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Non-alcoholic hepatic steatosis attenuates hepatitis B virus replication
in an HBV-immunocompetent mouse model
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Abstract
Objective The relationship between chronic hepatitis B virus (HBV) infection and fatty liver in patients remains unclear.

Although high-fat diets-induced hepatic steatosis was proved to reduce HBV replication in transgenic mice, the interplay

between HBV and fatty liver in immunocompetent mouse model is yet to be elucidated. Here, we aimed to develop an

effective animal model for intracellular HBV persistence combined with hepatic steatosis and to explore their interactions.

Methods FVB/N mice with HBV genotype B replicon DNA were established by hydrodynamic injection. Mice injected

with HBV or control plasmid vectors were then randomized into NAFLD ? HBV, HBV, NAFLD, and control groups and

treated with a high-fat or standard diet for up to 14 weeks. The characteristics of NAFLD were evaluated by physical

indices, liver function tests, glycolipid metabolism, and liver histopathological changes. Viral dynamics were also analyzed

by HBV DNA and HBV-related antigens.

Results HBV clone persistently replicated in the livers of FVB/N mice, and hepatic steatosis was induced by a high-fat

diet. The NAFLD and NAFLD ? HBV groups shared similar physical features, glycolipid metabolism, liver function, and

hepatic steatosis. Serum hepatitis B e antigen (HBeAg), hepatic hepatitis B s antigen (HBsAg),hepatitis B c antigen

(HBcAg), and HBV DNA were decreased in the NAFLD ? HBV group compared with those in the HBV group at the end

of 14 weeks.

Conclusion In an HBV-immunocompetent mouse model, non-alcoholic hepatic steatosis inhibited HBV replication, as

indicated by the reduction of HBV DNA and HBV-related antigens. HBV replication did not alter lipid metabolism in

mice.
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Introduction

Chronic hepatitis B virus (HBV) infection remains a global

health issue associated with substantial morbidity and

mortality owing to induction of acute and chronic necro-

inflammatory liver diseases, hepatic cirrhosis, and hepato-

cellular carcinoma (HCC) [1]. Despite the development of

a highly effective preventive vaccine and antiviral agent, in

2010, about 248 million individuals worldwide were esti-

mated to be hepatitis B s antigen (HBsAg) positive and at

risk of developing end-stage liver disease, including cir-

rhosis and HCC, owing to viral factors, such as HBV DNA,

hepatitis B e antigen (HBeAg), genotype, and other meta-

bolic factors [2]. As the global prevalence of obesity and

other components of metabolic syndrome have increased in

& Hongwu Wang

hongwuwang@126.com

& Qin Ning

qning@vip.sina.com

1 Department of Infectious Disease, Institute of Infectious

Disease, Tongji Hospital, Tongji Medical College, Huazhong

University of Science and Technology, No. 1095 Jiefang

Avenue, Wuhan 430030, People’s Republic of China

2 Department of Otolaryngology-Head and Neck Surgery,

Tongji Hospital, Tongji Medical College, Huazhong

University of Science and Technology, Wuhan, People’s

Republic of China

3 Department of Pediatrics, Tongji Hospital, Tongji Medical

College, Huazhong University of Science and Technology,

Wuhan, People’s Republic of China

123

Hepatology International (2018) 12:438–446
https://doi.org/10.1007/s12072-018-9877-7(0123456789().,-volV)(0123456789().,-volV)

http://crossmark.crossref.org/dialog/?doi=10.1007/s12072-018-9877-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12072-018-9877-7&amp;domain=pdf
https://doi.org/10.1007/s12072-018-9877-7


the last decade, non-alcoholic fatty liver disease (NAFLD)

has also become increasingly common in the general

population [3].The disease spectrum of NAFLD ranges

from simple hepatic steatosis to non-alcoholic steatohep-

atitis (NASH) and eventually to liver cirrhosis or HCC [4].

This disease could eventually become the major cause of

end-stage liver disease and thus represents a major health

concern.

Although many Asian patients suffer from both NAFLD

and chronic HBV infection, the bilateral effects and

underlying mechanisms have not yet been adequately

clarified. Hepatic steatosis, a hallmark histological feature

of NAFLD that is associated with chronic hepatitis C

(CHC) infection [5], occurs in at least one-quarter of cases

of chronic HBV infection and may be responsible for more

rapid disease progression and increased risk of liver cir-

rhosis and HCC in patients with HBV and NAFLD [6–8].

In addition, hepatic steatosis can decrease the response to

PEGylated interferon (PEG-IFN) and entecavir antiviral

treatment in patients with chronic HBV infection [9, 10].

However, the relationship between HBV chronicity and

hepatic steatosis remains controversial. Several studies

have shown that hepatic steatosis may contribute to HBsAg

clearance, HBeAg seroconversion, and suppression of

hepatitis B viral replication in patients with CHB and

hepatic steatosis [11–14]. These findings were further

confirmed by a recent large-scale cohort study indicating a

negative association of hepatic steatosis with viral load,

suggesting that hepatic steatosis may enhance viral clear-

ance and inhibit HBV DNA replication [6]. In contrast,

some studies have reported that there is no difference in

HBV replication between patients with and without

NAFLD [15, 16], and another large-scale cohort study

showed that HBV infection decreased the risk of NAFLD,

implying that HBV may play an independent and protec-

tive role in the development of NAFLD [17]. Accordingly,

it is essential to develop an animal model for the systematic

investigation of hepatic steatosis and HBV persistence. As

HBV only infects humans and primates, HBV studies are

restricted by the available animal models. Transgenic

mouse models have been applied to investigate HBV-as-

sociated diseases as effective tools, which are inherently

tolerant to transgene products. However, these animals are

not manipulated under normal physiological conditions.

Therefore, establishment of an immunocompetent mouse

model of HBV persistence and NAFLD would enable

scientists to study the mechanisms of HBV chronicity and

hepatic steatosis.

Accordingly, in this study, we adopted a nontransgenic,

immunocompetent mouse model with persistent HBV

genotype B replication in the liver by taking advantage of

the liver-targeting feature of hydrodynamic injection.

NAFLD was then induced by long-term consumption of a

high-fat diet (HFD) for up to 14 weeks, and the effects of

NAFLD on HBV persistent replication and viral dynamics

were assessed. This animal model will facilitate our

understanding of the relationships and mechanisms of HBV

tolerance and hepatic steatosis.

Materials and methods

Mice and experimental procedures

FVB mice (male, 6–8 weeks of age) purchased from the

Beijing Vital River Laboratory Animal Technology (Bei-

jing, China) were bred in the specific pathogen-free animal

experiment center of Huazhong University of Science and

Technology. For the experiment, 10 lg pHBV1.3-B6

replicon DNA or the control vector in a volume of phos-

phate-buffered saline equivalent to 8% of the mouse’s body

weight was introduced by tail vein injection within 6–8 s.

Angular vein blood was collected from the eyes on the

third day after the injection and assayed for HBeAg.

HBeAg-positive and control mice were randomly assigned

to be fed HFD containing 60% of the total kilocalories

from fat or a normal diet containing 10% of the total

kilocalories from fat as the NAFLD ? HBV, NAFLD,

HBV, and control groups, respectively, for 14 weeks. All

mice were provided food and water ad libitum, and their

body weights were recorded weekly. The mice were killed

at the end of 14 weeks. Blood samples collected from the

angular vein were maintained at - 80 �C. The livers were

quickly removed and weighed. Part of the liver was

immediately fixed in 4% paraformaldehyde solution for

histological analysis. The left liver tissue was frozen at

- 80 �C for further analysis.

Measurement of blood biochemical indexes

Serum levels of HBeAg were detected using chemilumi-

nescent immunoassays (Abbott I4000 IM0109). Serum

levels of alanine aminotransferase (ALT), aspartate

aminotransferase (AST), fasting blood glucose (FBG), total

cholesterol (TC), triglycerides (TGs), high-density

lipoprotein (HDL), and low-density lipoprotein (LDL)

were measured using a Roche automatic biochemical

analyzer. Serum insulin was detected using an enzyme-

linked immunosorbent assay (ELISA) kit (Mercodia,

Sweden).The insulin resistance score was determined using

homeostasis model assessment (HOMA-IR = fasting insu-

lin [mU/L] 9 fasting glucose [mg/dL] 9 0.05551/22.5).
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Hepatic histology analysis

Liver tissues from mice were fixed in 4% paraformalde-

hyde solution and embedded in paraffin for hematoxylin

and eosin (H&E) and oil red O staining according to

standard methods. Total TG levels in livers were measured

by enzymatic assays using a TG assay kit (Nanjing Jian-

chen Bioengineering Institute, China), according to the

manufacturer’s instructions. Liver sections were stained

with rabbit anti-HBcAg antibodies (1:100 dilution; Novus

Biologicals, USA) and were then detected using the

streptavidin–peroxidase complex method with a Histostain-

plus kit, DAB (Boster Biotechnology, Wuhan, China) fol-

lowing the manufacturer’s instructions. HBsAg in the liver

was measured using chemiluminescent immunoassays

(Abbott I4000 IM0109). Liver HBV DNA was detected by

quantitative polymerase chain reaction (PCR) kit (KHB,

Shanghai, China). Liver total RNA was extracted from

liver tissues for analysis. 1 lg of total RNA was reverse-

transcribed to cDNA using a PrimeScript RT reagent kit

(TaKaRa Biotechnology, Dalian, China). cDNA equivalent

to 50 ng of total RNA was used for PCR assay. The mRNA

expression of tumor necrosis factor-a (TNF-a), interleukin
(IL)-6, IL-1b, and HBV pgRNA was measured by real-time

reverse transcription PCR (RT-PCR) using a SYBR Premix

Ex Taq kit (TaKaRa Biotechnology, Dalian, China) in

accordance with the manufacturer’s instructions. The

specific primer pairs were: IL-1b-forward: 5- TGTAAT-

GAAAGACGGCACACC-3, IL-1b-reverse: 5-TCTTCTTT
GGGTATTGCTTGG-3; TNF-a-forward: 5-GGCAGGTC

TACTTTGGAGTCATTG-3, TNF-a -reverse: 5-ACATT

CGAGGCTCCAGTGAATTCGG-3; IL-6-forward: 5-CCA

CGGCCTTCC CTACTTC-3, IL-6-reverse: 5-CTCATTT

CCACGATTTCCCAG-3; HBV pgRNA-forward: 5- AGTG

TGGATTCGCACTCCT-3, HBV pgRNA-reverse: 5-GAG

TTCTTCTTCTAGGG GACCTG-3; b-actin-forward:
5-GGTCAGAAGGACTCCTATGTGG-3, b-actin-reverse:
5-TGTCGTCCCAGTTGGTAACA-3; ELISA kits (Neo-

bioscience, Shenzhen, China) were used to determine the

concentrations of TNF-a, IL-6, IL-1b, IFN-b, and IFN-c in

hepatic homogenates. Western blotting analyses of TNF-a
(1:4000, Abcam, Cambridge, UK), IL-6 (1:4000, Guge

Biotechnology, Wuhan, China), and IL-1b (1:4000,

Abcam, Cambridge, UK) in hepatic homogenates were

conducted as previously reported. b-actin (1:4000, Abb-

kine, CA, USA) quantification was used as an internal

standard to correct for variations in total protein loading.

Densitometric analysis of the blots was performed by using

the software AlphaEase FC (Alpha Innotech, Silicon Val-

ley, CA, USA).

Statistical analysis

Data are presented as means ± standard errors of the

means (SEMs). The Kruskal–Wallis H test was used to

assess significant intergroup variability and the Mann–

Whitney U two-tailed test was used for between-group

comparison. Differences with a p values of less than 0.05

were considered statistically significant.

Results

Viral characterization in FVB/N mice
by hydrodynamic injection of HBV

FVB/N mice were hydrodynamically injected with a

pGEM4Z/HBV1.3 replication plasmid containing a 1.3-

fold overlength of a genotype B HBV genome or control

vector. After HBV DNA injection, serum HBeAg was used

as a marker to monitor HBV persistence in mice. HBV

clone was persistently replicated in the livers of approxi-

mately 90% of FVB/N mice on the third day and 70% of

mice at 14 weeks after injection (data not shown). Three

days after injection and before HFD, the serum levels of

HBeAg did not differ between the HBV and NAFLD ?

HBV groups (Fig. 1a). Compared with the HBV group, the

serum levels of HBeAg and the levels of hepatic HBsAg,

HBcAg, HBV DNA, and HBV pgRNA in the NAFLD ?

HBV group were decreased after 14 weeks of HFD, with

the latter reaching significance at the end of the 14-week

experiment (Fig. 1b). Immunohistochemistry further

showed that the number of HBcAg-positive cells and the

HBcAg-positive ratio were decreased in the NAFLD ?

HBV group as compared to that in the HBV group

(Fig. 1c).

Effects of HBV combined with NAFLD on physical
and plasma biochemical parameters

After administration of the HFD, mice in the NAFLD ?

HBV and NAFLD groups suffered from obesity (Fig. 2a)

and showed a significant increase in the liver to body

weight ratio when compared with the other groups of mice

(data not shown). There were no significant differences in

plasma ALT, AST, FBG, insulin, TG, TC, HDL, or LDL

levels between the control and HBV groups. Similarly,

these plasma biochemical indices displayed no differences

between the NAFLD and NAFLD ? HBV groups during

the experiment. However, the plasma levels of ALT, AST,

TG, TC, LDL, FBG, and insulin as well as insulin resis-

tance increased significantly both in the NAFLD and
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NAFLD ? HBV groups compared to the control or HBV

groups at 14 weeks, respectively (Fig. 2b–e).

Effects of HBV combined with hepatic steatosis
on histopathological changes

No obvious histopathological changes were observed in the

HBV group by H&E and oil red O staining compared with

controls. However, we observed progressive hepatic micro-

and macrovesicular steatosis in the NAFLD ? HBV and

NAFLD groups during the experiment (Fig. 3a). Following

exposure to HFD for 14 weeks, there was no obvious

infiltration of inflammatory cells in the NAFLD ? HBV

and NAFLD groups. Analysis of the expression levels of

TNF-a, IL-1b, and IL-6 by RT-PCR, ELISA, and western

blot showed no difference between two groups and further

confirmed these observations (Fig. 3b–d).

Inverse association between cumulative plasma
or hepatic TGs and HBV replication

The levels of hepatic TGs were significantly higher in the

NAFLD ? HBV and NAFLD groups than in the control

and HBV groups at 14 weeks (Fig. 4a). There were no

significant differences between the HBV and control

groups or between the NAFLD ? HBV and NAFLD

groups (Fig. 4a). Inverse associations between cumulative

plasma or hepatic TGs and hepatic HBsAg, HBcAg-posi-

tive ratio, and HBV DNA were observed by correlation

analysis (Fig. 4b, c).

Discussion

Although the coexistence of HBV replication and NAFLD

is frequently observed in clinical practice, their association

is still controversial. Therefore, the establishment of an

effective animal model of HBV combined with hepatic

steatosis is required to understand their relationship. The

Fig. 1 Viral characterization in FVB/N mice by hydrodynamic

injection. The plasma HBeAg level did not show any difference on

the third day (a), but the hepatic HBsAg, HBV DNA and HBV

pgRNA levels were decreased in the NAFLD/HBV group compared

with the NAFLD group (b). Immunohistochemistry staining of

hepatitis B c antigen (HBcAg) and HBcAg-positive ratio were

decreased in the NAFLD/HBV group compared with the NAFLD

group (c)
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most widely used model for chronic HBV infection is the

HBV transgenic mouse, with the advantage of inherent

immuno-tolerance to HBV and thereby serologically and

immunologically resembling chronic HBV infection after

neonatal transmission [18–20]. Previous work by Chen

et al. established a successful FVB/N mouse model of HBV

persistent replication by introducing HBV replicon DNA

into the livers of FVB/N mice via hydrodynamic injection,

in which these immunocompetent mouse strains provided a

great convenience to explore the host and viral factors

associated with HBV persistence in vivo [21]. Based on

this information, FVB/N mice were injected with HBV

clone and exposed to HFD (NAFLD ? HBV and NAFLD

groups) for up to 14 weeks. We observed that mice fed

HFD presented with widely macrovesicular and

microvesicular hepatic steatosis. Hepatic steatosis was

further verified by the finding of disrupted lipid metabo-

lism, such as significantly elevated levels of glycolipids

and insulin resistance compared with that in mice fed a

standard diet. These data demonstrated FVB/N mice could

be adopted as a useful model for NAFLD. Intriguingly,

only low levels of inflammatory responses were induced in

NAFLD ? HBV and NAFLD groups, as demonstrated by

the lack of infiltrating inflammatory cells into livers. Thus,

these typical manifestations of HFD-induced NAFLD were

consistent with the first stage of NAFLD, namely non-al-

coholic fatty liver (NAFL), and not NASH. Therefore, this

model provides a basis for further studies of the relation-

ship between persistent HBV replication and hepatic

steatosis.

Viral replication in chronic HBV infection combined

with NAFLD has not been extensively studied. Notably, an

inverse relationship between HBV replication and hepatic

steatosis has been observed in most studies. According to

an early study by Chu et al., moderate to severe hepatic

steatosis may contribute to HBsAg seroclearance in HBsAg

carriers [11]. Moreover, a cohort study by Chu et al.

showed that in HBsAg carriers with increased body mass

index, hepatic steatosis can accelerate HBsAg seroclear-

ance by approximately 5 years, although the beneficial

effects of HBsAg seroclearance should be balanced against

the harmful effects of hepatic steatosis [12]. A recent

Fig. 2 Impacts of HBV combined with NAFLD on physical and plasma biochemical parameters. After administration with HFD, mice suffered

from obesity (a). The plasma levels of ALT, AST (b) and FBG, insulin (c) and HDL, LDL (d) and plasma TG, TC (e) are shown

442 Hepatology International (2018) 12:438–446

123



clinical study by Ceylan et al. reported that viral replication

is decreased in patients with chronic HBV infection with

NAFLD [14]. Additionally, some studies have demon-

strated that there is no relationship between HBV replica-

tion and metabolic index in patients [15, 16]. This

discrepancy may reflect the complexity of HBV infection

combined with NAFLD in clinical practice. In our animal

models, we found that serum HBeAg, hepatic HBcAg and

HBsAg, HBV DNA, and pgRNA were obviously reduced

in the NAFLD ? HBV group compared with those in the

HBV group. FVB/N mice exhibit additional defects in the

secretion of C5 complement by macrophages, leading to

lower levels of inflammatory responses; this factor may

contribute to the high HBV persistence rates [21]. Con-

sistent with this, we did not observe obvious inflammatory

cells or cytokines in both the HBV and NAFLD groups.

Thus, the decreased HBV DNA may be due to the meta-

bolism of hepatic cells instead of activation of the liver

immune response. Our findings implied that hepatic

steatosis may directly affect HBV-related antigen expres-

sion and viral replication. Further studies are needed to

confirm these results and elucidate the mechanisms through

which hepatic steatosis affects viral dynamics.

Fig. 3 The effects of HBV combined with hepatic steatosis on

histopathological changes. Histological features of liver disease in

FVB/N mice in different groups. HE staining and oil red O staining

for the control, non-alcoholic fatty liver disease (NAFLD), HBV and

NAFLD/HBV groups at the end of 14 weeks (9 400) (a). The TNF-a,
IL-6, and IL-1b levels were measured by RT-PCR (b), ELISA (c),
and western blot (d)
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Chronic infection with HCV, particularly genotype 3,

has been shown to cause lipid metabolism disorders and

induce hepatic steatosis [5]. Nevertheless, it is still unclear

whether HBV can affect metabolic factors and cause fatty

liver. In some studies, HBx has been shown to increase

hepatocellular TGs and lead to hepatic steatosis by stimu-

lating transcription factors or corresponding receptors in

lipid metabolic pathways [22–24]. According to a study by

Li et al., HBV infection in HepG2 cells could stimulate the

expression of cholesterol metabolism-related genes and

increase hepatic cholesterol via Toll-like receptor 2 [25].

However, hepatic steatosis does not appear to occur any

more frequently in HBV-infected patients than in the

general population [26]. In addition, host metabolic factors

(obesity, hypertension, and dyslipidemia), rather than viral

infection, appear to be the dominant determinants of the

origination and progression of steatosis or steatohepatitis

[27, 28]. In line with these clinical findings, the accumu-

lation of plasma and hepatic lipid or cholesterol did not

increase in HBV persistent replication with NAFLD com-

pared with NAFLD alone. Similarly, plasma glucose and

insulin levels were not altered in HBV ? NAFLD com-

pared with NAFLD groups, but significantly higher as

compared with the HBV and control groups. These results

were similar to a previous study by Wang et al., who

showed that chronic HBV infection was not related to

insulin resistance and did not induce hepatic steatosis [29].

Therefore, HFD, rather than viral factors, appeared to be

responsible for the establishment of NAFLD in our rodent

model.

Fig. 4 Inverse association between cumulative plasma or hepatic TGs

and HBV replication. a Hepatic TGs were increased in the

NAFLD ? HBV group and NAFLD group as compared to the

HBV and control group. b The correlations between plasma TG and

hepatic HBV DNA and hepatic HBsAg level and the correlations

between hepatic TG and hepatic HBV DNA and hepatic HBsAg level

were shown
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In summary, through HBV DNA hydrodynamic injec-

tion and exposure to HFD in FVB/N mice, we established

an animal model of persistent hepatic HBV replication

combined with NAFLD. In this HBV-immunocompetent

mouse model, non-alcoholic hepatic steatosis inhibited

HBV replication, while virus replication did not alter lipid

metabolism. Notably, hepatic steatosis may affect antiviral

therapy in patients with HBV. Further studies are needed to

assess this possibility.
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