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Abstract
BACKGROUND 
Exosomes play an important role in metabolic-associated fatty liver disease 
(MAFLD), but the mechanism by which exosomes participate in MAFLD still 
remain unclear.

AIM 
To figure out the function of lipotoxic exosomal miR-1297 in MAFLD.

METHODS 
MicroRNA sequencing was used to detect differentially expressed miRNAs (DE-
miR) in lipotoxic exosomes derived from primary hepatocytes. Bioinformatic tools 
were applied to analyze the target genes and pathways regulated by the DE-miRs. 
Quantitative real-time PCR (qPCR) was conducted for the verification of DE-
miRs. qPCR, western blot, immunofluorescence staining and ethynyl-20-
deoxyuridine assay were used to evaluate the function of lipotoxic exosomal miR-
1297 on hepatic stellate cells (LX2 cells). A luciferase reporter experiment was 
performed to confirm the relationship of miR-1297 and its target gene PTEN.

RESULTS 
MicroRNA sequencing revealed that there were 61 exosomal DE-miRs (P < 0.05) 
with a fold-change > 2 from palmitic acid treated primary hepatocytes compared 
with the vehicle control group. miR-1297 was the most highly upregulated 
according to the microRNA sequencing. Bioinformatic tools showed a variety of 
target genes and pathways regulated by these DE-miRs were related to liver 
fibrosis. miR-1297 was overexpressed in exosomes derived from lipotoxic 
hepatocytes by qPCR. Fibrosis promoting genes (α-SMA, PCNA) were altered in 
LX2 cells after miR-1297 overexpression or miR-1297-rich lipotoxic exosome 
incubation via qPCR and western blot analysis. Immunofluorescence staining and 
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ethynyl-20-deoxyuridine staining demonstrated that the activation and 
proliferation of LX2 cells were also promoted after the above treatment. PTEN 
was found to be the target gene of miR-1297 and knocking down PTEN 
contributed to the activation and proliferation of LX2 cells via modulating the 
PI3K/AKT signaling pathway.

CONCLUSION 
miR-1297 was overexpressed in exosomes derived from lipotoxic hepatocytes. The 
lipotoxic hepatocyte-derived exosomal miR-1297 could promote the activation 
and proliferation of hepatic stellate cells through the PTEN/PI3K/AKT signaling 
pathway, accelerating the progression of MAFLD.

Key Words: Metabolic-associated fatty liver disease; miRNA-1297; Exosome; Hepatic 
stellate cell; PTEN; Liver fibrosis

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In this study, the expression of miR-1297 was increased in exosomes derived 
from primary hepatocytes. Exosomal miR-1297 from lipotoxic LO2 (a hepatocyte cell 
line) could promote LX2 (a hepatic stellate cell line) activation and proliferation by 
regulating the PTEN/PI3K/ATK pathway. Currently, the study between exosomes and 
metabolic-associated fatty liver disease is very limited. This is the first time that 
exosomal miR-1297 from lipotoxic hepatocytes was confirmed to accelerate liver 
fibrosis, and the new mechanism may become a promising treatment target for 
metabolic-associated fatty liver disease.

Citation: Luo X, Luo SZ, Xu ZX, Zhou C, Li ZH, Zhou XY, Xu MY. Lipotoxic hepatocyte-
derived exosomal miR-1297 promotes hepatic stellate cell activation through the PTEN 
signaling pathway in metabolic-associated fatty liver disease. World J Gastroenterol 2021; 
27(14): 1419-1434
URL: https://www.wjgnet.com/1007-9327/full/v27/i14/1419.htm
DOI: https://dx.doi.org/10.3748/wjg.v27.i14.1419

INTRODUCTION
Metabolic-associated fatty liver disease (MAFLD), which was formerly called 
nonalcoholic fatty liver disease, is highly prevalent worldwide and affects 
approximately 25% of the global adult population[1]. Recently, a consensus of 
international experts proposed the terminology change from nonalcoholic fatty liver 
disease to MAFLD in order to better demonstrated the etiological features of this 
disease[2]. The incidence of MAFLD has been rising rapidly in recent years, and in 
China the incidence of MAFLD is 15%-30%[3]. MAFLD is characterized by fatty 
degeneration of the liver due to different metabolic conditions, such as obesity and 
type 2 diabetes, leading to fatty deposition in the liver[4]. Lipid deposition will increase 
the oxidative stress of cells in the liver, damage normal cell function and finally lead to 
liver fibrosis[5]. Hepatic stellate cell (HSC) activation was regarded as the core part of 
all kinds of liver fibrosis. The abnormal activation and proliferation of HSCs will cause 
them to produce more cellular extracellular matrix, destroy the normal structure of 
liver lobules and eventually result in cirrhosis[6]. However, the exploration of the 
specific pathogenesis underlying MAFLD is still in the preliminary stages.

Exosomes are circular or cup-shaped lipid bilayer vesicles with diameters of 30-150 
nm, which are secreted by the host cells and transfer a variety of compounds, 
including miRNAs, mRNAs, lncRNAs, DNA and proteins[7]. Exosomes derived from 
lipotoxic hepatocytes could accelerate the activation of HSCs and lead to fibrosis[8]. 
However, to date, studies on the exact mechanism of exosomal miRNA and MAFLD 
are still very limited. In this study, we perform exosomal miRNA profiling from 
lipotoxic hepatocytes and further determine the potential mechanism by which 
exosomal miRNAs participate in the progression of MAFLD.

http://creativecommons.org/Licenses/by-nc/4.0/
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MATERIALS AND METHODS
Cell culture
Hepatocytes (HCs), including primary HCs (PHCs), a normal human HC cell line 
(LO2) and a human HSC cell line (LX2) were used in this study. PHCs from male wild-
type mice were isolated by pronase perfusion and cultured as reported previously[9]. 
LO2 cells and LX2 cells were cultured in Dulbecco’s modified Eagle’s medium (Gibco, 
Grand Island, NY, United States) supplemented with 100 mg/mL streptomycin 
(Gibco), 100 IU/mL penicillin (Gibco) and 10% fetal bovine serum (Gibco). PHCs were 
used to obtain exosomes for microRNA sequencing (miRNA seq) and quantitative 
real-time PCR (qPCR) verification. LO2 cells were used to obtain exosomes for cell 
incubation, and LX2 cells were used for other experiments. These procedures for PHC 
isolation were approved by the Ethical Committee of the Shanghai General Hospital.

Human sample collection
There were 20 MAFLD patients who shared similar demographic features and 
personal histories enrolled in this study. Among the 20 MAFLD patients with similar 
liver fibrosis severity, 10 patients were diagnosed as mild fatty liver while the other 10 
patients were diagnosed as severe fatty liver depending on the hepatic steatosis. 
FibroScan (Echosens, Paris, France) analysis was applied to assess the controlled 
attenuation parameter and liver stiffness measurement of these patients according to 
the 2017 ASSLD guidelines[10]. The liver stiffness measurement value of these patients 
showed no significant difference. Patients with controlled attenuation parameter 
values from 265 dB/m to 295 dB/m were regarded as mild fatty liver, while patients 
with controlled attenuation parameter values over 295 dB/m were defined as severe 
fatty liver. Serum exosome samples from these patients were collected for miRNA 
qPCR. The study was approved by the Ethical Committee of the Shanghai General 
Hospital, and written informed consent was provided by all patients. The clinical 
features of the patients enrolled in this study are shown in Supplementary Table 1.

Exosome isolation and incubation
Exosomes from PHCs, LO2 cells and human serum samples were isolated using an 
ultracentrifugation method that was reported in a previous study[11]. To obtain the 
lipotoxic exosomes, we treated PHCs and LO2 cells with 200 μmol/L palmitic acid 
(PA, Sigma-Aldrich, St. Louis, MO, United States) or 5% BSA (Sigma-Aldrich) (diluted 
in phosphate buffered saline, Sigma-Aldrich) as the vehicle control for 24 h. Then, 
exosomes were isolated from the cell culture medium. For experiments related to 
exosome incubation, LX2 cells were treated with 50 µg/mL LO2 exosomes for 48 h.

Transmission electron microscopy observation of exosomes
To observe the exosome morphology, transmission electron microscopy (JEOL, Tokyo, 
Japan) was used. The experimental procedures were performed with assistance from 
Shanghai Bohao Biotechnology Co., Ltd. (Shanghai, China).

Nanoparticle tracking analysis for exosomes
To analyze the particle diameter distribution, nanoparticle tracking analysis was 
performed using a NanoSight NS300 system (Malvern Instruments, Worcestershire, 
United Kingdom) as in a previous study[12].

Exosome uptake experiment
For the exosome uptake experiment, 50 µg/mL LO2-derived exosomes (LO2-
exosomes) diluted in phosphate buffered saline were labelled using the red fluorescent 
dye PKH26 Kit (Sigma-Aldrich) After incubating LX2 with PKH26 labelled LO2-
exosomes for 6 h, a fluorescence microscope (Leica, Wetzlar, Germany) was used to 
observe the exosomes that were absorbed by LX2 cells.

miRNA high-throughput sequencing and data analysis
The miRNA seq experimental procedures were performed with the assistance of 
Bohao Biotechnology Co., Ltd. (Shanghai, China). The miRNA library was constructed 
using a TruSeq miRNA Library Prep Kit (Illumina, San Diego, CA, United States) 
following the standard procedures of the manufacturer’s instructions.

Low-quality reads and adapters were filtered out from the raw reads to obtain clean 
reads. The clean reads were aligned against the miRBase database, and the expressions 
of miRNAs in each sample were determined. Differentially-expressed miRNAs were 
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screened using edgeR, under the following criteria: |log2 (fold-change)| ≥ 1 and P < 
0.05. Heatmaps of gene expression were generated with MeV software (MeV Ltd., 
Stockport, United Kingdom).

Target gene bioinformatic analysis
Target gene prediction was performed for the significant differentially expressed 
miRNAs (DE-miRs). GO and pathway enrichment analyses were performed for the 
target genes using the Gene Ontology Database and Kyoto Encyclopedia of Genes and 
Genomes.

Cell transfection
For cell transfection, negative control mimics (mi-NC) and miR-1297 mimics (mi-miR) 
were used to overexpress miR-1297. Small interfering RNA for the negative control (si-
NC) and small interfering RNA for PTEN were used to knock down PTEN. Cell 
transfection was conducted using Lipofectamine 2000 Regent (Invitrogen, Carlsbad, 
CA, United States) according to the manufacturer’s instructions. All of the above 
vectors were purchased from GenePharma Co., Ltd. (Shanghai, China).

Luciferase reporter assay
The luciferase reporter assay experiment was conducted using the pGL3-basic 
luciferase vector (Promega, Madison, WI, United States). The 3’-UTR sequence of 
PTEN predicted to interact with miR-1297, together with a corresponding mutated 
sequence within the predicted target sites, were synthesized and inserted into the 
luciferase reporter (Promega, Madison, WI, United States) to generate PTEN wild-type 
or PTEN mutant (primers shown in Supplementary Table 2). The pGL3-basic 
luciferase vector containing PTEN wild-type or PTEN mutant were cotransfected with 
miR-1297 mimics or negative control mimics using Lipofectamine2000 (Invitrogen). 
After transfection, cells were incubated in suitable conditions for 24 h. The Luciferase 
Reporter Assay Kit (Promega) was used to assess the relative luciferase activity in 
accordance with the manufacturer’s instructions. Firefly luciferase values were 
normalized to those of Renilla luciferase.

qPCR analysis
Total RNA was extracted using TRIzol reagent (Invitrogen). qPCR was performed 
using Hieff qPCR SYBR Green Master Mix (Applied Biosystems, Foster City, CA, 
United States) and Hieff First Strand cDNA Synthesis Super Mix (Applied 
Biosystems). β-actin was used as the internal reference to measure the mRNA 
expression of specific genes. U6 was used to normalize the expression of specific 
miRNA. Primers used in this research were fully listed in Supplementary Table 2.

Western blot analysis
These included antibodies were used for western blotting analysis: anti-TSG101 
(1:1000, Santa Cruz Biotechnology, Santa Cruz CA, United States), anti-CD63 (1:1000, 
Abcam, Cambridge, MA, United States), anti-PCNA (1:500, Abcam), anti-α-SMA 
(1:1000, Abcam), anti-PTEN (1:1000, Abcam), anti-TGFβ1 (1:1000, Abcam), anti-
SMAD3 (1:1000, Abcam), anti-p-SMAD3 (1:1000, Abcam) and anti-GAPDH (1:2000, 
Abcam). HRP-conjugated IgG (1:5000, Abcam) was used as the secondary antibody.

Immunofluorescence staining
Antibodies against α-SMA (1:100, Abcam) and 4’ 6-diamidino-2-phenylindole (Abcam) 
were used for immunofluorescence staining. Alexa Fluor 594 AffiniPure goat anti-
rabbit IgG (H+L) (Santa Cruz Biotechnology) was used as the secondary antibody. The 
laser microscope (Leica, Wetzlar, Germany) was used to capture the representative 
images.

Ethynyl-20-deoxyuridine staining
The proliferation of HSCs was detected by an ethynyl-20-deoxyuridine staining (EdU) 
cell lighting kit (RiboBio, Shanghai, China). The cell nuclei were stained using Hoechst 
(Beyotime, Shanghai, China). The laser microscope (Leica, Wetzlar, Germany) was 
used to capture the representative images.

Statistical analysis
The SPSS software (version 22.0; SPSS, Inc., Chicago, IL, United States) and GraphPad 
Prism version 8.0 (GraphPad Software, San Diego, CA, United States) were applied to 
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analyze all the data presented in this study. Data are expressed as the mean ± SD for at 
least three independent experiments for each group. Continuous variables showing a 
normal distribution were analyzed by an independent-samples t-test or one-way 
ANOVA. A P value < 0.05 was considered statistically significant.

RESULTS
Identification of exosomes derived from PHCs
Many studies have clarified that exosomes can participate in a variety of metabolic 
diseases, but the function of exosomes in MAFLD remains unclear. First, the 
morphology of exosomes derived from PA-treated (Exo-PA) PHCs or vehicle-treated 
(Exo-CN) PHCs was observed by transmission electron microscopy. Exosomes were 
small, quasi-circular vesicles with an intact membrane structure (Figure 1A). Then, 
exosome size and particle concentration were assessed via nanoparticle tracking 
analysis. Exosomes with a diameter of 50-150 nm accounted for 87.50% (Exo-PA) and 
81.70% (Exo-CN) of all vesicles, which met the standard of high-quality exosomes 
(Figure 1B). In addition, the concentration of Exo-PA was significantly higher than that 
of Exo-CN (P < 0.05, Figure 1C). Finally, the exosomal markers CD63 and TSG101 
could be observed in both Exo-PA and Exo-CN (Figure 1D). These results indicated 
that the method we used could obtain high-quality exosomes for follow-up research.

miRNA seq profiling and bioinformatic analysis of lipotoxic HC-secreted exosomes 
To explore the differentially abundant exosomal miRNAs of lipotoxic HCs, we 
detected the miRNA expression profiles in Exo-PA and Exo-CN using miRNA seq. 
According to the results, 61 miRNAs were differentially expressed (P < 0.05) with a 
fold change > 2 (defined as DE-miR) in the Exo-PA group compared with the Exo-CN 
group. Among the 61 miRNAs, 20 were upregulated, and 41 were downregulated (
Supplementary Table 3). In addition, three upregulated miRNAs had a fold change > 5 
(hsa-miR-1297, hsa-miR-708-5p, hsa-miR-671-5p), while two downregulated miRNAs 
had a fold change > 5 (hsa-miR-718, hsa-miR-193a-3p). miR-1297 was the most highly 
upregulated miRNA (a 7.81-fold change), and miR-718 was the most highly 
downregulated miRNA (a 6.62-fold change) in the Exo-PA group. Heatmaps and the 
volcano map of gene expression are shown based on the expression of these DE-miRs 
(Figure 2A and 2B).

GO functional enrichment analysis was performed for the DE-miRs to explore the 
target gene function. The results revealed that these DE-miRs were associated with ten 
cell components, ten molecular functions and ten biological processes. Among these 
functions, seven functions were related to ubiquitin activity, which plays an important 
role in liver fibrosis. The results of the level 2 GO term enrichment analysis are 
presented in Figure 2C.

According to the Kyoto Encyclopedia of Genes and Genomes pathway enrichment 
analysis, there were 20 significantly enriched pathways. Based on a literature review, 
four pathways, the AMPK, PI3K-AKT, Hippo and Ras pathways, were highly 
correlated with liver fibrosis (Figure 2D).

Based on the miRNA seq results, 61 DE-miRs were found to be abnormally 
expressed in the Exo-PA group compared to the control group. miR-1297 was the top 
upregulated miRNA among these DE-miRs. Furthermore, seven gene functions and 
four pathways regulated by these DE-miRs were found to be highly correlated with 
fibrosis.

Expression levels of exosomal miR-1297 from lipotoxic HCs were significantly 
upregulated
To verify the results of miRNA seq, we measured exosomal DE-miRs with a fold 
change > 3 in cell culture samples and human serum samples. For cell culture samples, 
Exo-PA and Exo-CN were used. For human serum samples, exosomes derived from 
the serum of patients with severe fatty liver or mild fatty liver were selected in order to 
clarify the actual change of miR-1297 during the pathogenesis of MAFLD.

In cell culture samples, miR-1297 was the top upregulated candidate with a 5.83-
fold change in the Exo-PA group compared to the Exo-CN group, while miR-718 was 
also the top downregulated miRNA with a 3.62-fold change, which was consistent 
with the results of miRNA seq. The detailed expression levels for the DE-miRs are 
shown in Figure 3A.

In human serum exosomal samples from exosomes derived from the serum of 

https://f6publishing.blob.core.windows.net/3c55ef26-b05c-4a89-b764-ad84d61119a3/WJG-27-1419-supplementary-material.pdf
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Figure 1 Identification of exosomes derived from primary hepatocytes. A: Exosomes derived from primary hepatocytes (Exo-PHC) were visualized by 
electronic microscopy (× 30000); B: Nanoparticle tracking analysis for Exo-PHC; C: The concentration of Exo-PHC was measured. Exosomes derived from vehicle 
control (Exo-CN) treated PHC: 2.92 ± 0.32 × 1010 particles/mL vs exosomes derived from palmitic acid (Exo-PA) treated PHC: 3.62 ± 0.22 × 1010 particles/mL; D: 
Exosomal markers CD63 and TSG101 were detected by western blot in Exo-PHC. Statistical significance, aP < 0.05.

patients with mild fatty liver, miR-1297 had the greatest upregulation (a 3.32-fold 
change) compared to exosomes derived from the serum of patients with severe fatty 
liver among all the DE-miRs, while miR-193a was the top downregulated miRNA with 
a 2.96-fold change. The detailed expression levels for the DE-miRs are shown in 
Figure 3B.

Although the results of cell culture samples did not completely parallel the results 
of human serum samples, miR-1297 showed a higher expression level in both groups. 
Therefore, miR-1297 was finally selected for follow-up research. The above findings 
suggested that the expression levels of exosomal miR-1297 from lipotoxic HCs were 
significantly upregulated.

miR-1297 accelerated HSC activation and proliferation
Currently, there is no research related to miR-1297 and liver fibrosis. To explore the 
effect of miR-1297 on HSCs, we first transfected the hepatic stellate cell line LX2 with 
miR-1297 mimics (mi-miR) or miRNA negative control mimics (mi-NC). After 
transfection, the expression was upregulated approximately 1400 times in the mi-miR 
LX2 cells (Figure 4A). Because α-SMA is an activation marker of HSCs, the expression 
of α-SMA could reflect collagen production when HSCs are activated. After miR-1297 
overexpression in LX2, the mRNA and protein levels of α-SMA were increased 
(Figure 4B and 4C). In addition, immunofluorescence analysis further revealed that the 
relative red fluorescence intensity of α-SMA (red fluorescence) was markedly 
increased in the mi-miR LX2 cells compared to the mi-NC cells (mi-miR: 1.87 ± 0.15 vs 
mi-NC: 1.00 ± 0.22, Figure 4D). During the process of liver fibrosis, the activation and 
proliferation of HSCs play a central role. PCNA is a proliferation marker of HSCs. The 
mRNA and protein levels of PCNA were found to be significantly elevated in the mi-
miR LX2 cells compared to the mi-NC LX2 cells (Figure 4B and 4C). In addition, an 
EdU assay was conducted to evaluate the proliferation of HSCs. As shown in 
Figure 4E, 32.10% of the mi-miR LX2 cells incorporated EdU, while only 24.15% of the 
mi-NC LX2 cells were EdU positive, which revealed that miR-1297 could promote the 
proliferation of LX2 cells as well.

These results proved that miR-1297 could accelerate HSC activation and 
proliferation.
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Figure 2 MicroRNA sequencing profiling and bioinformatic analysis. A: Heatmap of differentially-expressed microRNAs (DE-miRs) in the microRNA 
sequencing; B: Volcano map of DE-miR expression in the miRNA sequencing; C: GO function analysis for target genes regulated by DE-miRs; D: Kyoto Encyclopedia 
of Genes and Genomes pathway enrichment analysis of target genes for the DE-miR. Exo-PA-1/Exo-PA-2: Group 1/2 of exosomes derived from palmitic acid treated 
primary hepatocytes; Exo-CN-1/Exo-CN-2: Group 1/2 of exosomes derived from vehicle control treated primary hepatocytes.

miR-1297 exerted its function by regulating the PTEN/PI3K/AKT pathway in HSCs
As miR-1297 was found to promote HSC activation and proliferation in LX2 cells, we 
tried to find the target gene it may regulate to exert its function. In the TargetScan 
database (http://www.targetscan.org/, Figure 5A), a total of three fibrosis-related 
genes, COL10A1, PTEN and TRAF3, were selected. A previous study suggested that 
PTEN was found to be the target gene of miR-1297 in human cervical carcinoma 

http://www.targetscan.org/
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Figure 3 Quantitative real-time PCR analysis verification for differentially expressed microRNAs in exosomes derived from primary 
hepatocytes and patient serum samples of metabolic-associated fatty liver disease. A: Quantitative real-time PCR was performed on exosomes 
derived from vehicle control treated primary hepatocyte and palmitic acid treated primary hepatocyte. The fold change ratio of microRNA (miRNA) in the Exo-PA 
group was compared to the result of differentially expressed miRNAs in the miRNA sequencing (miRNA seq). Detailed data of individual miRNA expression could be 
seen Supplementary Table 2; B: Quantitative real-time (q)PCR was performed between mild and severe fatty liver human serum exosome samples. The fold change 
ratio of miRNA in severe fatty liver were compared to the result of the differentially expressed miRNAs of the miRNA sequencing. Detailed data of individual miRNA 
expression could be seen Supplementary Table 2. MAFLD: Metabolic-associated fatty liver disease.

cells[13], so a luciferase reporter assay was conducted to determine the relationship of 
miR-1297 and PTEN in LX2 cells. In the PTEN wild-type group, the relative luciferase 
activity in the mi-miR LX2 cells was decreased compared with that in the mi-NC LX2 
cells (mi-NC: 1.00 ± 0.14 vs mi-miR: 0.56 ± 0.12) (Figure 5B). However, in the PTEN 
mutant group, there were no obvious luciferase activity changes between the mi-miR 
and mi-NC LX2 cells (Figure 5B), which confirmed that PTEN was the target gene of 
miR-1297 in LX2 cells. Then, the mRNA and protein levels of PTEN were also found to 
be significantly inhibited after miR-1297 mimic transfection, which indicated that miR-
1297 could negatively regulate the expression of PTEN (Figure 5C and 5D).

Previous studies have shown that PTEN could negatively regulate the downstream 
PI3K/AKT pathway and accelerate liver fibrosis[14-16]. Therefore, PTEN was knocked 
down to evaluate its function in HSCs. The protein expression of PI3K and p-AKT 
(Figure 5D and 5E) was markedly elevated in both the miR-1297 and small interfering 
RNA for PTEN LX2 cells compared to their control cells, while α-SMA and PCNA 
were also significantly upregulated (Figure 5E), which revealed that PTEN could 
negatively regulate the PI3K/AKT pathway and HSC activation. These findings 
suggested that miR-1297 could modulate the PTEN/PI3K/AKT pathway, accelerating 
the activation and proliferation of HSCs.

Lipotoxic HC-secreted exosomes could transfer exosomal miR-1297 to HSCs and 
contribute to HSC activation through the PTEN/PI3K/AKT pathway
Given the observed effects, miR-1297 was found to promote the activation and 
proliferation of LX2. To further determine the function of lipotoxic HC-secreted 
exosomes (HC-Exos) on HSCs, we incubated LX2 cells with exosomes from PA-treated 
LO2 cells or exosomes from CN-treated LO2 cells. Through the exosome uptake 
experiment, both Exo-PA and Exo-CN were observed to be engulfed by LX2 cells, 
suggesting that HC-Exos were successfully taken up by the recipient HSCs 
(Figure 6A).

miR-1297 was overexpressed after Exo-PA treatment (Exo-PA: 3.95 ± 0.18 vs Exo-
CN: 1.00 ± 0.11), while the mRNA and protein levels of PTEN were obviously 
decreased (Figure 6B and 6D). In addition, the expression of PI3K and p-AKT was 
significantly increased in the Exo-PA-treated LX2 cells, indicating that miR-1297 
modulated the PTEN/PI3K/AKT pathway after lipotoxic HC-Exo treatment 
(Figure 6D).

In addition, the expression of α-SMA was found to be significantly upregulated in 
the Exo-PA LX2 group (Figure 6C and 6D). Immunofluorescence analysis revealed a 
remarkable overexpression of α-SMA (red fluorescence) in the Exo-PA-treated LX2 

https://f6publishing.blob.core.windows.net/3c55ef26-b05c-4a89-b764-ad84d61119a3/WJG-27-1419-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/3c55ef26-b05c-4a89-b764-ad84d61119a3/WJG-27-1419-supplementary-material.pdf
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Figure 4 MicroR-1297 promoted hepatic stellate cell activation and proliferation by targeting the PTEN signaling pathway. A: The 
transfection efficiency of 50 nM miR-1297 mimics in LX2 cells was assessed by quantitative real-time PCR. microRNA mimics of negative controls (mi-NC): 1.00 ± 
0.12 vs miR-1297 mimics (mi-miR): 1380.25 ± 121.16; B: Relative mRNA expression of α-SMA (the activation marker of hepatic stellate cells) and PCNA (the 
proliferation marker of hepatic stellate cells) were assessed by quantitative real-time PCR. α-SMA: mi-NC: 1.00 ± 0.23 vs mi-miR: 2.24 ± 0.12; PCNA: mi-NC: 1.00 ± 
0.25 vs mi-miR: 1.83 ± 0.14; C: Relative protein expression of α-SMA, PCNA, PTEN, PI3K, AKT and p-AKT were assessed by western blot after treatment of 50 
nmol/L miR-1297 mimics for 48 h; D: Immunofluorescence staining of α-SMA was performed to evaluate the activation of LX2 cells after 50 nmol/L miR-1297 mimics 
for 48 h. mi-NC: 1.00 ± 0.22 vs mi-miR: 1.87 ± 0.15, Bar = 200 μm; E: Ethynyl-20-deoxyuridine test was performed to evaluate the proliferation of LX2 cells after 50 
nmol/L miR-1297 mimics for 48 h. mi-NC: 0.24 ± 0.04 vs mi-miR: 0.32 ± 0.07, Bar = 50 μm. Statistical significance, aP < 0.05. DAPI: 4’6-Diamidino-2-phenylindole; 
EdU: Ethynyl-20-deoxyuridine.

cells (Exo-PA: 1.68 ± 0.21 vs Exo-CN: 1.00 ± 0.16) (Figure 6E). The mRNA and protein 
levels of PCNA were markedly elevated in the Exo-PA group as well (Figure 6C and 
6D). The proportion of EdU-incorporated LX2 cells was dramatically elevated (Exo-
PA: 0.41 ± 0.06 vs Exo-CN: 0.21 ± 0.04) (Figure 6F).

Taken together, these results demonstrated that lipotoxic HC-Exos could transfer 
exosomal miR-1297 to recipient HSCs, thus promoting HSC activation and 
proliferation by modulating the PTEN/PI3K/AKT pathway.

DISCUSSION
MAFLD is highly prevalent worldwide and may become the leading cause of end-
stage liver disease in the coming decades[17]. Because the majority of MAFLD patients 
do not show any symptoms, MAFLD may further evolve into liver fibrosis or even 
hepatocellular carcinoma[18]. Recently, an increasing number of studies focused on the 
relationship between exosomes and MAFLD-related fibrosis[12], but the exact 
mechanisms by which exosomes participate in fibrosis remain unclear. In our present 
research, we observed that the exosomal miR-1297 expression was significantly 
upregulated in lipotoxic HCs. Furthermore, a novel mechanism through which 
exosomal miR-1297 mediates cellular communication between HCs and HSCs, 
subsequently contributing to HSC activation via the PTEN/PI3K/ATK pathway, was 
confirmed.
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Figure 5 MicroR-1297 promoted hepatic stellate cell activation and proliferation by targeting the PTEN signaling pathway. A: Binding site of 
PTEN mRNA with microRNA (miR)-1297 from TargetScan database; B: LX2 cells were cotransfected with luciferase reporter constructs containing a wild-type or 
mutant 3’-UTR of PTEN and 50 nmol/L miR-1297 mimics for 24 h. Then relative luciferase activity was assessed. PTEN wild-type (PTEN WT) microRNA mimics of 
negative controls: 1.00 ± 0.12 vs miR-1297 mimics: 0.56 ± 0.08; PTEN mutant (PTEN MUT) microRNA mimics of negative controls (mi-NC): 1.00 ± 0.13 vs miR-1297 
mimics (mi-miR): 0.95 ± 0.05; C: Relative mRNA expression of PTEN were assessed by quantitative real-time PCR after 50 nmol/L miR-1297 mimics for 48 h. 
microRNA mimics of negative controls: 1.00 ± 0.08 vs miR-1297 mimics: 0.43 ± 0.09; D: Relative protein expression of PTEN, PI3K, AKT and p-AKT were assessed 
by western blot after 50 nmol/L miR-1297 mimics for 48 h; E: Relative protein expression of α-SMA, PCNA, PTEN, PI3K, AK and p-AKT were assessed by western 
blot after 100 nmol/L small interfering RNA for PTEN (si-PTEN) transfection for 48 h. Statistical significance: aP < 0.05. si-NC: Small interfering RNA for negative 
controls.

Exosomes have been identified as important mediators for cell-cell communication 
by transferring various biological components, such as miRNAs, lncRNAs and 
proteins[19]. The evidence that exosomes played an important role in the process of liver 
fibrosis, acting as a means of communication among different hepatic cells, have been 
confirmed by multiple studies[20]. Exosomal miR-223 from natural killer cells and 
exosomal miR-181-5p from mesenchymal stem cells were found to inhibit HSC 
activation by modulating autophagy[21,22]. Lipopolysaccharide-activated THP-1 
macrophages could release exosomal miR-103-3p to induce the activation of HSCs[23]. 
Exosomes derived from human bone marrow mesenchymal stem cells could alleviate 
liver fibrosis through the Wnt/β-catenin pathway[24]. However, research on HC-HSC 
crosstalk is very limited. To determine the effect of lipotoxic HC-Exos on HSCs, we 
performed exosomal miRNA seq for an MAFLD HC-Exo model in our research. A 
total of 61 miRNAs were found to be abnormally expressed in the lipotoxic HC-Exo 
group compared to the control group, and seven gene functions and four pathways 
regulated by these DE-miRs were found to be highly correlated with fibrosis.

Then miR-1297 was found to be the most highly upregulated miRNA in both 
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Figure 6 Lipotoxic hepatocyte-secreted exosomes could transfer exosomal microRNA-1297 to hepatic stellate cells and contribute to 
hepatic stellate cell activation through the PTEN/PI3K/AKT pathway. A: The PKH-26 stained exosomes were absorbed by LX2 cells observed by a 
fluorescence microscope; B: The relative microRNA expression of miR-1297 and mRNA expression of PTEN were assessed by quantitative real-time PCR after 
exosomes derived from vehicle control or palmitic acid (Exo-CN or Exo-PA) treatment for 48 h. miR-1297 mimics of negative controls (mi-NC): 1.00 ± 0.12 vs 
miR1297 mimics (mi-miR): 3.95 ± 0.18, PTEN mi-NC: 1.00 ± 0.13 vs mi-miR: 0.54 ± 0.12; C: The relative mRNA expression of α-SMA and PCNA were assessed by 
quantitative real-time PCR after Exo-CN or Exo-PA treatment for 48 h. α-SMA mi-NC 1.00 ± 0.14 vs mi-miR 2.63 ± 0.23, PCNA mi-NC 1.00 ± 0.23 vs mi-miR 1.85 ± 
0.23; D: Protein levels of α-SMA, PCNA, PTEN, PI3K, AKT and p-AKT in LX2 cells were assessed by western blot after Exo-CN or Exo-PA treatment for 48 h; E: 
Immunofluorescence staining was performed to evaluate the activation of LX2 cells after Exo-CN or Exo-PA treatment for 48 h; mi-NC: 1.00 ± 0.26 vs mi-miR: 1.68 ± 
0.21; F: Ethynyl-20-deoxyuridine (EdU) staining was performed to evaluate the proliferation of LX2 cells after Exo-CN or Exo-PA treatment for 48 h, mi-NC: 0.21 ± 
0.04 vs mi-miR: 0.41 ± 0.07. Statistical significance: aP < 0.05. DAPI: 4´6-Diamidino-2-phenylindole; Exo-CN: Exosomes from control vehicle; Exo-PA: Exosomes 
from palmitic acid.

lipotoxic PHC-derived exosomes and severe fatty liver patient serum exosomes 
compared to their control groups via qPCR verification. Cellular exosomes were 
isolated from cell culture media and could represent an MAFLD cell model 
progression. We found miR-1297 was significantly upregulated in lipotoxic PHC-
derived exosomes. However, sometimes the experimental results were not parallel 
with the actual disease progression. Therefore, we measured the expression of miR-
1297 in serum exosome samples of MAFLD patients. Exosomes derived from serum 
usually originated from different organs and could reveal a rather complicated but 
more real condition during the disease progression. In serum exosome samples we 
also found miR-1297 was markedly overexpressed in severe MAFLD patients. Both 
results revealed that miR-1297 was obviously upregulated during MAFLD 
progression, and miR-1297 was finally chosen for the follow-up study.

Previous studies have confirmed the role of miR-1297 in liver diseases. miR-1297 
promoted the progression of liver cancer by inhibiting the expression of RB1[25]. Liu 
et al[26,27] found that miR-1297 could negatively regulate hepatocellular carcinoma 
progression by modulating EZH2 and HMGA2. But currently, the role of miR-1297 has 
not been reported in liver fibrosis. To determine the function of miR-1297 in liver 
fibrosis, the human hepatic stellate cell line LX2 was treated with miR-1297 mimics 
and miR-1297-rich lipotoxic exosomes in our research. Upregulation of miR-1297 was 
found to suppress the expression of its target gene PTEN and contribute to the 
activation and proliferation of LX2 cells.

PTEN is a well-known regulatory gene to suppress tumors and fibrosis, and many 
studies have demonstrated that it can prevent the development of various fibrotic-
related diseases, such as renal, lung and liver fibrosis[28-30]. The loss of PTEN induced 
by hypoxia inducible factor-1 promoted HSC activation by regulating the P65 
signaling pathway[30]. miR-1273g-3p modulated the activation and apoptosis of HSCs 
by directly targeting PTEN in HCV-related liver fibrosis[31]. In addition, PTEN 
inhibited macrophage activation by regulating the PI3K/Akt/STAT6 signaling 
pathway in hepatic Kupffer cells and alleviated liver fibrosis[32]. In the present study, 
PTEN was confirmed to be the target gene of miR-1297. High expression levels of miR-
1297 induced by miR-1297 mimics and miR-1297-rich lipotoxic HC-Exos could 



Luo X et al. Exosomal miR-1297 activated HSC

WJG https://www.wjgnet.com 1432 April 14, 2021 Volume 27 Issue 14

negatively regulate PTEN in LX2, inhibiting its function in preventing liver fibrosis. 
Therefore, the expression of fibrosis-related genes (α-SMA and PCNA) was found to be 
increased after miR-1297 overexpression, miR-1297-rich lipotoxic HC-Exo incubation 
or PTEN knockdown, which was hypothesized to explain why miR-1297 could 
promote HSC activation.

The progression of liver fibrosis is a complex physiological process, including the 
regulation of multiple signaling pathways, such as the TGFβ1/SMAD, MAPK and 
PI3K/ATK pathways[33]. The PI3K/ATK pathway is a classic pathway regulated by 
PTEN that participates in a variety of biological functions, including cell growth, 
proliferation and differentiation[34]. It has been reported that PTEN could hydrolyze 
PI3K protein, thereby phosphorylating AKT and stimulating fibroblast accumulation 
and myofibroblast differentiation[35,36]. Our results demonstrated that the low 
expression of PTEN induced by miR-1297 or small interfering RNA could promote the 
protein expression of PI3K and p-AKT, thus elevating the expression of fibrosis-related 
genes (α-SMA and PCNA), which may explain the downstream molecular mechanism 
by which miR-1297 regulates PTEN and activates HSCs.

CONCLUSION
Taken together, our research is the first to clarify that exosomal miR-1297 originating 
from PA-treated HCs could promote the activation and proliferation of HSCs by 
targeting the PTEN/PI3K/AKT pathway and accelerate the progression of liver 
fibrosis. This molecule may become a new target for the treatment of MAFLD in the 
future.

ARTICLE HIGHLIGHTS
Research background
Accumulating evidence has revealed that exosomes play an important role in the 
progression of metabolic-associated fatty liver disease, but the exact mechanism 
remains unclear.

Research motivation
Previous studies demonstrated that exosomes from lipotoxic hepatic cells could 
contribute to hepatic stellate cell (HSC) activation, but the specific cellular crosstalk 
interaction was not fully illustrated. We aimed to figure out if exosomal microRNA 
could participate in this procedure.

Research objectives
To determine the role of exosomal miR-1297 in the metabolic-associated fatty liver 
disease cell model.

Research methods
miRNA sequencing was conducted to screen differentially-expressed microRNAs. In 
vitro experiments like quantitative real-time PCR analysis, western blot, 
immunofluorescence and ethynyl-20-deoxyuridine staining were performed to explore 
the function of exosomal miR-1297 on HSC activation and proliferation.

Research results
miR-1297 was obviously overexpressed in exosomes derived from lipotoxic 
hepatocytes. The lipotoxic hepatocyte-derived exosomal miR-1297 could promote the 
activation and proliferation of HSCs through the PTEN/PI3K/AKT signaling 
pathway.

Research conclusions
The lipotoxic hepatocyte-derived exosomal miR-1297 could accelerate the progression 
of metabolic-associated fatty liver disease in a cell model.

Research perspectives
This study provided some new evidence on the crosstalk between hepatocyte-secreted 
exosomes and HSC. miR-1297 may become a potential target for the treatment of 
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metabolic-associated fatty liver disease.
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