-alcoholic steatohepatitis (NASH), fibrosis, and even cirrhosis according to histological changes in different disease stages. Among them, NASH is considered the watershed in NAFLD and is defined as the presence of 5% hepatic steatosis and ensuing hepatocyte injury[1]. According to a previous meta-analysis, the pooled overall global prevalence of NAFLD was estimated to be 25.24% [95% confidence interval (CI): 22.10-28.65], while the pooled overall NASH prevalence among biopsied NAFLD patients was 59.10% (95%CI: 47.55-69.73)[2]. Moreover, fibrosis, which is closely related to liver cirrhosis, liver cancer, and other end-stage liver diseases, is more likely to occur in NASH patients than NAFL patients[3]. Those findings support the importance of NASH and suggest that the burden of disease caused by NASH needs to be paid adequate attention. NASH has become one of the leading causes of cirrhosis and the second leading cause of liver transplantation in the United States[4,5].
NAFLD is commonly associated with metabolic comorbidities such as obesity, diabetes mellitus, and dyslipidemia[2,6]. The prevalence of obesity is as high as 51.34% (95%CI: 41.38-61.20) and 81.83% (95%CI: 55.16-94.28) among NAFLD and NASH patients, respectively[2]. The effect of obesity on NAFLD has been intensively explored. On the one hand, the expansion of adipose tissue (AT) in obese people leads to increased circulating free fatty acids (FFAs) and leptin and decreased adiponectin, which leads to intrahepatic fat accumulation. On the other hand, the chronic inflammatory state caused by obesity will further lead to the infiltration of inflammatory cells in the liver, resulting in the progression of NAFLD[7]. Due to the important role of obesity in the occurrence and development of NAFLD, in-depth research on the mechanism of obesity leading to NASH may provide new therapeutic targets.
Exosomes are extracellular vesicles secreted by various cells and serve as an essential means of intercellular communication by delivering microRNAs (miRNAs), bioactive lipids, and regulatory proteins from one cell to another[8]. Previous studies have shown that AT-derived exosomes are essential in regulating insulin sensitivity[9,10], a common manifestation of metabolic syndrome in patients with NAFLD. Previous studies have also shown that AT-derived exosome miRNAs are involved in the occurrence and development of various metabolic-related diseases[11]. Among them, miR-103 attracted our attention since previous studies have shown that miR-103 is involved in regulating insulin sensitivity[12]. The specific role of AT-derived exosomes in the development of NASH also deserves further study. Therefore, in this study, we focused on the specific role of AT-derived exosomes miR-103 in developing NASH through various methods.

MATERIALS AND METHODS
Ethics statement
This study followed the guidelines for the Care and Use of Laboratory Animals of the National Institute of Health. The animal protocol was approved by the institutional review board of the Tab of Animal Experimental Ethical Inspection of the First Affiliated Hospital of Zhejiang University. The Reference Number is 2020-1407.

The successful construction of NASH animal and cell models
[bookmark: _Hlk106196928]C57BL/6 mice were routinely fed a high-fat diet for 12 wk to establish the NASH animal model. According to different treatments, they were initially divided into the control group (12% kcal fat, 66% kcal carbohydrate, 22% kcal protein) and the model group (60% kcal fat, 20% kcal carbohydrate, 20% kcal protein)[13]. Starting from the 13th wk, 40 mg/kg miR-negative control (NC)-anta and miR-103-anta were injected into the mice from the model group (dissolved in 0.2 mL normal saline) through the tail vein every 2 d thrice to construct miR-NC-anta model group and miR-103-anta model group. The control and model groups were injected with blank normal saline thrice (n = 10 in each group). Finally, the mice were sacrificed, where liver tissue, abdominal AT, and serum were collected and stored in a cryostorage tube at -80 °C for further analysis.
NASH-like cell model was constructed by conventional oleic acid (OA)-palmitic acid (PA) mixture culture (OA:PA = 2:1)[14]. Firstly, 128.2 mg PA (molecular weight: 256.42) was sequentially retrieved on a precision balance, 1 mL 1 M OA was added, vortex dissolved, and mixed in a small whirlpool, and then completely dissolved in a water bath at 55 °C-65 °C to obtain 1.5 M FFA mixture. After that, 1.5 M FFA with DMSO was dissolved into 0.1 M working solution. In the model group, Alpha mouse liver 12 (AML-12) cells were added with 400 μM FFA and cultured for 24 h, followed by transfection with miR-103-anta and its sh-phosphatase and tensin homolog (PTEN) and their relative controls. All further in vitro experiments were performed on those cells.

Exosome isolation and confirmation
Exosomes were extracted from the filtrate according to the manufacturer’s instructions[15]. The diluted exosomes were subjected to NanoFCM (China) for transmission electron microscopy (TEM) and size distribution analysis for further confirmation.

Quantitative real-time polymerase chain reaction, ELISA, and western blotting
Total RNA was isolated using Trizol (Invitrogen, United States) and reverse-transcribed into cDNA using the First Strand cDNA Synthesis Kit (TransGen, China) following the manufacturer’s instructions. Quantitative real-time polymerase chain reaction (qRT-PCR) was routinely performed using the SYBR Premix Ex Taq qPCR kit (TaKaRa, Japan). The alanine aminotransferase (ALT), aspartate aminotransferase (AST), total triglycerides (TG), total cholesterol (CHOL), superoxide dismutase (SOD), malondialdehyde (MDA), and H2O2 concentrations were detected using test kits according to the manufacturer’s instructions. Total protein was isolated using radioimmune precipitation assay buffer (TaKaRa, Japan) supplemented with a protease inhibitor (Roche, Switzerland). After quantification using the BCA Protein Assay Kit (Thermo, United States), the proteins were separated by sodium-dodecyl sulfate gel electrophoresis and transferred onto polyvinylidene fluoride membranes. The membranes were blocked and incubated overnight with antibodies against PTEN (9188T, CST), p-AMPK (ab32047, Abcam), p-mammalian target of rapamycin (mTOR) (CSB-PA271384, Cusabio), LC3 (12741T, CST), p62 (ab91526, Abcam), and GAPDH (ab245355, Abcam) at 4 °C. The membranes were incubated with HRP-conjugated secondary antibodies (ab205718, Abcam). Finally, the protein bands were detected using enhanced chemiluminescence (ECL) kits (Thermo, United States).

[bookmark: _Hlk139096678]Hematoxylin and eosin staining and oil red staining
The hematoxylin and eosin (HE) staining was performed using the HE staining kit (C0105S, Beyotime) according to the manufacturer’s instructions. Oil red staining was performed using an oil red staining solution (G 1262, Solarbio; C0157S, Beyotime). Briefly, 5-10 μm thick fresh frozen tissue was placed on the slide and dried at room temperature for 30-60 min. The sections were fixed with 10% paraformaldehyde for 10 min, washed thrice with distilled water, and dried for several minutes. After that, the oil red was diluted with deionized water in a 3:2 ratio, with impurities removed by filter paper, and left for 10 min at room temperature. Preheated oil red was used for tissue dye in a 6 °C temperature box for 8-10 min. After the 85% propylene glycol solution was differentiated for 2-5 min, it was washed twice with distilled water and restained with hematoxylin for 30 s. After rinsing with running water for 3 min, the tablets can be sealed with glycerine gelatin.

Luciferase reporter assay and TEM
The luciferase reporter assay was performed according to the manufacturer’s instructions of Pierce™ Cypridina-Firefly Luciferase Dual Assay Kit (16184, Thermo). Briefly, AML-12 cells were co-transfected with a 10 nM miR-103 or NC control, a 2 ng pRL-CMV, and a 20 ng firefly luciferase reporter plasmid containing PTEN of the wild-type or mutant 30-untranslated region. Then, 48 h after transfection, the cell lysates were determined by luciferase to observe the interaction between miR-103 and PTEN. The liver tissues with the size of 1 mm × 1 mm × 1 mm were fixed, dehydrated, impregnated, and embedded to make ultrathin sections (50-70 nm) and then stained with uranium acetate and lead citrate successively and dried for observation under TEM.

Immunofluorescence
[bookmark: _Hlk139096854]The frozen slices of 5-10 μm thick liver tissue were dried at room temperature for 30-60 min. They were sequentially fixed with 10% paraformaldehyde for 10 min, rinsed thrice with distilled water, and dried for several minutes. After that, the antigen was repaired by microwave at 92 °C-96 °C for 10-15 min, cooled to room temperature naturally, and sealed with 5% BSA at 37 °C for 60 min. After pouring the excess serum, LC3-II/I antibody was diluted at 1:100, added into samples, and incubated at 4 °C overnight. Rinsed with phosphate buffered saline (PBS) the next day, samples were added to the mixture of the fluorescent secondary antibody and 4’,6-diamidino-2-phenylindole at a ratio of 1:200 and incubated for 60 min at room temperature. After washing with PBS, laser confocal scanning for immunofluorescence was performed.

Transwell analysis
3T3-L1 cells were first routinely induced to differentiate into adipocytes to identify the transfer of miR-103 from adipocytes to AML-12 cells. After that, Cy3-labeled miR-103 was transfected and then co-cultured with the underlying AML-12 cells through a transwell chamber. AML-12 cells were then isolated, and immunofluorescence determined the red fluorescence value.

Cell transfection
Cells for transfection were incubated into a 6-well plate. 5-10 μL miR-NC-anta and miR-103-anta were absorbed and diluted into 250 μL Opti-MEMⅠ reduced serum medium, mixed gently, and incubated at room temperature for 5 min. Then, 3-6 μL Lipofectamine® 2000 Reagent was diluted to 250 μL of Opti-MempI reduced-serum medium, lightly mixed, and incubated at room temperature for 5 min. Diluted miR-NC-anta, miR-103-anta, and diluted Lipofectamine® 2000 Reagent were carefully mixed, gently blended, and incubated at room temperature for 20 min to form the reagent complex. After that, cells were washed with 2 mL serum-free medium, added with 2 mL of Opti-MEMI low serum medium to each well, and then added to 500 μL of miR-NC-anta and miR-103-anta-Lipofectamine® 2000 Reagent complex. These reagents were gently mixed and prepared for use.

Statistical analysis
All data are presented as mean ± SD. Differences between the two groups were analyzed using the student’s t-test for categorical data and the chi-square method for numerical data. All statistical analyses were performed using GraphPad 9.0.2 software. Statistical significance between groups was set at P < 0.05.

RESULTS
The expression of miR-103 was increased in NASH mice, and inhibition of miR-103 could alleviate NASH
First, we successfully constructed animal models of NASH. Compared with the control, ALT, AST, TG, and CHOL were increased in NASH mice (Figure 1A). Hepatocyte ballooning, inflammatory cell infiltration, and hepatic lipid accumulation were observed in the livers of NASH mice (Figures 1B and C). Furthermore, we successfully extracted and confirmed AT-derived and circulating exosomes (Supplementary Figure 1). Subsequently, the expression of miR-103 in the livers, AT-derived exosomes, and circulating exosomes was detected by qRT-PCR. MiR-103 expression levels in the livers, AT-derived exosomes, and circulating exosomes were significantly increased in the NASH model group compared with the control group. Antagonizing miR-103 decreased miR-103 expression in NASH mice, but miR-NC-anta had no significant effect in NASH mice (Figure 1D). In addition, compared with miR-NC-anta and the model group, miR-103-anta treatment significantly reduced serum ALT and AST, decreased serum CHOL and TG, and alleviated oxidative stress (Figure 1A). Histologically, HE and oil red staining of the liver also indicated that inhibition of miR-103 alleviated hepatocyte ballooning, inflammatory cell infiltration, and hepatic lipid accumulation. (Figures 1B and C). Our above results indicate that the miR-103 level is elevated in NASH model mice, and reducing the expression of miR-103 can alleviate NASH, suggesting the potential involvement of miR-103.

The interaction between miR-103 and PTEN is involved in the process of autophagy
To further investigate the regulatory mechanism of miR-103 on NASH, we used TargetScan to predict its downstream targets[16]. The predicted results showed that PTEN, a gene that plays an essential role in autophagy, might interact with miR-103. Therefore, we used a dual-luciferase reporting experiment to further confirm their interaction (Figure 2A). The wild-type PTEN could interact with miR-103, while the mutant PTEN could not. Next, the protein content of PTEN and autophagy-related proteins such as p-AMPKa, p-mTOR, LC3-II/I, and p62 were determined by western blot. The results showed that compared with the control group, the expressions of p-AMPKa, p-mTOR, and p62 were significantly increased in the model group, while the protein levels of PTEN and LC3-II/I were decreased (Figure 2B). In addition, TEM and immunofluorescence staining showed that the number of autophagosomes in the liver of NASH model mice was significantly reduced compared with control mice (Figures 2C and D). However, compared with the model and miR-NC-anta groups, p-AMPKa, p-mTOR, p62, and the number of autophagosomes were significantly decreased in the miR-103-anta group. Similarly, the protein levels of PTEN and LC3-II/I was increased (Figures 2C and D). All these results indicate that autophagy is inhibited in the development of NASH, while miR-103-anta treatment could antagonize those changes. These results indicate that miR-103 interacts with PTEN and interferes with the downstream autophagy process, suggesting that the inhibition of autophagy in NASH may be attributed to the increased expression of miR-103.

MiR-103 participates in the development of NASH by inhibiting autophagy via interacting with PTEN
We then conducted in vitro experiments to further confirm our hypothesis. The results showed that inhibition of miR-103 expression could reduce the accumulation of lipids in NASH model cells, decrease the release of ALT and AST, and relieve oxidative stress. However, the effect of miR-103-anta was partially eliminated by silencing PTEN (Figures 3A and B). The above results indicate that miR-103 is involved in NASH formation partially through its interaction with PTEN. In addition, we detected the expression of autophagy-related proteins. We found that the expression of p-AMPKa, p-mTOR, and p62 was increased in NASH cells, while the expression of PTEN and LC3-II/I was decreased. Treatment with miR-103-anta elevated the expression of PTEN and LC3-II/I and reduced the expression of p-AMPKa, p-mTOR, and p62 in NASH cells, while PTEN silencing inhibited the effect of miR-103-anta (Figure 3C). Finally, we also found that the number of autophagosomes decreased in NASH cells, and such declination was partially antagonized after the inhibition of miR-103. Similarly, PTEN silencing inhibited the effect of miR-103-anta (Figure 3D). To sum up, we confirmed the role of the miR-103-PTEN-autophagy axis in NASH through in vitro experiments.

Hepatocyte absorption of AT-derived exosome miR-103
To confirm that AT-derived exosomes can encapsulate miR-103 and target the liver, we conducted in vivo and in vitro experiments. In the in vivo experiment, AT and circulating exosomes of mice were extracted. The exo-DIR complex collected by centrifugation was injected into the tail vein of mice, and the PBS group was used as a control. The fluorescence of liver tissue was observed after mice scarification. There was no fluorescence in the PBS group but observed in AT-exo-DIR and cir-exo-DIR groups, with similar fluorescence intensity (Figure 4A). In the part of the in vitro experiment, the AT exosomes and circulating exosomes were detected by the FISH probe to migrate into AML-12 cells (Figures 4B and C). Further transewell assay showed that Cy3-labeled miR-103 could be transferred from adipocytes to AML-12 cells (Figure 4D).

Role of AT-derived exosome miR-103 in NASH
To verify the role of AT-derived exosome miR-103 in NASH through in vivo experiments, we extracted exosomes from mouse AT. We injected the extracted exosomes without other treatments and with miR-103-anta or miR-NC-anta into mice through the tail vein. Firstly, we found that injection of AT-derived exosomes increased the level of miR-103 in the liver, serum, and AT compared with the control group (Figure 5A). In addition, compared with the control group, treating AT-derived exosomes can increase serum ALT, AST, CHOL, and TG levels and aggravate oxidative stress (Figure 5B). Histologically, HE and oil red staining of the liver showed that treating AT-derived exosomes could aggravate hepatocyte ballooning, inflammatory cell infiltration, and intrahepatic lipid accumulation (Figures 5C and D). However, miR-103-anta treatment could partially eliminate such an effect while miR-NC-anta treatment could not, suggesting that AT-derived exosome aggravates NASH, and this effect is partly dependent on its encapsulated miR-103.

AT derived-exosome miR-103 inhibits autophagy in hepatocytes
To further verify in vivo that miR-103 in AT-derived exosomes is involved in NASH formation by influencing autophagy, we detected the expression of autophagy-related proteins in the liver of mice in each group. We found that compared with the control group, the expression of p-AMPKa, p-mTOR, and p62 in the livers of AT exosome-treated group was increased, while the expression of PTEN and LC3-II/I was decreased. Further miR-103-anta treatment increased the expression level of PTEN and LC3-II/I and reduced the expression level of p-AMPKa, p-mTOR, and p62, while miR-NC-anta had no similar effect (Figures 6A and B). Finally, through TEM and immunofluorescence, we found that the number of autophagosomes in the livers of mice treated with AT-derived exosomes was decreased, while miR-103-anta could partially antagonize such effect (Figures 6C and D).

DISCUSSION
NASH is considered the watershed in the progress of NAFLD, which is more closely related to the occurrence of liver cirrhosis and other complications. The prevalence of NASH has been increasing in recent years, resulting in a big challenge in disease burden and patient suffering. For instance, the lifetime cost of care for patients with NASH was around US $222 billion in 2017 in the United States[17]. More intriguingly, many NASH patients are obese and tend to have higher healthcare costs than non-obese NASH patients[18], but the etiology is still vague. Therefore, it is necessary to study the role and underlying mechanisms of obesity on NASH and further provide possible therapeutic targets. In this study, we confirmed the important role of AT-derived exosomes miR-103 in NASH and preliminary revealed its regulation on hepatocyte autophagy through targeting PTEN, which might partially provide the mechanisms by which obesity affects NASH.
MiRNA belongs to the family of non-coding RNA, which generally consists of 22 nucleotides[19] and regulates the mRNA levels of target genes[20]. Previous studies have identified a variety of miRNAs involved in metabolism-related diseases[21]. For example, miR-200 and miR-29 families play an important role in maintaining the balance between the proliferation and differentiation of pancreatic β cells[22,23]. MiR-33a and miR-33b are involved in cholesterol and lipid metabolism[24,25]. Furthermore, several miRNAs are also targeting the liver to regulate metabolic processes. For instance, miR-122, one of the most abundant miRNAs in the liver, is involved in hepatic cholesterol and lipid metabolism[26,27]. Besides, miR-103, the focus of our study, has also been confirmed to be closely related to hepatic insulin sensitivity and the regulation of glucose homeostasis in previous studies[12]. Since NAFLD is the hepatic manifestation of metabolic syndrome, it is theoretically possible that miR-103 participates in NAFLD, but related research is still lacking. NASH was linked to menopause[28], and miR-103 was found to be linked to G protein-coupled estrogen receptor 1[29]. Therefore, the estrogen signaling pathway is the potential mechanism where miR-103 promotes NASH. However, in this study, for the first time, we showed that the miR-103 level in the liver of NASH mice was significantly increased while inhibiting miR-103 expression could alleviate NASH, suggesting that miR-103 is one of the potential targets for NASH treatment.
We further identified the AT-derived exosomes as the source of miR-103 upregulation in the NASH mouse model. There have been many studies on the role of AT-derived exosomes in the development of NAFLD in obese people[30]. For instance, Fuchs et al[31] showed that the concentration of free exosomes is significantly higher in obese with NAFLD (OB-NAFLD) patients compared with lean with normal intrahepatic triglyceride content (LEAN) and obese with normal intrahepatic triglyceride content (OB-NL) populations and that these exosomes are at least partially derived from AT. Compared with exosomes derived from the LEAN and OB-NL groups, plasma and AT-derived exosomes from the OB-NAFLD group caused insulin resistance in both myotubes and hepatocytes, demonstrated by impaired insulin signaling. However, the underlying mechanism of the above effects of AT-derived exosomes in NAFLD patients has not been further explored. Our results complement this by revealing the effect of AT-derived exosomes through the miR-103-PTEN pathway, which broadens our understanding of NASH pathogenesis from the angle of trans-cellular crosstalk.
We also confirmed that autophagy is the downstream of the action of miR-103 through in vivo and in vitro experiments. Autophagy is an evolutionarily conserved cellular degradation process that delivers some intracellular components to lysosomes for degradation[32]. Current studies suggest that autophagy includes three subtypes: Macroautophagy, microautophagy, and chaperon-mediated autophagy[33]. Autophagy plays a vital role in the liver. It involves many basic liver functions, such as glycogenolysis, gluconeogenesis, and β-oxidation[34]. Previous studies have also shown that autophagy is hampered in NAFLD patients. Our previous study also revealed that autophagy inhibition plays an important role in NASH development[35]. Furthermore, restoring autophagy through certain drugs (trehalose, rapamycin, carbamazepine, or other pharmaceutical agents) or gene targets (overexpression of Atg7 or TFEB) can also alleviate NAFLD[36]. In addition, thyroxine[37] and caffeine[38] were also identified to reduce NAFLD by regulating liver autophagy. Therefore, miR-103 is expected to be one of the therapeutic targets for its autophagy regulation capacity and needs further clinical investigation in the future.
Some limitations in this study should be acknowledged. Firstly, AT-derived exosomes contain many non-coding RNAs, and we did not detect changes in the expression of other non-coding RNAs. Moreover, inhibition of miR-103 only partially inhibited the effect of AT-derived exosomes. Therefore, the above results suggest that AT-derived exosomes promote the development of NASH in multiple ways, and miR-103 is only one of them. Further research is needed on other reasons why AT-derived exosomes promote the development of NASH. Secondly, we did not design in vivo experiments to verify whether inhibition of autophagy could abolish the role of miR-103 in NASH. Therefore, in future studies, we may improve this part of the experiment and further explore the mechanism of miR-103 affecting autophagy. Finally, the preliminary data on the hepatocyte absorption of AT-derived exosome miR-103 needs further verification.

CONCLUSION
To sum up, our study confirms the important role of miR-103-PTEN - autophagy axis in NASH, and the elevation of miR-103 in the liver of the NASH model is partly due to hepatocyte absorption of AT derived-exosomes, which also partially explains the underlining mechanism of obesity leading to NASH (Figure 7).

ARTICLE HIGHLIGHTS
Research background
Non-alcoholic steatohepatitis (NASH) has become one of the leading causes of cirrhosis and the second leading cause of liver transplantation. miR-103 is involved in regulating insulin sensitivity, a common manifestation of metabolic syndrome in patients with NASH.

Research motivation
The specific role of miR-103 in the development of NASH also deserves further study.

Research objectives
To explore the specific role of miR-103 in the development of NASH and provide new therapeutic targets for NASH.

Research methods
The expression levels of miR-103 were detected and compared between NASH mice and control. The effect of miR-103 on NASH progression was explored by miR-103 antagonizing, including both changes of steatosis and inflammation degree. The interaction between miR-103 and the autophagy-related gene phosphatase and tensin homolog (PTEN) was confirmed by dual-luciferase reporter assay. The role of the interaction between miR-103 and PTEN on autophagy was verified in NASH cells. Finally, the effects of miR-103 from adipose tissue (AT)-derived exosomes on NASH and autophagy were analyzed through animal experiments.

Research results
The expression of miR-103 was increased in NASH mice, compared with the control, and inhibition of miR-103 could alleviate NASH. MiR-103 could interact with PTEN. MiR-103-anta inhibited autophagy in NASH mice. Further experiments showed PTEN silencing inhibited the effect of miR-103-anta. AT-derived exosome miR-103 aggravated NASH and inhibited autophagy in mice.

Research conclusions
AT derived-exosome increased the levels of miR-103 in the liver, and miR-103 aggravated NASH. Mechanically speaking, miR-103 could interact with PTEN and inhibit autophagy.

Research perspectives
MiR-103 may be a potential target for NASH treatment in the future.
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Figure Legends
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Figure 1 The effect of miR-103 on the development of non-alcoholic steatohepatitis in mice. A: The results of ELISA to measure serum alanine aminotransferase (ALT), aspartate aminotransferase, total triglycerides, total cholesterol, superoxide dismutase, malondialdehyde, and H2O2; B: Hematoxylin and eosin staining of mice liver from different groups; C: Oil-red staining of mice liver from different groups; D: The expression of miR-103 in the liver, circulating exosomes, and adipose tissue-derived exosomes. aP < 0.01 vs control; bP < 0.01 vs model. ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; TG: Total triglycerides; CHOL: Cholesterol; SOD: Superoxide dismutase; MDA: Malondialdehyde.
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[bookmark: _Hlk139098317]Figure 2 The capacity of miR-103 in targeting phosphatase and tensin homolog gene and affecting autophagy. A: The luciferase reporter assay results verified the interaction between miR-103 and phosphatase and tensin homolog; B: Western blotting showed the differential expression of the autophagy-related protein; C: Transmission electron microscopy images of autophagosomes (red arrowhead) in the liver; D: The results of immunofluorescence staining showed liver autophagosomes in different groups. aP < 0.01 vs control; bP < 0.01 vs model; cP < 0.01 vs miR-103; dP < 0.05 vs model. PTEN: Phosphatase and tensin homolog; WT: Wild type; MUT: Mutant; DAPI: 4’,6-diamidino-2-phenylindole; mTOR: Mammalian target of rapamycin; NC: Negative control.
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Figure 3 In vitro experiments confirmed the interaction between miR-103 and phosphatase and tensin homolog gene. A: Oil-red staining of cells from different groups showed different lipid droplet accumulation and inflammatory cell infiltration; B: The results of ELISA to measure serum alanine aminotransferase, aspartate aminotransferase, superoxide dismutase and malondialdehyde; C: Western blotting detected the expression of the autophagy-related protein of cells from different groups; D: Transmission electron microscopy pictures of autophagosomes (red arrowhead) in cells from different groups. aP < 0.05, bP < 0.01, ns: No significance. NASH: Non-alcoholic steatohepatitis; PTEN: Phosphatase and tensin homolog; NC: Negative control; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; TG: Total triglycerides; CHOL: Cholesterol; SOD: Superoxide dismutase; MDA: Malondialdehyde.
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[bookmark: _Hlk139096840][bookmark: _Hlk139269499]Figure 4 MiR-103 transfers from adipocytes to hepatocytes. A: The fluorescence of liver tissue of mice injected with adipose tissue (AT)-exosomes or phosphate buffered saline; B: AT exosomes can be absorbed into alpha mouse liver 12 (AML-12) cells; C: Circulating exosomes can be absorbed into AML-12 cells; D: Transewell assay confirmed that miR-103 could be transferred from adipocytes to AML-12 cells. BAT: Brown adipose tissue; Exo: Exosomes; DIR: 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyaine iodide; Cir: Circulating; PBS: Phosphate buffered saline; DAPI: 4’,6-diamidino-2-phenylindole; AML-12: Alpha mouse liver 12.
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[bookmark: _Hlk139269544]Figure 5 The effect of adipose tissue-derived exosomes miR-103 on the development of non-alcoholic steatohepatitis in mice. A: The expression of miR-103 in the liver, serum, and adipose tissue; B: The results of ELISA to measure serum alanine aminotransferase, aspartate aminotransferase, total triglycerides, total cholesterol, superoxide dismutase, malondialdehyde, and H2O2; C: Hematoxylin and eosin staining of mice liver from different groups; D: Oil-red staining of mice liver from different groups. aP < 0.01 vs control; bP < 0.05 vs exosomes; cP < 0.01 vs exosomes. Exo: Exosomes; NC: Negative control; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; TG: Total triglycerides; CHOL: Cholesterol; SOD: Superoxide dismutase; MDA: Malondialdehyde.
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[bookmark: _Hlk139354292]Figure 6 The effect of adipose tissue-derived exosomes miR-103 on autophagy in mice. A and B: Western blotting detected the expression of the autophagy-related protein; C: The results of immunofluorescence staining to observe autophagosomes in the liver from different groups; D: Transmission electron microscopy images of autophagosomes (red arrowhead) in the liver from different groups. aP < 0.05 vs control; bP < 0.01 vs control; cP < 0.05 vs exosomes; dP < 0.01 vs exosomes. Exo: Exosomes; PTEN: Phosphatase and tensin homolog; DAPI: 4’,6-diamidino-2-phenylindole; mTOR: Mammalian target of rapamycin; NC: Negative control. 

[image: ]
[bookmark: _Hlk139099498][bookmark: _Hlk139099609]Figure 7 The hypothesis of obesity-induced non-alcoholic steatohepatitis. The increased adipocyte tissue will secret more adipose tissue (AT)-derived exosomes, which include various contents, and miR-103 is our focus. The increased AT-derived exosomes miR-103 could be absorbed by hepatocytes and further regulate non-alcoholic steatohepatitis progression by affecting the autophagy process by targeting phosphatase and tensin homolog gene. AT: Adipose tissue; NASH: Non-alcoholic steatohepatitis; Exo: Exosomes; PTEN: Phosphatase and tensin homolog.
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