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Background and Aims: Changes in living standards and diet structure, non-alcoholic fatty liver disease (NAFLD) is prevalent 
globally, including in Asia, where chronic hepatitis B (CHB) is endemic. As such, cooccurrence of NAFLD with CHB is common in 
Asia. However, the pathogenesis underlying the onset of fatty liver in CHB prognosis has not been fully elucidated. Therefore, we 
aimed to investigate the effects and mechanisms of lipotoxicity on hepatitis B virus (HBV) DNA replication.
Methods: The expression of adenosine deaminase acting on RNA-1 (ADAR1) and miR-122 was evaluated in liver tissues from 
patients with CHB concurrent NAFLD. Palmitic acid-treated HepG2.2.15 cells were used as the cell model. The effect of lipotoxicity 
on HBV DNA replication was evaluated in vitro by transfecting the ADAR1 overexpression or knockdown lentiviral vector into 
HepG2.2.15 cells, respectively. qRT-PCR, western blotting and immunofluorescence were performed to determine ADAR1 expression.
Results: The expression of ADAR1 in the liver tissues of CHB patients with concurrent NAFLD was significantly down-regulated 
compared with that in CHB patients. Enforced expression of ADAR1 inhibited the HBV DNA replication, whereas ADAR1 
knockdown resulted in increased HBV DNA expression in palmitic acid - treated HepG2.2.15 cells. Additionally, ADAR1 inhibited 
the HBV DNA replication by upregulating miR-122, which is most abundant in the liver and mainly inhibits HBV DNA replication.
Conclusions: ADAR1 may act as a suppressor of HBV replication in palmitic acid -treated HepG2.2.15 cells by increasing miR-122 
levels. Thus, ADAR1 may serve as a potential biomarker and therapeutic target for CHB with concurrent NAFLD.
Keywords: chronic hepatitis B, non-alcoholic fatty liver disease, ADAR1, miR-122, HBV DNA

Introduction
NAFLD is one of the most common causes of chronic liver disease (CLD) and the leading cause globally of cirrhosis and 
hepatocellular carcinoma (HCC).1 Nowadays, due to global changes in diet and lifestyle, the prevalence of NAFLD has 
increased at an alarming rate with an epidemic of obesity and metabolic syndrome. In our recent meta-analysis of 237 
studies, data of 13,044,518 participants showed NAFLD to affect 29.81% of the Asian population.2 CHB is also one of 
the most frequent causes of CLD in Asia, especially in China.3 The incidence of Hepatic steatosis (HS) in HBV-infected 
patients varies widely, ranging from 14% to 70%. In a recent meta-analysis, Zheng et al noted that the pooled prevalence 
of HS in CHB was 32.8% (95% CI, 28.9–37.0).4 Both CHB and NAFLD are associated with a high risk of developing 

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2022:15 4035–4047              4035
© 2022 Yang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy          Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 7 June 2022
Accepted: 1 November 2022
Published: 23 December 2022

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


cirrhosis, hepatic decompensation, HCC, and liver-related mortality.5 Further studies on clinical outcomes are warranted 
in CHB patients with concurrent NAFLD.

Although the exact incidence of fatty liver is unknown in patients with HBV infection, the concurrent occurrence of 
NAFLD and CHB is on the rise.6 However, past clinical studies on the effect of HS on of hepatitis B progression have 
conflicting results. Some studies suggest that HS promotes progression of liver disease in CHB, due to necrotising 
inflammation and fibrosis being significantly increased in CHB patients with HS compared to CHB patients. CHB 
concurrent NAFLD also has a higher risk of cirrhosis and intrahepatic malignancy than in patients with CHB alone.7–9 In 
contrast, NAFLD patients with chronic HBV infection have reduced HBV replication and a lower risk of cirrhosis and 
HCC. In addition, HBsAg clearance is higher among treated CHB concurrent NAFLD patients than in CHB patients.10–12 

Additionally, many clinical studies did not observe a correlation between HS and disease severity in CHB patients.13–15 

However, no specific molecular mechanism on the effect of CHB concurrent NAFLD on liver disease has been studied. 
Understanding the underlying molecular mechanisms will help to identify effective molecular diagnostic markers and 
therapeutic targets.

Post-transcriptional RNA modification is a well-known mechanism that extends the functional range of transcriptome 
and RNA transcripts. Among the various forms of post-transcriptional modification, the deamination of adenosine to 
inosine (A-to-I), is catalysed by a family of enzymes named Adenosine Deaminases Acting on RNA (ADAR). There are 
three known ADAR genes, ADAR1, ADAR2 and ADAR3. Only ADAR1 and ADAR2 ADAR1 and ADAR2 encode 
catalytically active adenosine deaminases. ADAR3 is specifically expressed in the brain and has no clear function. 
Although ADAR2 is catalytic, it is highly expressed mainly in the brain and is present in the cytoplasm of immature 
neurons. This suggests a developmental regulatory role and a low extent of RNA editing. ADAR1, is the most prevalent 
form of ADAR, and is known to be involved in the replication of various viruses.16–18 Like all other RNAs, miRNAs are 
subject to modifications, some of which are sequence editing catalysed by ADAR1, which may alter their function.19 

MiR-122-5p, the most abundant miRNA in the human liver, has been detected in circulation and shown to be a biomarker 
of liver damage in CHB. Previous research has shown that miR-122 has an inhibitory effect on HBV expression.20 
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Hence, we hypothesized that ADAR1 might affect miR-122 expression and thus be involved in the regulation of HBV 
DNA replication.

In our study, we aimed to determine whether ADAR1 inhibits HBV expression through miR-122 under lipotoxic 
conditions. Towards this aim, we transfected the ADAR1 overexpression or knockdown lentiviral vector into 
HepG2.2.15 cells and treated them with palmitic acid to verify the critical role of ADAR1 in miR-122 regulation and 
HBV DNA replication.

Materials and Methods
Human Studies
A total of 36 individuals were included in this study, including 18 patients with CHB and 18 patients with CHB 
concurrent NAFLD. The inclusion criteria were as follows: (1) age ≥ 18 years; (2) NAFLD indicated by hepatic biopsy; 
(3) BMI: 18–28; (4) CHB: hepatitis B virus surface antigen (HBsAg) and/or HBV DNA positivity for more than 6 
months. The exclusion criteria were as follows: (1) excessive alcohol consumption (male ≥20 g/day, female ≥10 g/day); 
(2) other liver diseases that may cause hepatic steatosis, such as CHC, autoimmune liver disease, drug-induced liver 
disease, primary biliary cholangitis, etc; (3) other viral hepatitis and HBV+HIV co-infection; (4) metabolic diseases for 
instance type 2 diabetes and hyperthyroidism; (5) malignant tumor; and (6) pregnancy or lactation. All the participants 
written informed consent. The study was approved by the ethics committee of Shandong Provincial Hospital, and 
conducted in conformance with the Helsinki Declaration.

Cell Culture and Treatment
The human hepatoblastoma cells (HepG2.2.15) were donated by liver disease laboratory of the Zhejiang University 
Medical Center (Zhejiang, China). HepG2.2.15 cells are derived from HepG2 cells, which are transfected with two 
complete HBV genes segments and can stably express HBV DNA. The medium of HepG2.2.15 cells contains all of 
the virus particles (spherical and filamentous HBsAg particles and empty and full Dane particles) and HepG2.2.15 
cells are the typical cell type used for hepatitis B virus infection. HepG2.2.15 cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomy
cin. Cells were maintained at 37 °C and 5% CO2. Palmitic acid (Sigma-Aldrich) was dissolved in 10% fatty acid-free 
bovine serum albumin (BSA) at a stock concentration of 5mM and stored at −20°C. HepG2.2.15 cells were incubated 
with various concentrations of palmitic acid (0–1 mM) or the BSA control and FBS was not added to the medium. 
After 24 hours, we measured cell viability using a Cell Counting Kit-8 (CCK-8 Kit) assay in accordance with the 
manufacturer’s instructions The cells or supernatants were used for the assays. HepG2.2.15 cells were incubated with 
palmitic acid (0.5mM) to stimulate lipid accumulation.

Proliferation Assay Gene Cluster Analysis
CCK-8 Kit assay was used to assess cell viability. Briefly, HepG2.2.15 cells were seeded in 96-well plates and cultured 
overnight. The culture medium was then replaced with fresh medium containing different concentrations of palmitic acid 
(0, 0.125, 0.25, 0.5, and 1 mM; BSA was used as a control) without FBS. After incubation for 24 hours, the cells were 
washed with phosphate-buffered saline (PBS), and 10 μL of CCK-8 solution (Dojindo, Kumamoto, Japan) was then 
added to each well and placed in the 37 °C incubator. Optical density (OD) values were measured at 450 nm every 15 
minutes using a spectrophotometer (Thermo Fisher, Finland). The OD values at 1 hour were chosen for analysis. All of 
the experiments were repeated three times in triplicate.

Oil Red O Staining
HepG2.2.15 cells were seeded in 24-well plates and cultured overnight. The culture medium was then replaced with fresh 
medium containing different concentrations of palmitic acid (0, 0.25, 0.5, and 1 mM) without FBS. After incubation for 
24 hours, the cells were washed with PBS, and stained with an oil-red O solution from Sigma-Aldrich (MO, USA) and 
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the aggregation of lipid droplets was observed under a light microscope. The experiment was performed in strict 
accordance with the reagent instructions.

Transfection
A green fluorescent protein (GFP) tag was designed to the C terminus of ADAR1 to express a GFP-ADAR1 fusion 
protein. This fusion protein was constructed using the PGMLV-CMV-MCS-3xFlag-T2A-Puro vector. ADAR1 sh1RNA 
(GGATGGGCCACGGAATGAATT) and sh2 (GCCCAAGTTCGTTTACCAAGC) were inserted into the PGMLV-hU6- 
MCS-CMV-Puro vector. The GFP-ADAR1 lentivirus, ADAR1-shRNA lentivirus and vector control were transfected into 
HepG2.2.15 cells using Lipofectamine RNAiMax (Invitrogen USA) transfection reagent, which were constructed by 
Genomeditech Co., Ltd. (Shanghai, China). To construct the ADAR1 mRNA stably overexpressing cell line, we selected 
cells with puromycin (3 μg/ml) (Sigma, USA) for 2–3 weeks until ADAR1 mRNA was stably overexpressed in 
HepG2.2.15. Cell lines stably knocked down for ADAR1 mRNA were the same. miR-122 mimics, inhibitors and 
negative control miRNAs were purchased from GenePharma (Shanghai, China). Cell transfection was conducted with 
Lipofectamine 3000 (Invitrogen, USA) according to the manufacturer’s instructions.

RNA Isolation, Reverse Transcription, and Quantitative Real-time Polymerase Chain 
Reaction (qRT-PCR)
Total RNA was isolated from HepG2.2.15 and palmitic acid - treated HepG2.2.15 cells using TRIzol reagent. The RNA 
purity and concentration were determined using a NanoDrop ND-1000 (NanoDrop Thermo), and cDNA was then 
synthesized with a reverse transcription kit (Takara, Japan). qRT-PCR was performed using the SYBR Green Premix 
Pro Taq HS qPCR Kit (Accurate Biotechnology (Hunan) Co.,Ltd, China) on Roche 480 Real Time PCR System 
instrument according to the manufacturer’s instructions. Primers for mRNAs and miRNA were synthesized by 
GenePharma (Shanghai, China). The relative RNA expression levels were analyzed using the 2−ΔΔCt method. Each 
experiment was performed three times independently.

Western Blot Analysis
Total proteins from HepG2.2.15 cells were extracted with RIPA lysis buffer containing proteinase inhibitor (Roche 
Diagnostics, Mannheim, Germany). After determining the protein concentration by a bicinchoninic acid (BCA) protein 
assay kit (Solarbio, Beijing, China), the proteins were separated by 8% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) gels and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, USA), 
which were blocked in 5% nonfat milk for 1 hour at room temperature and then incubated with the indicated primary 
antibodies against ADAR1 (1:1000, Cell Signaling Technology, #81284, USA) and GAPDH (1:1000, Abcam, ab8245, 
UK) overnight at 4 °C. The next day, the membranes were incubated with anti-rabbit horseradish peroxidase-conjugated 
secondary antibodies for 1 hour at room temperature. Protein bands were visualized using enhanced chemiluminescence 
(Millipore, USA) with an Amersham Imager 680 (GE Healthcare, USA), and quantified with Image-Pro Plus 6.0 
software. GAPDH served as an internal control.

Immunofluorescence Assay
HepG2.2.15 cells seeded on a glass coverslip were subjected to the treatments as mentioned previously and then fixed in 4% 
paraformaldehyde for 15 minutes. After washing three times, the cells were permeabilized in 0.3% Triton-X100 for 15 
minutes and blocked with 5% BSA for 1 hour at room temperature. Afterwards, the cells were incubated with primary 
antibody (anti-ADAR1: 1:800, #81284, Cell Signaling Technology, USA) at 4 °C overnight and then incubated with 
a fluorescence-conjugated secondary antibody (Invitrogen) for 1 hour at room temperature. Subsequently, to identify 
intracellular lipid droplets, the cells were stained with fluorescent labeled Nile red (1:1000) for 15 minutes. Finally, the 
samples were incubated with DAPI for 5 minutes, and images were obtained using a laser confocal microscope (Leica TCS 
SP8, Germany).
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Immunohistochemistry and Histopathological Staining
Liver biopsy tissues were fixed with 4% paraformaldehyde, embedded in paraffin, and sliced into 5-μm-thick sections. 
After deparaffinization and hydration, the sections were incubated with citrate and blocked with 3% H2O2. The slides 
were confined with 5% goat serum and incubated with primary antibody (anti-ADAR1: 1:300, #81284, Cell Signaling 
Technology, USA), overnight at 4 °C. After washing in PBS, the sections were incubated with appropriate biotinylated 
secondary antibodies (goat anti-rabbit IgG, Origene Technologies, Beijing, China), stained with diaminobenzidine (DAB) 
and counterstained with haematoxylin. The positively stained areas were determined by microscope (Olympus, Japan). 
HBeAg antibody staining was performed at the Shandong Provincial Hospital (Jinan, China). Haematoxylin-eosin (HE) 
and Masson’s trichrome staining were used to visualize histopathological structures (Servicebio, Wuhan, China).

Detection of Cell Supernatant Markers
Transaminase (aspartate aminotransferase, AST; alanine aminotransferase, ALT) and viral serological markers (HBV 
DNA, HBeAg) in the cell supernatant were detected by the clinical laboratory of Shandong Provincial Hospital (Jinan 
China) using an Architect-i2000 system (Abbott Laboratories, USA). The quantitative determination of biomarkers was 
considered positive according to the criteria set by the manufacturer.

Statistical Analysis
All statistical analyses were analyzed with GraphPad Prism 8.0 software (GraphPad Software, La Jolla, CA, USA). Data 
are presented as the means ± standard deviations (SDs). Differences were analyzed with Student’s t-test for the 
comparison of two groups and by one-way analysis of variance for the comparison of multiple groups. Experiments 
were repeated at least three independent times. For all analyses, the p-values reported were two-tailed, and p-values < 
0.05 were considered statistically significant.

Results
Characteristics of the Study Subjects
The characteristics of the study subjects are summarized in Table 1. The two groups were comparable in terms of age and sex. 
The CHB concurrent NAFLD group displayed a significantly higher BMI than that of the CHB groups. There were no 

Table 1 Clinical and Demographic Characteristics of CHB and CHB 
Concurrent NAFLD

Characteristics CHB  
(n=18)

CHB Concurrent 
NAFLD (n=18)

P values

Age (years) 43.94 ± 2.60 37.61 ± 2.28 0.075

Male (n) 19 19 -
BMI (kg/m2) 24.02 ± 0.49 27.93 ± 0.83 <0.01

Type 2 diabetes (n) 0 4 -

CHD (n) 0 1 -
ALT (U/L) 33.33 ± 2.74 47 ± 5.92 0.27

AST (U/L) 32.83 ± 2.56 33.06 ± 3.265 0.766

GGT (U/L) 32 ± 3.74 37.44 ± 3.03 0.266
HBV DNA (IU/mL, log) 7.53 ± 7.53 7.70 ± 7.69 0.964

HBsAg (COI) 9655 ± 5440 13,881 ± 5946 0.766

SWE (Kpa) 6.34 ± 0.52 6.58 ± 0.69 0.978

Note: Data are expressed as mean ± SEM. 
Abbreviations: CHB, chronic hepatitis B; NAFLD, non-alcoholic fatty liver disease; BMI, body 
mass index; CHD, coronary heart disease; ALT, alanine aminotransferase; AST, aspartate amino
transferase; GGT, γ-glutamyl transpeptidase; HBsAg, hepatitis B virus surface antigen; SWE, shear 
wave elastography.
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significant differences in ALT and AST levels between the CHB concurrent NAFLD and CHB groups. Moreover, HBsAg and 
HBV DNA levels were also not statistically significant in CHB concurrent NAFLD group compared to the CHB group.

Expression Levels of ADAR1, miR-122 in Liver of CHB Concurrent NAFLD Patients
As shown in Figure 1A and C, the expression of ADAR1 protein and mRNA in the liver tissues of CHB concurrent 
NAFLD patients was significantly downregulated compared with CHB patients, and miR-122 showed the same expres
sion trend in Figure 1B. The expression of HBeAg protein was markedly increased, and significant fat vacuoles were 
observed in CHB concurrent NAFLD patients (Figure 1C).

Figure 1 Expression levels of ADAR1, miR-122 in livers of CHB concurrent NAFLD patients. (A) The mRNA and protein levels of ADAR1 in liver tissues, (B) The miR-122 
level in liver tissues, (C) HE, Masson, and immunohistochemical staining of ADAR1 and HBeAg in liver tissues (magnification × 200). Bars represent the mean ± SD of 
triplicate repetitions. **P < 0.01. 
Abbreviations: ADAR1, adenosine deaminase acting on RNA 1; CHB, chronic hepatitis B; NAFLD, non-alcoholic fatty liver disease; HE, hematoxylin-eosin.

https://doi.org/10.2147/DMSO.S373385                                                                                                                                                                                                                               

DovePress                                                                                             

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2022:15 4040

Yang et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


HBV Related Markers Elevated in Palmitic Acid -Treated HepG2.2.15 Cells
To study the molecular mechanism of CHB concurrent NAFLD in the pathological state, we used palmitic acid -treated 
HepG2.2.15 as the cell model. To explore the optimal concentration of palmitic acid, the cytotoxicity of the palmitic acid at 
different concentrations (0.125, 0.25, 0.5,1 mM) was investigated after 24 hours of treatment. The results showed that the 
various concentrations of palmitic acid produced different cytotoxic effects. Namely, CCK8 assay results showed that the 
viability of HepG2.2.15 cells was significantly reduced. As shown in Figure 2A, no cytotoxic effect was observed in 
HepG2.2.15 at 0.125mM, whereas a strong cytotoxic effect was shown at 1mM. Interestingly, cell viability was approximately 
70% at 0.5 mM. To study the extent of lipid accumulation, we stained HepG2.2.15 cells with oil red O. HepG2.2.15 cells 
exposed to the palmitic acid showed a significant increase in cytosolic lipid accumulation (Figure 2B). Palmitic acid at 0.5 and 1 
mM induced similar levels of intracellular lipid accumulation. However, cells treated with palmitic acid at 1mM had a lower 

Figure 2 HBV related markers elevated in palmitic acid -treated HepG2.2.15 cells. (A–C) The most appropriate palmitic acid concentration in vitro was determined by 
detecting ALT, AST and cell viability and doing oil red O staining (magnification × 400). The concentrations of palmitic acid used are indicated below each picture. (D) Expression 
levels of HBV DNA and HBeAg in cells treated with different palmitic acid concentrations. Bars represent the mean ± SD of triplicate repetitions. *P < 0.05, **P < 0.01. 
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; PA, palmitic acid; ns, no significance.
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cell number and decreased viability (Figure 1A and B), indicating toxicity of palmitic acid at such a concentration. Therefore, to 
achieve maximal lipid accumulation with minimal cytotoxicity, we chose a palmitic acid concentration of 0.5mM for further 
experiments. In addition, both AST and ALT levels in the medium increased (Figure 2C) significantly after adding palmitic acid 
to HepG2.2.15 cells in a dose-dependent manner. As shown in Figure 2D, the concentrations of HBV DNA and HBeAg 
increased in a dose-dependent manner with different concentrations of palmitic acid. The palmitic acid -treated HepG2.2.15 
group showed higher HBV DNA expression and more severe hepatocyte damage than the HepG2.2.15 group.

ADAR1 is Downregulated in Palmitic Acid - Treated HepG2.2.15 Cells
As shown in Figure 1, ADAR1 was down-regulated in the liver tissues of patients with CHB concurrent with NAFLD. 
Hence, in this study, we investigated whether ADAR1 could affect the progression of hepatitis B in lipotoxic hepatocytes 
in vitro. qRT-PCR and western blot analysis were used to detect the expression of ADAR1 in palmitic acid -treated 
HepG2.2.15 cells. The results indicated that the relative expression levels of ADAR1 mRNA and protein were 
significantly reduced in the treatment group compared with the control group (P<0.05) (Figure 3A). Similar results 
were observed with regard to ADAR1 protein expression (red fluorescence) in immunofluorescence results (Figure 3B), 
and obvious lipid droplet accumulation (green fluorescence) was observed in the experimental group. These results were 
consistent with those of the liver tissues of CHB concurrent with NAFLD patients.

Figure 3 ADAR1 is downregulated in palmitic acid -treated HepG2.2.15 cells. (A) The mRNA and protein levels of ADAR1 in the control group and palmitic acid group. (B) 
After 24 h of palmitic acid treatment, cells were stained with antibody ADAR1 and fluorescent labeled Nile red, and then observed under a fluorescence microscope. (Scale 
bar: 25μm) *P < 0.05. 
Abbreviations: PA, palmitic acid; CHB, chronic hepatitis B; NAFLD, non-alcoholic fatty liver disease.
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miR-122 Inhibits HBV Replication Levels in Palmitic Acid - Treated HepG2.2.15 Cells
To assess the role of miR-122 in HBV expression, a miR-122 knockdown/overexpression system was established. The cells 
were transfected with miR-122 mimic, miR-122 inhibitor, or their negative controls (NC) for 24 hour, followed by 
incubation with palmitic acid (0.5mM) for 24 hour. The expression level of miRNA-122 mimics in the transfected cells 
was significantly higher (P<0.05) than that observed in cells transfected with the negative control vector group, and the 
expression of the miR-122 inhibitor group was decreased (Figure 4A). In accordance with previous reports,21 transfection of 
a miR-122 mimic resulted in a reduction in HBV DNA levels (Figure 4B, left panel) while HBeAg showed the same trend 
(Figure 4C, left panel). Conversely, transfection with a miR-122 inhibitor increased the HBV DNA and HBeAg levels 
(P<0.05) (right panel of Figure 4B and C). These results suggest that miR-122 negatively regulates HBV replication.

Figure 4 miR-122 inhibits HBV replication levels in palmitic acid -treated HepG2.2.15 cells. (A) qRT-PCR analysis of the expression of miR-122 in palmitic acid -treated 
HepG2.2.15 cells exposed to miR-122 mimic/inhibitor or negative control (NC). (B and C) After 48 h of miR-122 mimic/inhibitor or NC transfection, then 24 h of palmitic 
acid treatment, expression of HBV DNA and HBeAg levels in cell supernatant. Bars represent the mean ± SD of triplicate repetitions. *P < 0.05, **P < 0.01. 
Abbreviation: PA, palmitic acid.
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ADAR1 Downregulates HBV DNA Levels and Increases miR-122 Expression
As shown in Figures 2D and 3A, the expression of ADAR1 in palmitic acid -treated HepG2.2.15 cells was found to be 
decreased with concomitant increases in HBV DNA levels; therefore, we speculated that ADAR1 might negatively 
regulate the expression of HBV DNA. To investigate the biological role of ADAR1 in hepatocytes, we constructed the 
ADAR1 overexpression (OE) vector PGMLV-ADAR1 or the negative control (NC-OE) and under-expression vector 
ADAR1-shRNA (sh1 and sh2) transfected them or the negative control (NC-LD) vector into HepG2.2.15. They were 
then treated with palmitic acid. The transfection efficiency was validated by qRT-PCR, western blotting and fluorescence 
microscopy (Figure 5A, B and F). The expression of miR-122 was then quantified. PCR results showed a positive 
correlation between miR-122 and ADAR1 (Figure 5C). Functionally, hepatitis B related markers in the cell supernatant 

Figure 5 ADAR1 downregulates HBV DNA levels and increases miR-122 expression. HepG2.2.15 cells were transfected with GFP-ADAR1 lentivirus (OE) and ADAR1- 
shRNA lentivirus (LD) or the negative control (NC) and then treated with palmitic acid for 24 h. (A and B) mRNA and protein expression levels of ADAR1. (C) qRT-PCR 
analysis of miR-122 levels. (D–E) Expression levels of HBV DNA and HBeAg. (F) Cell localization and expression of ADAR1 were observed by immunofluorescence. (Scale 
bar: 25μm) All datas’ bars represent the mean ± SD of triplicate repetitions. *P < 0.05, **P < 0.01. 
Abbreviations: GFP, green fluorescent protein; ADAR1, adenosine deaminase acting on RNA 1; shRNA, short hairpin RNA; ns, no significance.
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were also assayed. The results showed that enforced expression of ADAR1 significantly suppressed both HBV DNA 
(Figure 5D left panel) and HBeAg (Figure 5E left panel), while knockdown of ADAR1 resulted in opposite results 
(P<0.05) (right panel of Figure 5D and E). Collectively, these results suggest that ADAR1 negatively regulates HBV 
DNA in hepatocytes, and this inhibitory effect may be achieved by increasing miR-122 levels.

Discussion
In this study we evaluated the clinical and functional association of low expression of ADAR1 and liver-specific miR- 
122 in CHB concurrent with NAFLD. We showed that the expression of ADAR1 and miR-122 was lower in the liver 
tissues of CHB concurrent with NAFLD patients. We then demonstrated that, as a HBV suppressor miRNA, miR-122, its 
lower expression of induced by lipotoxicity may facilitate HBV DNA replication. In addition, as an RNA editing 
enzyme, ADAR1 may inhibit HBV DNA replication by promoting the expression of miR-122.

Although the coexistence of HBV infection and NAFLD is clinically common, their relationship remains contro
versial. Studies have shown that NAFLD inhibits HBV DNA and HBV-related antigen secretion in HBV- 
immunocompetent or HBV transgenic mice.22,23 Interestingly, some studies suggested that lipid metabolism, such as 
cholesterol metabolism, increases HBV gene expression and viral promoter or enhancer activity. This subsequently 
enhances HBV replication by bile-acid-mediated repression of some interferon-stimulated genes,24–26 and can increase 
the risk of cirrhosis in patients with CHB.27 The discrepancy may reflect the complexity of HBV infection combined 
with NAFLD in clinical practice and basic research. Therefore, more studies are needed to further explore the effect of 
HS on HBV infection.

RNA editing is an important step in generating the diversity and plasticity of cellular RNA signals.28–30 ADAR1, the 
most prevalent form of ADAR, mainly encodes two proteins: constitutively expressed protein P110 and interferon 
(IFN)-induced protein P150. Accumulating evidence has revealed that ADAR1 plays an important role in HBV DNA 
replication in patients with CHB. Li et al reported that ADAR1 stimulated by IFN-α downregulates the MAVS 
expression via RNA editing its 3’-UTR to enhance the anti-HBV response.17 On the contrary, Wang et al showed 
that HBV X protein transcription promotes ADAR1 expression. This inhibits IFN response and increases HBV 
replication in hepatocytes;18 however the specific effect of ADAR1 on HBV replication needs to be further determined, 
especially in CHB concurrent NAFLD. One study showed that ADAR1 can inhibit HBV replication by enhancing 
miRNA122;31 however, the underlying expression of ADAR1 in palmitic acid -treated HepG2.2.15 cells, and its 
relationship with HBV DNA is unknown. In the present study, we observed an inverse trend in ADAR1 expression 
against HBV DNA levels in palmitic acid -treated HepG2.2.15 cells, and confirmed that ADAR1 inhibits HBV 
expression in the liver, probably through miR-122. It is possible that the pronounced inhibitory effects of ADAR1 on 
HBV may shape the virus-host interactions. These results suggest that the ADAR1 and liver-specific microRNA miR- 
122, may act as inhibitory host factor during HBV replication. Our data also suggests that the upregulation of ADAR1 
may be an effective strategy to limit HBV infection. Similar results have been observed in another study. Ben-Shoshan 
et. al confirmed that ADAR1 restrains the development of liver inflammation and fibrosis.32 In addition, ADAR1 also 
plays a regulatory role in other liver diseases. Overexpression of ADAR1 in cell culture and mouse models enhances 
cancerous characteristics such as cell proliferation, migration and invasion.29,33,34 In liver transplantation and hepatic 
resection, ADAR1 suppresses the activation of cytosolic RNA-sensing signaling pathways to protect the liver from 
ischemia/reperfusion Injury.35 Furthermore, we also revealed that the over-expression of miR-122 resulted in restricted 
HBV expression, whereas the depletion of endogenous miR-122 resulted in enhanced HBV expression in lipotoxic 
hepatocyte cells in vitro.

This study is innovative in two aspects: firstly, the current research is still at the basic research level, on both NAFLD 
and CHB alone. Moreover, studies on the combination of NAFLD and CHB are limited to clinical research, thus an 
understanding of molecular mechanisms is lacking; secondly, the effect of ADAR1 on HBV replication is unclear. We 
believe that the present study effectively bridges these gaps and provides insights into the molecular mechanisms 
underling the influence of fatty liver on the progression of hepatitis B. Our study had some limitations. Firstly, 
HepG2.2.15 is a stable HBV-producing cell line that produces HBV, and was first chosen as a model cell line containing 
integrated HBV genomes. During the culture process, the cells may be more vulnerable to aging and readily undergo 
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differentiation. We can use HepG2-NTCP36 to validate our results. Sodium taurocholate co-transporting polypeptide 
(NTCP) is a HBV receptor that enables researchers to create hepatoma cell lines susceptible to HBV infection. However, 
infections requires large quantities of virus. What’s more, they failed to recapitulate the complete HBV life cycle. Thus, 
we selected HepG2.2.15 as the cell model for this study. We have shown that miR-122 can suppress the HBV replication, 
inhibit HBV DNA, and increase miR-122 expression after overexpression of ADAR1. However, we did not show that 
ADAR1 suppresses HBV replication or protects hepatocytes via miR-122. As such, in the future, we will conduct 
relevant studies to further explore the specific mechanism of ADAR1 regulating miR-122. Our conclusions were based 
on the responses of the cell line and may not reflect processes in the intact body. We are currently confirming our results 
in an animal model system using mice.

In summary, we demonstrated that ADAR1 may play a vital role in inhibiting HBV replication and HBeAg 
expression through the overexpression of miR-122 in lipotoxic hepatitis B cells. These findings support the proposition 
that ADAR1 is a promising biomarker and drug target for CHB concurrent with NAFLD.
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