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Abstract
BACKGROUND
Chronic hepatitis B virus (HBV) infection is often associated with increased lipid deposition in hepatocytes. However, when combined with non-alcoholic fatty liver disease or hyperlipidemia, it tends to have a lower HBV deoxyribonucleic acid (DNA) load. The relationship between lipid metabolism and HBV DNA replication and its underlying mechanisms are not well understood.

AIM
To investigate the relationship between lipid metabolism and HBV DNA replication and its underlying mechanisms.

METHODS
1603 HBsAg-seropositive patients were included in the study. We first explored the relationship between patients' lipid levels, hepatic steatosis, and HBV DNA load. Also, we constructed an HBV infection combined with a hepatic steatosis cell model in vitro by fatty acid stimulation of HepG2.2.15 cells to validate the effect of lipid metabolism on HBV DNA replication in vitro. By knocking down and overexpressing Plin2, we observed whether Plin2 regulates autophagy and HBV replication. By inhibiting both Plin2 and cellular autophagy under high lipid stimulation, we examined whether the Plin2-autophagy pathway regulates HBV replication.

RESULTS
The results revealed that serum triglyceride levels, high-density lipoprotein levels, and hepatic steatosis ratio were significantly lower in the HBV-DNA high load group. Logistic regression analysis indicated that hepatic steatosis and serum triglyceride levels were negatively correlated with HBV-DNA load. Stratified analysis by HBeAg showed significant negative correlations between HBV-DNA load and hepatic steatosis ratio in both HBeAg-positive and HBeAg-negative groups. An in vitro cell model was developed by stimulating HepG2.2.15 cells with palmitic acid and oleic acid to study the relationship between HBV-DNA load and lipid metabolism. The results of the in vitro experiments suggested that fatty acid treatment increased lipid droplet deposition and decreased the expression of cell supernatant HBsAg, HBeAg, and HBV DNA load. Western blot and polymerase chain reaction analysis showed that fatty acid stimulation significantly induced Plin2 protein expression and inhibited the expression of hepatocyte autophagy proteins. Inhibition of Plin2 protein expression under fatty acid stimulation reversed the reduction in HBsAg and HBeAg expression and HBV DNA load induced by fatty acid stimulation and the inhibition of cellular autophagy. Knocking down Plin2 and blocking autophagy with 3-methyladenine (3-MA) inhibited HBV DNA replication.

CONCLUSION
In conclusion, lipid metabolism is a significant factor affecting HBV load in patients with HBV infection. The in vitro experiments established that fatty acid stimulation inhibits HBV replication via the Plin2-autophagy pathway.
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Core Tip: Our data suggest that fatty acid stimulation inhibits hepatitis B virus (HBV) replication by upregulating Plin2 expression, inhibiting hepatocyte autophagy. This process associates with lipid metabolism, autophagy pathway, and HBV replication. Further study of lipid metabolism-Plin2-autophagy is important to understand HBV host interactions and pathogenesis better and suggests a possible route for treating patients with chronic HBV infection combined with nonalcoholic fatty liver disease.

INTRODUCTION
Hepatitis B virus (HBV) infection is a global health issue[1]. According to the World Health Organization, about one-third of the world's population will contract acute HBV at some point in their life[2]. Current main treatments include nucleoside analogs and interferon; however, they are not effective in eliminating the virus[3]. Therefore, it is imperative to better understand the underlying mechanisms behind HBV infection-induced disease to find new targets for anti-HBV therapy. 
The relationship between HBV infection and lipid metabolism has received more attention in the last decade. Clinical studies have demonstrated that chronic HBV infection enhances the incidence of nonalcoholic fatty liver disease (NAFLD), with NAFLD co-infected with HBV accounting for 13.5% of all HBV patients[4]. These studies indicate a close association between HBV infection and altered lipid metabolism. This present study intends to clarify the mechanism of why increased lipid deposition in the liver can also inhibited HBV replication in hepatocytes[5].
Autophagy is an evolutionarily conserved catabolic process that regulates HBV replication and is required to maintain cellular homeostasis in response to the microenvironment. It involves selective and non-selective mechanisms that cause intracellular substrate degradation[6]. HBV was found to be able to maintain its own replication by inducing hepatocyte autophagy, and when cellular autophagy was inhibited, HBV replication expression in hepatocytes was significantly reduced[7]. Perilipin2 (Plin2) is involved in the formation of lipid droplets in the liver and peripheral tissues[8]. Plin2 is highly upregulated in humans and rodents with NAFLD[5,9]. Purposeful knockdown of Plin2 protein in the mouse liver was found to significantly reduce liver weight, body weight, and adipose tissue mass[10]. In a previous study on NAFLD pathogenesis, it was found that Plin2 is not only involved in intracellular lipid deposition but also regulates intracellular autophagy, and stimulation of hepatocytes with high concentrations of fatty acids results in increased Plin2 expression and cellular autophagy inhibition[11].
Combined with the above, we speculated that the Plin2-autophagy pathway might be involved in regulating lipid deposition and HBV replication in hepatocytes. In this study, we first explored the relationship between patients' lipid levels, hepatic steatosis, and HBV deoxyribonucleic acid (DNA) load. Also, we constructed an HBV infection combined with a hepatic steatosis cell model in vitro by fatty acid stimulation of HepG2.2.15 cells to validate the effect of lipid metabolism on HBV DNA replication in vitro. By knocking down and overexpressing Plin2, we observed whether Plin2 regulates autophagy and HBV replication. By inhibiting both Plin2 and cellular autophagy under high lipid stimulation, we examined whether the Plin2-autophagy pathway regulates HBV replication. This present study intends to investigate the relationship between lipid metabolism and HBV replication through retrospective analysis and in vitro studies, providing a novel theoretical basis for the mechanism of HBV replication and a new target for searching new therapeutic sites.

MATERIALS AND METHODS
Ethical statement
The study has been approved by the Ethics Committee of Dalian Sixth People's Hospital. The privacy rights of human subjects were always respected during human experimentation, and informed consent was obtained prior to the experiment. The ethics program number is DLY/CB-IRB-026.

Patient selection
In this cross-sectional hospital-based study, all patients were recruited from the Dalian Sixth People's Hospital. A total of 1603 HBsAg-positive patients underwent a comprehensive health examination with no prior antiviral treatments to evaluate the effect of lipid profile on HBV viral replication. Additionally, 132 chronic hepatitis B patients were included in the study to investigate the effect of antiviral treatment on lipid profile. Patients with hepatitis C and D, autoimmune hepatitis, alcoholic fatty liver, Wilson's disease, drug-related hepatic steatosis, liver surgery, or liver transplantation were excluded from the study.

Clinical data collection
During the study, data on age, sex, alcohol consumption, and medical history were collected through face-to-face interviews. Following an overnight fast, blood samples were obtained from all participants. HBsAg, antibodies against HBsAg, HBeAg, antibodies against HBeAg, and antibodies against hepatitis B core antigen were measured using an immunoassay analyzer. The levels of serum HBV-DNA copy were measured using the COBAS Amplicor HBV monitor test (Cap/ctm, Roche, Switzerland). Clinical chemistry systems were used to evaluate the serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), gamma-glutamyl transferase, total bile acids, total bilirubin, albumin, and bile acid.

Reagents and antibodies
The HBV-producing HepG2.2.15 hepatoma cell line with an integrated HBV genomic dimer was obtained from the Chinese Academy of Sciences (CAS) in Beijing, China. Trypsin-EDTA (#27250–018), fetal bovine serum (#10100147), phosphate-buffered saline (PBS) (#226013), Opti MEM medium (#22600134), and Dulbecco's modified essential medium (DMEM) (#31600083) were purchased from GIBCO BRL (Grand Island, NY, United States). Oleic acid (OA, #15724), palmitic acid (PA, #27567713), and 3-methyladenine (3MA, #M9281) were acquired from Sigma-Aldrich (Missouri, United States). Perilipin2 (Plin2, #ac219686) was obtained from Abcam Technologies (Abcam, Cambridge, United Kingdom). Light chain 3 (LC3, #A11280), glyceraldehyde-3-phosphate dehydrogenase (GAPDH, #AC002), anti-rabbit IgG (#AS014), and anti-mouse IgG (#LV-AS003) were obtained from Wuhan Abcotec Biotechnology Co Ltd (Abclonal, Wuhan, China).

Cell line, plasmid, and transfection
HepG2.2.15 cells were obtained from the CAS and cultured in T25 cell culture flasks with 10% heat-inactivated fetal bovine serum (GIBCO BRL) (#10100147), antibiotics, and high glucose DMEM (GIBCO) (#31600083). The flasks were pre-cultured at 37°C for 18-24 h in a 5% CO2 incubator.
Plin2 knockdown and overexpression plasmids were synthesized by Suzhou Jima Bio. Plasmid transfection was performed following the manufacturer's instructions for Lipofectamine 2000 transfection reagent (Invitrogen).

Western blotting
Whole-cell protein extracts were obtained by passive cell lysis using protease and phosphorylated protease inhibitors following the manufacturer's instructions, and protein concentrations were determined using the BCA method. SDS-PAGE (10% gel) was used to separate samples containing approximately 30 µg of protein per well, and the proteins were transferred to PVDF membranes, which were incubated with primary antibody at 4°C overnight after being closed in low-fat milk powder for 2 h at room temperature in TBST. The membranes were washed and placed in BLOTTO containing secondary antibodies (HRP-labeled goat anti-rabbit antibody) for 1.5 h at room temperature. Following TBST clearing, the membranes were placed in the chromogen for 30 s and exposed immediately to the exposure cassette. The method was to estimate the ratio of the brightness value of each sample strip to the brightness value of the corresponding GAPDH (internal reference) strip to get the corrected strip brightness value. 

Triglyceride content detection
The triglyceride content of HepG2.2.15 was measured using the Triglyceride Quantification Assay Kit (Abcam) for colorimetric detection, following the manufacturer's protocol.

Real-time quantitative polymerase chain reaction analysis of mRNA expression
Several methods have been described for the detection of HBV daughter DNA in culture supernatants[12,13]. Real-time reverse transcription (RT) polymerase chain reaction (PCR) assay using primers 5'TCTTGCCTTACTTTTGGAAG 3' (forward) 5'AGTTCTTCTTCTTCTAGGGGACC3' (reverse) were used to measure HBV pgRNA and Plin2 mRNA levels in cells.

Assays to detect HBsAg and HBeAg in the cell culture supernatant
HBsAg and HBeAg levels were evaluated using a commercial ELISA kit (Hunan Shengxiang Biotechnology Co., Ltd., Hunan, China) following the manufacturer's instructions. The absorbance of each well was sequentially measured at 450 nm wavelength with zero blank air conditioning for the final assay.

Oil red staining 
After stimulating HepG2.2.15 cells with free fatty acids, the cells were rinsed three times with PBS and fixed in 10% formalin for 15 min at room temperature. Following fixation, the cells were stained with Oil Red O for 20 min at room temperature. Stained cells were observed by a fluorescent microscope (Leica DMI 4000 B) on the white light setting (magnification, ×100).

GFP-LC3 fluorescence analysis
After preincubation in a complete medium at 37°C in 21% O2 and 5%CO2 for 24 h, the cells were transfected with GFP-LC3 following the manufacturer's instructions to monitor autophagy flux. After 8 h of transfection, the cells were rinsed with PBS; a complete culture medium was added to the cells. Finally, the samples were observed under a fluorescence microscope (Nikon, Tokyo, Japan)

Statistical analyses
Continuous variables were reported as mean ± standard deviation or median (interquartile range). Dependent variables were expressed as numbers or percentages. The Wilcoxon matched-pairs signed-rank test, a nonparametric statistical test, was employed to compare non-normally distributed continuous data. This test was used to analyze various variables, including age, gender, FBG, ALT, AST, ALP, γ-GGT, LDH, bile acids, total cholesterol, triglycerides, HDL-C, LDL-C, apoA, and apoB. Chi-square test was used to compare the differences in hepatic steatosis prevalence and the HBeAg sero-positive prevalence of patients with high or low HBV DNA load. Binary logistic regression analysis was conducted to identify potential factors influencing HBV DNA load, such as hepatic steatosis, triglycerides, apoA, apoB, cholesterol, HDL-C, and LDL-C. Statistical analysis was performed using IBM Corp's SPSS version 24.0 software. A two-sided P value < 0.05 was considered statistically significant. All experiments were conducted in triplicates, and western blot data were analyzed using t-tests.

RESULTS
Clinical characteristics of HBsAg-seropositive participants
In this study, 1603 HBsAg-seropositive patients were included, of which 674 (42.0%) were HBeAg-seropositive. Of the total patients, 1015 (63.3%) were male, and 815 (50.8%) had a high HBV viral load, defined as serum HBV DNA levels > 104 copies/mL. The median age was 52 years (range 43–60). Table 1 presents the characteristics of the HBsAg-seropositive patients. Patients in the high HBV DNA group had a higher levels of ALT, AST, ALP, γ-GGT, LDH, and HDL-C, and lower levels of triglyceride (TG), FBG, albumin, LDL-C, and apoB compared to those in the low HBV DNA group (P < 0.05). However, there were no significant differences between the two groups with regards to TC, total bilirubin, and apoA. The characteristics of the HBeAg-seropositive patients are shown in Table 2.

Clinical characteristics of HBeAg-seropositive and HBeAg-seronegative patients 
Out of the 1603 HBsAg-seropositive patients, 661 were HBeAg-seropositive and 942 were HBeAg-seronegative. Among the HBeAg-seropositive group, 460 (69.6%) patients had a high viral load while in the HBeAg-seronegative group, 355 (37.7%) patients had a high viral load. Patients with high viral loads in the HBeAg-seropositive group had higher levels of ALT, AST, and HDL-C, and lower levels of albumin, FBG, LDL-C, apoB, and a lower ratio of steatosis (P < 0.05) (Table 1). In contrast, patients with high viral loads in the HBeAg-seronegative group had higher levels of ALT, AST, ALP, albumin, total bilirubin, and bile acid, and lower levels of TC, LDL-C, apoB, γ-GGT, TG, and a lower ratio of steatosis (P < 0.05) (Table 2).

Metabolic factors associated with HBV-DNA load in the HBsAg-seropositive participants
Table 3 presents the results of binary logistic regression analyses of metabolic factors associated with HBV-DNA load. The serum levels of TG (OR 0.83, 95%CI 0.70–0.98, P = 0.027), apoA (OR 0.47, 95%CI 0.26–0.83, P = 0.009), and LDL-C (OR 0.59, 95%CI 0.45–0.77, P < 0.001) were negatively associated with HBV-DNA load, while hepatic steatosis (OR 0.15, 95%CI 0.10–0.23, P < 0.001) was also negatively associated with HBV-DNA load. On the other hand, TC level (OR 1.39, 95%CI 1.09–1.77, P = 0.009) was positively associated with HBV-DNA load.

Metabolic factors associated with HBV-DNA load in HBeAg-seropositive and HBeAg-seronegative participants
Table 3 provides the results of logistic regression analyses of metabolic factors associated with HBV-DNA load in HBeAg-seropositive and HBeAg-seronegative patients. In HBeAg-seropositive patients, serum LDL-C level (OR 0.38, 95%CI 0.24–0.60, P < 0.001) and hepatic steatosis (OR 0.11, 95%CI 0.05–0.22, P < 0.001) were negatively associated with HBV-DNA load, while TC level (OR 2.33, 95%CI 1.55–3.51, P < 0.001) was positively associated with HBV-DNA load. In contrast, in HBeAg-seronegative patients, serum TG level (OR 0.69, 95%CI 0.55–0.87, P = 0.002), LDL-C level (OR 0.46, 95%CI 0.31–0.67, P < 0.001), and hepatic steatosis (OR 0.19, 95%CI 0.11–0.35, P < 0.001) were negatively associated with HBV-DNA load, while TC level (OR 1.69, 95%CI 1.19–2.40, P = 0.004) was positively associated with HBV-DNA load.

In vitro high-fat conditions inhibit the replication of HBV DNA 
To investigate the relationship between lipid metabolism and HBV DNA replication in vitro, HepG2.2.15 cells were stimulated with varying concentrations of PA and oleic OA to create a model of HBV infection combined with hepatic steatosis. Real-time PCR was used to detect changes in HBV DNA replication levels. The results demonstrated that the expression load of HBV DNA significantly decreased in a concentration-dependent manner with the increase of PA or OA concentration (Figure 1A and B). The optimal stimulation concentration of OA was 0.2 M, while the optimal stimulation concentration of PA was 100 μmol/L. The optimal fatty acid concentrations were prepared into free fatty acids (FFA) at an OA:PA ratio of 2:1. After 72 h of FFA treatment, HepG2.2.15 cells were stained with oil red O hematoxylin, revealing a significant increase in intracellular lipid droplets in the FFA group compared to the control group, and fusion phenomena were observed (Figure 1C). The intracellular TG content was higher in the high-fat stimulation conditions than in the control group (Figure 1D). ELISA was used to measure HBsAg and HBeAg levels in cell culture supernatants, and it was found that high-fat stimulation inhibited the expression of both HBsAg (Figure 1E) and HBeAg (Figure 1F).
Based on these findings, it can be concluded that high-fat conditions inhibit the expression of HBV DNA and its serum markers in a concentration-dependent manner. However, the exact mechanism underlying this inhibition remains unclear.

Fatty acids stimulation promoted the expression of Plin2 and inhibited the replication of HBV DNA 
To investigate the role of Plin2 in inhibiting HBV replication under high lipid conditions, we performed both Plin2 knockdown and overexpression experiments in HepG2.2.15 cells after fatty acid stimulation. After downregulating Plin2 protein, the number and volume of intracellular lipid droplets significantly decreased in both the control group and FFA-stimulated group under microscopy, whereas the number of lipid droplets increased in the Plin2 overexpression group (Figure 2A). Additionally, TG content was observed to increase in the Plin2 overexpression group (Figure 2B and C). HBV DNA load increased significantly after knockdown of Plin2 (Figure 2D-F). The expression of HBsAg and HBeAg was also significantly upregulated after transfection with siPlin2 plasmid, whereas the expression of both markers was downregulated after overexpression of Plin2 (Figure 2G-J). 
These findings suggest that high lipid conditions upregulate Plin2 expression and that Plin2 plays a role in counteracting the regulation of lipid metabolism.

Plin2 affects HBV DNA replication by regulating autophagy
Western blotting was used to examine the expression of Plin2 and autophagy-related proteins LC3-II and LC3-I. The results showed that Plin2 expression was significantly upregulated under fatty acid stimulation conditions, and Plin2 knockdown under fatty acid stimulation conditions demonstrated a decreasing trend in upregulated Plin2 expression (Figure 3A-C). Autophagy-related proteins LC3-II/LC3-I were significantly decreased when HepG2.2.15 cells were stimulated with fatty acids, indicating autophagy inhibition. Autophagy expression increased when Plin2 expression was disturbed; after knockdown of Plin2 under high-fat conditions, autophagy was restored, whereas overexpression of Plin2 under both normal medium and high-fat stimulation significantly inhibited autophagy (Figure 3B and D). The number of autophagic vesicles significantly decreased when HepG2.2.15 cells were stimulated with fatty acids, indicating that autophagy was inhibited as seen through GFP-LC3 staining. The number of autophagic vesicles increased when Plin2 expression was interfered with and significantly decreased when Plin2 expression was overexpressed (Figure 3E). 
Based on these findings, it can be concluded that fatty acid stimulation alters the autophagic trend by affecting the expression of Plin2, thereby affecting HBV DNA replication.

Lipid metabolism affects HBV DNA replication through Plin2autophagy-related pathway
Plin2 knockdown under fatty acid stimulation was observed to restore the inhibited HBV replication, whereas the restored DNA expression load was again inhibited after adding 3-MA to inhibit autophagy (Figure 3F). Plin2 protein expression remained unchanged upon the addition of autophagy inhibitor, as observed through Western blot analysis (Figure 3G and H). In contrast, the values of autophagy-related protein LC3-II/LC3-I were significantly downregulated (Figure 3G and I), indicating that autophagy was clearly inhibited. These results suggest that fatty acid stimulation inhibits autophagy and HBV DNA replication via Plin2.

DISCUSSION
HBV, a DNA virus that causes immune-mediated liver disease, can be transmitted through blood and body fluids. Although immunomodulatory drugs such as interferon and antiviral drugs have a good safety profile and are also effective in controlling HBV replication in patients with chronic hepatitis B, they rarely eliminate HBV completely and do not completely eliminate liver cancer risk[14]. Therefore, there is an urgent requirement to explore the deeper regulatory mechanisms of HBV in order to seek the development of new drugs for HBV clearance.
Hepatic steatosis is characterized by an excessive accumulation of triglycerides in hepatocytes[15]. In previous studies, hepatic steatosis has been found in patients with chronic HBV infection, causing a reduction in their response to antiviral therapy[16]. However, there is mixed evidence on the association between hepatic steatosis and HBV replication. Several studies have shown that hepatic steatosis induces HBsAg clearance and reduces HBV replication[17,18]. Chia-Ming Chu's study showed that in patients with increased body mass index, hepatic steatosis accelerated HBsAg serological clearance by approximately 5 years[19]. Conversely, Lesmana et al[20] found no difference in HBV replication between HBV patients with and without hepatic steatosis. Our results indicated that serum triglycerides, HDL levels, and the rate of hepatic steatosis were significantly lower in the HBV-DNA high load (815 cases) group compared to the HBV-DNA low load (788 cases) group. The findings of logistic regression demonstrated that serum TG levels (OR 0.83 95%CI 0.70–0.98, P = 0.027), apoA levels (OR 0.47, 95%CI 0.26–0.83, P = 0.009), LDL-C levels (OR 0.59, 95%CI 0.45–0.77, P < 0.001) and hepatic steatosis (OR 0.15, 95%CI 0.10–0.23, P < 0.001) showed significant negative correlation with HBV-DNA load. As a result, we conducted a stratified analysis according to HBeAg serostatus. The results of logistic regression showed that hepatic steatosis serum triglyceride load was negatively correlated with blood HBV-DNA load in both HBeAg positive or negative groups (P < 0.001). These findings are consistent with a study reported by Jarcuska et al[21], which stated a significantly lower HBV-DNA load in patients with hypertriglyceridemia. These findings indicate that increased lipid metabolism in the body can inhibit HBV replication. 
Previous studies have demonstrated that autophagy is closely associated with HBV DNA replication, and various factors in HBV infection, such as interferon Alpha and endoplasmic reticulum stress, can affect HBV replication by inducing autophagy[22]. Yongjun Tian et al[23] found that after liver-specific Atg5 knockdown in the HBV Tg05 mouse, the serum levels of HBeAg and HBsAg were decreased by about 50% and 60%, respectively. However, this autophagy inhibition decreased HBV DNA levels by more than 90%. A previous study showed that IFNα-2a treatment promoted autophagy initiation and blocked autophagy degradation, leading to a slight enhancement of HBV replication[24]. Autophagy disorders often result in metabolic abnormalities and play an essential role in the pathogenesis of numerous metabolic liver diseases, such as alcoholic liver disease and NAFLD[25]. Singh et al[26] coined the term "lipophagy" after identifying autophagy-mediated lipolytic functions in the LIPA pathway; TSAI T H showed that specific knockdown of Plin2 decreased triglyceride levels in mice by approximately 60%[27]. In another study of liver-specific Plin2 knockout mice, a significant increase in LC3 and p62-positive spots were detected in the livers of Plin2-deficient mice fed WTD[28]. In the study by Tsai et al[27], it was found that the down-regulation of Plin2 stimulated TG catabolism by upregulating autophagy expression through direct knockdown of Plin2. Therefore, we speculated that the high-fat environment regulates the Plin2-autophagy pathway and thus inhibits HBV DNA replication. Our experiments first examined the relationship between Plin2 and autophagy. Autophagy expression increased both under normal medium and under high-fat stimulation when Plin2 protein expression was down-regulated, and overexpression of Plin2 protein resulted in significant inhibition of autophagy. Fluorescence microscopy showed an increase in autophagy vesicles when Plin2 protein expression was down-regulated. Then the association between Plin2 and autophagy under fatty acid stimulation was further explored. Plin2 expression was significantly upregulated in HepG2.2.15 cells, and cellular autophagy was significantly inhibited. Compared to the control group, the expression of supernatant HBV DNA load and serological markers in HepG2.2.15 cells were significantly lower in the Plin2 knockdown group, whereas the overexpression of Plin2 was reversed. Finally, we inhibited the growth of autophagy with 3-MA in parallel with the knockdown of Plin2. At that time, we found that the growth of autophagy-related proteins was significantly reduced. In addition, the increased HBV DNA replication was also reduced, and HBsAg and HBeAg were similarly altered. All these results indicate that the Plin2-autophagy pathway is involved in the regulation of high-fat inhibition of HBV replication. 

CONCLUSION
In summary, our data suggest that fatty acid stimulation inhibits HBV replication by upregulating Plin2 expression, inhibiting hepatocyte autophagy. This process associates with lipid metabolism, autophagy pathway, and HBV replication. Further study of lipid metabolism-Plin2-autophagy is important to understand HBV host interactions and pathogenesis better and suggests a possible route for treating patients with chronic HBV infection combined with NAFLD.

ARTICLE HIGHLIGHTS
Research background
The relationship between lipid metabolism and hepatitis B virus (HBV) deoxyribonucleic acid (DNA) replication and its underlying mechanisms are not well understood. 

Research motivation
To investigate the relationship between lipid metabolism and HBV DNA replication and its underlying mechanisms.

Research objectives
We speculated that the Plin2-autophagy pathway might be involved in regulating lipid deposition and HBV replication in hepatocytes. 

Research methods
We first explored the relationship between patients' lipid levels and HBV DNA load. Also, we constructed an HBV infection combined with a hepatic steatosis cell model in vitro.

Research results
Stratified analysis by HBeAg showed significant negative correlations between HBV-DNA load and hepatic steatosis ratio in both HBeAg-positive group and in HBeAg-negative group. The results of in vitro experiments suggested that fatty acid treatment increased the lipid droplets deposition and decreased the cell supernatant HBsAg, HBeAg expression and HBV DNA load.

Research conclusions
Fatty acid stimulation inhibits HBV replication by upregulating Plin2 expression, inhibiting hepatocyte autophagy. 

Research perspectives
A possible route for treating patients with chronic HBV infection combined with nonalcoholic fatty liver disease.
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Figure Legends
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Figure 1 In vitro, high lipid cases promote lipid droplet formation and inhibit chronic hepatitis B virus deoxyribonucleic acid replication and the choreographing of related antibodies. A and B: HepG2.2.15 cells were stimulated with different concentrations of palmitic acid (PA) and oleic acid (OA) for 48 h, and the expression of chronic hepatitis B virus deoxyribonucleic acid was detected; C: 0.2 mmol/L concentration of OA and 100 μmol/L concentration of PA were applied to stimulate HepG2.2.15 cells for 48 h, and the intracellular lipid droplet formation was detected by applying oil red O staining method; D: Detection of intracellular triglyceride content in both groups; E and F: After applying free fatty acids stimulation for 48 h, the levels of HBsAg and HBeAg secreted by the two groups of cells were detected by the ELISA method, respectively. aP < 0.05, bP < 0.01, cP < 0.001. NC: Nucleocapsid protein; FFA: Free fatty acids.
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Figure 2 To investigate the role of Plin2 in the effect of high-lipid conditions on chronic hepatitis B virus. A: Oil red O staining to observe lipid droplet formation; B and C: Triglyceride (TG) assay kit was applied to detect the TG content of each group; D-F: Quantitative polymerase chain reaction method was applied to detect the chronic hepatitis B virus deoxyribonucleic acid content in each group; G-J: HBsAg and HBeAg levels were detected in each group by the ELISA method. aP < 0.05, bP < 0.01, cP < 0.001.
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Figure 3 Abnormal lipid metabolism affects chronic hepatitis B virus deoxyribonucleic acid replication through the Plin2-autophagy-related pathway. A: Quantitative polymerase chain reaction (q-PCR) method was applied to detect Plin2 mRNA levels; B-D: Western blot to detect the expression of Plin2 and LC3 in each group and detect the grayscale value; E: GFP-LC3 formation was observed under the fluorescence microscope; F: Chronic hepatitis B virus deoxyribonucleic acid levels were detected by applying q-PCR; G-I: Western blot was performed to detect the expression of Plin2 and LC3 in each group and to detect the grayscale values. aP < 0.05, bP < 0.01, cP < 0.001.

[bookmark: _Hlk108533665]
Table 1 Demographic, clinical, and laboratory characteristics of HBsAg-positive patients with high and low viral load using 104 copies per mL as the cutoff point, n (%)
	Factors
	ALL
	High HBV DNA
	Low HBV DNA
	P value

	
	Case n = 1603
	Case n = 815
	Case n = 788
	

	Demographic
	
	
	
	

	Age (yr)
	52 (43–60)
	51 (40–60)
	53 (45–61)
	0.010

	Male gender
	1015 (63.28)
	131 (69.6)
	401 (68.2)
	0.703

	Laboratory tests
	
	
	
	

	FBG (mmol/L)
	5.10 (4.61–5.87)
	5.00 (4.5–5.7)
	5.21 (4.77–6.00)
	< 0.001

	ALT (U/L)
	47.95 (25.00–109.92)
	68.3 (37.1–155.83)
	31.7 (20.3–67.7)
	< 0.001

	AST (U/L)
	41.19 (25.00–81.97)
	52.95 (33.33–106.8)
	29.86 (21.31–55.55)
	< 0.001

	ALP (U/L)
	81.40 (63.63–109.00)
	85.30 (66.00–116.60)
	76.65 (61.9–104.00)
	0.003

	γ-GGT (U/L)
	51.20 (22.89–113.36)
	60.00 (29.13–135.00)
	41.60 (18.97–100.12)
	0.038

	LDH (U/L)
	194.8 (170.23–231.10)
	196.00 (171.56–239.00)
	194.00 (168.94–224.61)
	0.006

	Albumin (g/L)
	40.70 (35.33–44.70)
	39.60 (33.02–43.51)
	41.96 (37.49–45.80)
	0.045

	Total bilirubin (µmol/L)
	16.53 (11.63–25.24)
	17.60 (12.20–27.70)
	15.39 (11.37–23.20)
	0.165

	Bile acids (µg/mL)
	11.00 (5.18–30.00)
	14.30 (6.30–34.20)
	8.70 (4.26–23.88)
	0.002

	Total cholesterol (mmol/L)
	4.25 (3.55–5.01)
	4.19 (3.50–4.92)
	4.37 (3.61–5.10)
	0.517

	Triglycerides (mmol/L)
	1.06 (0.73–1.53)
	1.02 (0.73–1.44)
	1.12 (0.74–1.71)
	< 0.001

	HDL-C (mmol/L)
	1.15 (0.90–1.41)
	1.19 (0.91–1.43)
	1.12 (0.89–1.38)
	0.029

	LDL-C (mmol/L)
	2.40 (1.87–2.98)
	2.27 (1.76–2.89)
	2.51 (1.95–3.10)
	0.018

	apoA (g/L)
	1.19 (1.01–1.38)
	1.14 (0.99–1.27)
	1.18 (1.02–1.39)
	0.849

	apoB (g/L)
	0.87 (0.70–1.06)
	0.84 (0.69–1.01)
	0.91 (0.73–1.10)
	0.002

	Steatosis
	163 (10.2)
	25 (3.1)
	138 (17.5)
	< 0.001

	HBeAg sero-positive
	661 (41.2)
	460(56.4)
	201 (25.5)
	< 0.001


HBV: Chronic hepatitis B virus; FBG: Fasting blood glucose; ALT: Alanine Aminotransferase; AST: Aspartateaminotransferase; ALP: Alkaline Posphatase; LDH: lactic dehydrogenase; HDL: High density lipoprotein; LDL: Low- density lipoprotein; apo-A: Apolipoprotein-A; apo-B: Apolipoprotein-B.



Table 2 Clinical characteristics of HBeAg-seropositive and HBeAg-seronegative patients with high and low viral load using 104 copies per mL as the cutoff point, n (%)
	Factors
	HBeAg sero-positive
	HBeAg sero-negative

	
	High HBV DNA
	Low HBV DNA
	P value
	High HBV DNA
	Low HBV DNA
	P value

	
	Case n = 460
	Case n = 201
	
	Case n = 355
	Case n = 587
	

	Demographic
	
	
	
	
	
	

	Age (yr)
	45 (36–59)
	50 (40–59)
	0.106
	54 (45–61)
	55(46–61)
	0.564

	Male gender
	314 (68.2)
	137 (68.1)
	0.412
	128 (56.6)
	93 (68.4)
	0.026

	Laboratory tests
	
	
	
	
	
	

	FBG (mmol/L)
	4.83 (4.40–5.35)
	5.10 (4.60–5.90)
	< 0.001
	5.23 (4.73–6.20)
	5.28 (4.80–6.06)
	0.795

	ALT (U/L)
	83.21 (43.45–190.62)
	51.60 (26.62–120.07)
	< 0.001
	53.00 (3200–127.00)
	27.60 (19.38–53.60)
	< 0.001

	AST (U/L)
	59.30 (38.01–130.1)
	46.85 (26.00–93.18)
	< 0.001
	46.50 (37.57–116.55)
	27.00 (20.72–46.47)
	< 0.001

	ALP (U/L)
	87.50 (67.98–117.09)
	90.18 (67.00–127.15)
	0.489
	83.40 (65.20–111.90)
	74.00 (60.00–96.00)
	< 0.001

	γ-GGT (U/L)
	64.61 (33.50–139.92)
	68.25 (33.25–145.87)
	0.615
	52.00 (21.90–115.69)
	69.6 (33.40–164.30)
	< 0.001

	LDH (U/L)
	195.00 (171.92–238.32)
	193.40 (167.37–228.97)
	0.380
	197.00 (170.08–239.14)
	194.00 (169.00–222.39)
	0.077

	Albumin (g/L)
	39.40 (32.81–43.36)
	40.30 (34.89–44.50)
	0.026
	54.00 (45.00–61.50)
	43.90 (38.00–47.70)
	< 0.001

	Total bilirubin (µmol/L)
	17.90 (12.40–28.35)
	17.80 (13.21–32.52)
	0.751
	17.20 (11.9–27.00)
	14.71 (11.08–22.47)
	< 0.001

	Bile acids (ug/mL)
	16.60 (8.01—38.77)
	16.50 (8.01–41.52)
	0.904
	10.06 (4.98–27.50)
	7.07 (3.73–16.54)
	< 0.001

	Total cholesterol (mmol/L)
	4.16 (3.50–4.85)
	4.00 (3.30–4.83)
	0.674
	4.22 (3.49–5.01)
	4.46 (3.71–5.15)
	0.019

	Triglycerides (mmol/L)
	1.03 (0.73–1.44)
	1.08 (0.71–1.71)
	0.429
	1.04 (0.73–1.41)
	1.14 (0.75–1.72)
	0.002

	HDL-C (mmol/L)
	1.19 (0.90–1.43)
	1.08 (0.81–1.40)
	0.041
	1.20 (0.92–1.44)
	1.12 (0.91–1.38)
	0.130

	LDL-C (mmol/L)
	2.25 (1.76–2.90)
	2.41 (1.89–3.06)
	0.041
	2.31 (1.72–2.87)
	2.54 (1.97–3.12)
	< 0.001

	apoA (g/L)
	1.17 (0..97–1.35)
	1.15 (0.92–1.30)
	0.204
	1.21 (1.00–1.40)
	1.20 (1.04–1.41)
	0.624

	apoB (g/L)
	0.85 (0.69–1.02)
	0.91 (0.70–1.12)
	0.010
	0.83 (0.68–1.00)
	0.91 (0.74–1.09)
	< 0.001

	Steatosis 
	11 (2.4)
	37 (18.4)
	< 0.001
	11 (3.0%)
	101 (17.2)
	< 0.001


HBV: Chronic hepatitis B virus; FBG: Fasting blood glucose; ALT: Alanine Aminotransferase; AST: Aspartateaminotransferase; ALP: Alkaline Posphatase; LDH: Lactic dehydrogenase; HDL: High density lipoprotein; LDL: Low- density lipoprotein; apo-A: Apolipoprotein-A; apo-B: Apolipoprotein-B.


[bookmark: OLE_LINK16]Table 3 Results of univariate and multivariate analyses on lipid level and steatosis and chronic hepatitis B viru deoxyribonucleic acid load
	
	P value
	OR (95%CI)

	[bookmark: RANGE!H158]HBsAg sero-positive
	

	[bookmark: RANGE!H159]Steatosis
	[bookmark: RANGE!I159]< 0.001
	[bookmark: RANGE!J159]0.15 (0.10–0.23)

	Triglyceride
	[bookmark: RANGE!I160]0.027
	[bookmark: RANGE!J160]0.83 (0.70–0.98)

	apoA 
	[bookmark: RANGE!I161]0.009
	[bookmark: RANGE!J161]0.47 (0.26–0.83)

	apoB 
	[bookmark: RANGE!I162]0.905
	[bookmark: RANGE!J162] 0.99 (0.91–1.08)

	Cholesterol
	0.009
	[bookmark: RANGE!J163]1.39 (1.09–1.77)

	[bookmark: RANGE!H164]HDL-C
	[bookmark: RANGE!I164]0.171
	[bookmark: RANGE!J164]1.38 (0.87–2.18)

	[bookmark: RANGE!H165]LDL-C
	[bookmark: RANGE!I165]< 0.001
	0.59 (0.45–0.77)

	HBeAg sero-positive
	

	Steatosis
	< 0.001
	0.11 (0.05–0.22)

	Triglyceride
	0.077
	0.74 (0.53–1.03)

	apoA 
	0.846
	1.10 (0.41–2.96)

	apoB 
	0.5
	0.69 (0.23–2.02)

	Cholesterol
	[bookmark: RANGE!I171]< 0.001
	[bookmark: RANGE!J171]2.33 (1.55–3.51)

	HDL-C
	0.204
	0.61 (0.29–1.30)

	LDL-C
	< 0.001
	[bookmark: RANGE!J173]0.38 (0.24–0.60)

	HBeAg sero-negative
	

	Steatosis
	< 0.001
	0.19 (0.11–0.35)

	[bookmark: RANGE!H176]Triglyceride
	[bookmark: RANGE!I176]0.002
	[bookmark: RANGE!J176]0.69 (0.55–0.87)

	apoA 
	0.209
	0.62 (0.29–1.31)

	apoB 
	0.713
	1.02 (0.91–1.14)

	Cholesterol
	0.004
	1.69 (1.19–2.40)

	HDL-C
	0.904
	0.96 (0.51–1.81)

	LDL-C
	< 0.001
	0.46 (0.31–0.67)


HBV: Chronic hepatitis B virus; FBG: Fasting blood glucose; ALT: Alanine Aminotransferase; AST: Aspartateaminotransferase; ALP: Alkaline Posphatase; LDH: Lactic dehydrogenase; HDL: High density lipoprotein; LDL: Low- density lipoprotein; apo-A: Apolipoprotein-A; apo-B: Apolipoprotein-B.
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