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liver regeneration via intracellular retention of the insulin
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Abstract Hepatitis B virus (HBV) causes severe liver

disease but the underlying mechanisms are incompletely

understood. During chronic HBV infection, the liver is

recurrently injured by immune cells in the quest for viral

elimination. To compensate tissue injury, liver regenera-

tion represents a vital process which requires proliferative

insulin receptor signaling. This study aims to investigate

the impact of HBV on liver regeneration and hepatic

insulin receptor signaling. After carbon tetrachloride-in-

duced liver injury, liver regeneration is delayed in HBV

transgenic mice. These mice show diminished hepatocyte

proliferation and increased expression of fibrosis markers.

This is in accordance with a reduced activation of the

insulin receptor although HBV induces expression of the

insulin receptor via activation of NF-E2-related factor 2.

This leads to increased intracellular amounts of insulin

receptor in HBV expressing hepatocytes. However, intra-

cellular retention of the receptor simultaneously reduces

the amount of functional insulin receptors on the cell sur-

face and thereby attenuates insulin binding in vitro and

in vivo. Intracellular retention of the insulin receptor is

caused by elevated amounts of a-taxilin, a free syntaxin

binding protein, in HBV expressing hepatocytes preventing

proper targeting of the insulin receptor to the cell surface.

Consequently, functional analyses of insulin responsive-

ness revealed that HBV expressing hepatocytes are less

sensitive to insulin stimulation leading to delayed liver

regeneration. This study describes a novel pathomechanism

that uncouples HBV expressing hepatocytes from prolif-

erative signals and thereby impedes compensatory liver

regeneration after liver injury.
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Abbreviations

HBV Hepatitis B virus

HCC Hepatocellular carcinoma

IR Insulin receptor

ROI Reactive oxygen intermediates

JNK c-Jun N-terminal kinase

IRS Insulin receptor substrate

Nrf2 NF-E2-related factor 2

NQO1 NAD(P)H-dependent quinone oxidoreductase 1

GPx Glutathione peroxidase

GCLC Glutamate-cysteine ligase catalytic subunit

c-GCSc c-Glutamylcystein synthetase catalytic subunit

ARE Antioxidant response element

Bim Bcl-2-like protein

WT Wild type

ALT Alanin transaminase

AST Aspartate transaminase

PEI Polyethyleneimine

tBHQ tert-Butylhydroquinone

PHH Primary human hepatocytes

rtPCR Real-time polymerase chain reaction

PCNA Proliferating cell nuclear antigen

IGF-IR Insulin-like growth factor 1 receptor

PDI Protein disulfide isomerase

a-SMA a-Smooth muscle actin

LHBs Hepatitis B large surface protein
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SHBs Hepatitis B small surface protein

CLSM Confocal laser scanning microscope

FITC Fluorescein isothiocyanate

SEM Standard error of the mean

HE Hematoxylin and eosin

HBsAg Hepatitis B surface antigen

ER Endoplasmic reticulum

galT Galactosyltransferase

ESCRT Endosomal sorting complexes required for

transport

SNARE Soluble N-ethylmaleimide-sensitive-factor

attachment receptor

GCK Glucokinase

GLUT4 Glucose transporter 4

HCV Hepatitis C virus

HBx Hepatitis B virus X

SOCS3 Suppressor of cytokine signaling 3

Introduction

Human hepatitis B virus (HBV) is a small enveloped,

partially double-stranded DNA virus which belongs to the

family of Hepadnaviridae [1]. Despite the existence of a

prophylactic vaccine since the early 1980s, an estimate of

240 million individuals are chronically infected with HBV

worldwide [2]. Currently, there is no curative treatment for

chronic HBV infection and pathogenesis is incompletely

understood [2]. Chronic HBV infection can cause liver

fibrosis and ultimately results in cirrhosis [3]. Moreover,

chronic hepatitis is the leading cause for the development

of human hepatocellular carcinoma (HCC) accounting for

more than 600,000 deaths annually [4, 5]. HBV-associated

pathogenesis is considered to be mainly immune-mediated

[6, 7]. However, chronic hepatitis can be characterized by a

weak and inefficient T cell response which is unable to

clear HBV from the liver [8]. An inefficient immune

response to HBV sustains hepatocyte destruction and

triggers excessive liver regeneration that can lead to

fibrosis, cirrhosis and HCC [8]. Liver regeneration after

injury is essential for liver tissue restoration [9]. Impair-

ment of liver regeneration fosters fibrosis and development

of liver diseases [10]. For the regulation of liver regener-

ation, insulin receptor signaling cascades play a pivotal

role [11–14]. Patients with severe glucose intolerance or

impaired insulin secretion even show high mortality fol-

lowing hepatectomy [15]. Insulin receptor (IR) signaling

can be inactivated by elevated levels of reactive oxygen

intermediates (ROI) which lead to activation of c-Jun

N-terminal kinases (JNK) 1/2 and trigger Ser312-phos-

phorylation of the insulin receptor substrate (IRS) 1/2 [13].

A key player in defusing ROI and electrophiles is the

cytoprotective transcription factor NF-E2-related factor 2

(Nrf2) which induces expression of ROI-detoxifying

enzymes that prevent accumulation of ROI in the liver [16–

18]. Examples are NAD(P)H quinone oxidoreductase

(NQO1), glutathione peroxidase (GPx) or the catalytic

subunit of the glutathione biosynthesis enzyme glutamate–

cysteine ligase (GCLC) also known as c-glutamylcysteine

synthetase (c-GCSc) [19]. NQO1 directly acts as a ROS

scavenger catalyzing the reduction of reactive quinones to

hydrochinones [20]. Expression of these enzymes is trig-

gered by cis-acting antioxidant response elements (AREs)

in the promoter of the corresponding genes [21]. Defi-

ciency in Nrf2 causes inactivation of insulin receptor

signaling and a delay in hepatocyte proliferation after

partial hepatectomy due to increased intracellular levels of

ROI, leading to JNK activation and subsequent Ser-phos-

phorylation of IRS1/2 [12, 13]. On the other hand, in

transgenic mice that express constitutive active Nrf2

(caNrf2) liver regeneration is impaired due to delayed

hepatocyte proliferation and enhanced apoptosis as

expression of Bcl-2-like protein 11 (Bim) and the cyclin-

dependent kinase inhibitor p15 is upregulated [22]. Inter-

estingly, HBV directly activates Nrf2 and expression of

Nrf2/ARE-regulated target genes [23]. This argues against

an inhibitory effect of HBV on insulin signaling due to

elevated ROI levels. Nevertheless, chronic HBV infection

is associated with dysregulation of hepatocyte proliferation

and retardation of liver regeneration [24]. However, the

underlying mechanisms are not fully understood. Thus, the

purpose of this study was to investigate liver regeneration

and hepatic insulin receptor signaling in the context of

HBV expression in vitro and in vivo. The present study

demonstrates that in HBV transgenic mice liver regenera-

tion after liver injury is impaired. Here, we propose a novel

pathomechanism by which impairment of liver regenera-

tion correlates with inhibition of proliferative insulin

receptor signaling due to intracellular retention of the

insulin receptor in HBV expressing cells.

Materials and methods

Mice

All mice used were on a C57Bl/6 background. The trans-

gene in HBV transgenic mice consists of 1.3 copies of the

complete HBV genome as described [25]. HBV transgenic

Nrf2 homozygous knock-out mice were generated by

crossing HBV transgenic mice with Nrf2 knock-out mice

which were described previously [26]. Mice were treated

intraperitoneally with a single dose (0.27 mL/kg body

weight) of a 2 % solution of carbon tetrachloride (CCl4)

(Merck) in olive oil. At the respective days of post treatment
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(1, 2, 3, 5 and 7 days), mice were narcotized by CO2

inhalation and euthanized by cervical dislocation. For long-

term treatment, wild type (WT) and HBV transgenic mice

were treated over a period of 52 days with CCl4 (0.17 mL/

kg body weight) with a single CCl4 injection (i.p.) per week.

Mice were sacrificed and the liver was harvested 3 days

after the last injection. Liver specimens were removed and

fixed in 4 % formaldehyde (Carl Roth). Blood was obtained

by cardiac puncture. Quantitative determination of alanine

transferase (ALT), aspartate transaminase (AST) and glu-

cose concentration in EDTA-serum of WT and HBV

transgenic mice was determined using the Reflotron system

(Roche) and the respective Reflotron based test strips

(Roche). Primary mouse hepatocytes were isolated by ret-

rograde two-step EGTA/collagenase (Sigma) perfusion as

described [27]. All animal experiments were performed in

accordance with institutional policies and had been

approved by the local veterinary authorities of Darmstadt,

Germany.

Cell culture and cell treatment

Human hepatoma-derived cell lines HepG2, Huh7.5, and

stably HBV expressing cell lines HepAD38 [28] and

HepG2.2.15 [29] were cultivated as described [28, 29].

Formation of the 3.5 kB transcript in HepAD38 cells was

blocked by addition of tetracycline (1 lg/mL) to the

medium. Cells were transiently transfected with plasmid

DNA using linear polyethyleneimine (PEI) (Polysciences,

Inc.) as described in [30] and were grown for 24 or 48 h.

Cells were stimulated with tert-butylhydrochinone (tBHQ)

(Sigma) for 8 h with 50 lM 24 h after transfection. Insulin

(Roche) stimulation was performed with a concentration of

100 nM. Primary human hepatocytes (PHH) were isolated

by modified two-step EGTA/collagenase perfusion proce-

dure as described [31] and infected with HepAD38-derived

supernatant as described [32].

Nrf2 knock-down

Cells were transfected with 40 nM Nrf2-specific (sc-

37030) or control siRNA (sc-37007) (Santa Cruz

Biotechnology) using a N-TER Nanoparticle siRNA

Transfection System (Sigma) according to the manufac-

turer’s protocol. 72 h after transfection cells were treated

with 50 lM tBHQ for 16 h.

Plasmids

For HBV expression, a 1.2-fold HBV-genome ayw was

used (pHBV1.2). Constitutively active (pcaNrf2) and trans-

dominant negative Nrf2 expression constructs (ptdnNrf2)

were described previously [33]. Plasmids encoding

mCherry alone and N-terminally mCherry-tagged a-taxilin
were kindly provided by Dr. Daniela Ploen. pUC19(–) and

pEGFP-N1 (Clontech) served as control plasmids.

SDS-PAGE and western blot analysis

Proteins were separated by SDS-PAGE [34] and trans-

ferred onto methanol-pretreated Hybond-P PVDF

membranes (Merck Millipore). The membrane was

blocked using nonfat dry milk powder (Carl Roth). Anti-

body incubation was performed as described [35]. Protein

bands were detected by exposition of the membrane to a

scientific imaging film using a peroxidase substrate reagent

(ECL) or the LI-COR Odyssee detection system (LI-COR).

Equal loading was controlled by detection of b-actin.

Real-time PCR (rtPCR)

RNA isolation was performed using peqGOLD TriFast

(PEQLAB) according to the manufacturer’s instructions.

For cDNA synthesis, 5 lg of total RNA were treated with

DNase I (PEQLAB). First-strand synthesis was carried out

using Random Hexamer Primer (Fermentas) and RevertAid

H Minus M-MuLV Reverse Transcriptase (Fermentas).

rtPCR was performed according to the manufacturer’s

instructions. Primers used for rtPCR are shown in Table 1.

Antibodies and ELISA

Polyclonal rabbit anti-IRb (C-19, 1:300 for western blotting,

1:80 for immunofluorescence and immunohistochemistry),

monoclonal mouse anti-NQO1 (A180, 1:300 for western

blotting), polyclonal rabbit anti-c-GCSc (H-300, 1:300 for

western blotting), polyclonal rabbit anti-phospho-IRb
(Tyr1162/1163, 1:300 for western blotting), polyclonal rabbit

anti-Txlna (H-66, 1:1000 for western blotting, 1:80 for

immunohistochemistry), polyclonal rabbit anti-GAPDH (FL-

335, 1:300 for western blotting), polyclonal rabbit anti-b-
tubulin (H-235, 1:1000 for western blotting) and polyclonal

rabbit anti-PCNA (FL-261, 1:100 for immunohistochemistry)

antibodies were purchased from Santa Cruz Biotechnology.

Polyclonal rabbit anti-IGF-I receptor b (IGF-IRb, 1:300 for

western blotting) was purchased from Cell Signaling Tech-

nology, monoclonal mouse anti-PDI (1:250 for western

blotting) and monoclonal mouse anti-Calnexin (1:1000 for

western blotting) from BD Transduction Laboratories. Poly-

clonal rabbit anti-NQO1 (1:80 for immunohistochemistry)

from Abnova, the monoclonal mouse a-SMA-specific anti-

body was obtained from eBioscience (1:100 for

immunohistochemistry). Monoclonal mouse anti-LHBs

antibody Ma18/07 [36] (1:600 for western blotting) was

kindly provided by Dr. Glebe, Gießen, Germany. Mouse

monoclonal anti-HBV core (MAB16990) (1:400 for western
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blotting) was obtained from Chemicon. Polyclonal goat anti-

SHBs (1:100 for immunohistochemistry) was purchased from

DAKO and monoclonal mouse anti-b-actin (1:10,000 for

western blotting) from Sigma. Monoclonal mouse Anti-Na?/

K?-ATPase alpha (1:500 for western blotting) as well as

ELISA kit for phospho-IRb (Tyr1334) were purchased from

Life Technologies. ELISA kit for detection of total IRb was

purchased from Cell Signaling Technology. Polyclonal goat

Alexa Fluor 488-conjugated secondary antibodies (1:1000)

were obtained from Invitrogen and polyclonal donkey Cy3-

conjugated antibodies (1:400) were purchased from Jackson

ImmunoResearch Laboratories for immunofluorescence and

immunohistochemistry. For western blotting, polyclonal

donkey secondary antibodies (1:5000)were obtained fromLI-

COR and polyclonal donkey peroxidase-conjugated sec-

ondary antibodies (1:2000) were purchased from GE

Healthcare. ELISAs were performed according to the manu-

facturer’s instructions.

Indirect immunofluorescence analysis

Indirect immunofluorescence analysis was performed as

described previously [37]. Nuclei were counterstained with

DAPI (Sigma). All experiments were performed on a

confocal LSM (CLSM) 510 microscope (Zeiss) with a 409

EC Plan-Neo NA 1.3 oil objective (Zeiss) and a 1009

alpha Plan-Apochromat NA 1.46 oil objective (Zeiss).

DAPI fluorescence was excited using a 405 nm diode laser,

Alexa488 fluorescence was excited using a 488 nm Argon

laser and Cy3 fluorescence was excited using a 543 nm

He–Ne laser, respectively. Images were acquired with the

ZEN 2012 software (Zeiss). Experiments were performed

at room temperature.

Immunohistochemistry analysis

Formalin-fixed and paraffin-embedded liver sections

mounted on microscope slides were deparaffinized for

15 min in xylene and rehydrated for 10 min in 99 %

ethanol, 10 min in 75 % ethanol and 5 min in ddH2O. The

slides were briefly boiled in 10 mM citrate buffer (pH 6)

and incubated for 40 min. Slides were incubated for

Table 1 Sequences of rtPCR primers (50 ? 30)

Primer Sequence

HBV_3.5kb_fwd ctccaagctgtgccttggg

HBV_3.5kb_rev cccacccaggtagctagag

IR_fwd gtggtgatggagctgatgg

IR_rev accatgcagtttctcgctg

Txlna_fwd atgaagaaccaagacaaaaaga

Txlna_rev ctggctgctgccgggac

GCLC_fwd cccatggaggtgcaattaac

GCLC_rev tgcgataaactccctcatcc

GLUT4_fwd cctacgtcttccttctatttg

GLUT4_rev ctcatctggccctaaatactc

GCK_fwd tggaccaagggcttcaaggc

GCK_rev catgtagcaggcattgcagcc

GAPDH_fwd gaccccttcattgacctcaac

GAPDH_rev tggactgtggtcatgagtcc

RPL27_fwd aaagctgtcatcgtgaagaac

RPL27_rev gctgctactttgcgggggtag

cFig. 1 Impaired liver regeneration and decreased insulin receptor

activation in HBV transgenic mice after liver injury. a HE staining of

representative liver sections (magnification 9100) of male wild type

(WT) and HBV transgenic mice either untreated or at different time

points after intraperitoneal injection of a single dose (0.27 mL/kg

body weight) of CCl4. Hepatic lesions are outlined in white dashed

lines. Five animals per group were analyzed with comparable results.

Scale bar represents 500 lm. b PCNA staining of liver sections

(magnification 9200) derived from male WT and HBV transgenic

mice 1, 2, 3, 5, and 7 days after CCl4 treatment. Scale bar represents

50 lm. The graph represents the ratio of PCNA-positive nuclei and

total nuclei (mean ± SEM) per visual field in male WT (n = 3) and

HBV transgenic mice (n = 3 for day 1, day 5 and day 7, n = 4 for

day 2 and day 3) after CCl4 treatment. Three visual fields have been

analyzed per animal. n.d. not detectable. *p\ 0.05, **p\ 0.01.

c Quantification of tyrosine-phosphorylated insulin receptor b (pY

[1334]-IRb) by phospho-IRb-specific ELISA 1, 2, 3, 5 and 7 days

after CCl4 treatment in liver lysates from male WT (n = 5 for day 1

and day 2, n = 3 for day 3, n = 4 for day 5 and day 7) and HBV

transgenic mice (n = 7 for day 1, n = 5 for day 2, n = 4 for day 3,

n = 3 for day 5 and day 7). The graph represents the ratio of pY-IRb
and the total amount of IRb as determined by IRb-specific ELISA

(mean ± SEM). *p\ 0.05, **p\ 0.01. d ALT (left graph) and AST

(right graph) activity was determined in the serum of untreated and

CCl4 long-term-treated WT and HBV transgenic mice (0.17 mL/kg

body weight). The graphs represent the mean ± SEM from six long-

term-treated animals in each group (n = 6). The serum of untreated

mice (WT: n = 2; HBV: n = 3) served as control. *p\ 0.05,

**p\ 0.01. e Paraffin-embedded liver sections of CCl4 long-term-

treated WT and HBV transgenic mice were deparaffinized, rehydrated

and stained by Picro-sirius red. Representative images are shown in

comparison to untreated animals (magnification 9100). The red color

indicates collagenous fibers. Scale bar represents 500 lm. The

amount of collagen was quantified by the intensity of the red color

using ImageJ. The graph represents the mean ± SEM from untreated

(WT: n = 3; HBV: n = 4) and long-term-treated WT (n = 10) and

HBV transgenic (n = 10) mice. Five visual fields have been analyzed

per animal. *p\ 0.05. f Paraffin-embedded liver sections of CCl4
long-term-treated WT and HBV transgenic mice were deparaffinized,

rehydrated and stained for a-SMA using a mouse-derived primary

antibody and a donkey-derived Cy3-coupled anti-mouse secondary

antibody (red fluorescence). Nuclei was visualized by DAPI (blue

fluorescence) (magnification 9200). Scale bar represents 100 lm.

Representative images are shown in comparison to untreated animals.

The amount of a-SMA was quantified by the intensity of the red color

using ImageJ. The graph represents the mean ± SEM from untreated

(WT: n = 1; HBV: n = 1) and long-term-treated WT (n = 5) and

HBV transgenic (n = 5) mice. Five visual fields have been analyzed

per animal. **p B 0.01
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Fig. 1 continued
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30–60 min with 10 % BSA in TBS buffer with 0.1 %

Tween-20. Immunohistochemical staining was then per-

formed as described using specific antibodies at room

temperature in a humidified chamber [37]. Nuclei were

counterstained with DAPI (Sigma). Liver sections were

sealed with cover slips using Mowiol and analyzed on a

LSM 510 microscope as described in the section above.

Experiments were performed at room temperature. Picro-

sirius red staining using the dye Direct red 80 was per-

formed for histological visualization of collagen type I and

III fibers in liver sections and performed as described [38,

39].

FITC-insulin binding assay

Cells were seeded in a 96-well microplate. 24 h after seed-

ing, DAPI (Sigma) was added to the medium (5 lg/lL) and
cells were incubated for 30 min in the dark at room tem-

perature. Cellswerewashed two timeswith ice-cold PBS and

were then incubated with 4 lM of FITC-labeled insulin

(Sigma) for 30 min in the dark at 4 �C. Cells were washed
three times with ice-cold PBS and DAPI- (kex = 358 nm,

kem = 461 nm) and FITC- (kex = 488 nm, kem = 518 nm)

fluorescence was measured using a microplate reader (Te-

can). FITC-fluorescence signal was normalized to the DAPI

fluorescence signal.

Plasma membrane enrichment

Plasma membrane fragments were enriched by centrifu-

gation according to [40].

Subcellular fractionation

Cells were cultured to confluency on 10 cm dishes. The

medium was removed and cells were washed once with

PBS. To each plate 1 mL of homogenization buffer

(0.25 M sucrose, 1 mM EDTA, 10 mM HEPES-NaOH, pH

7.4), supplemented with a protease inhibitor, mixture was

added and cells were scraped off. Cells were disrupted by

15–20 passages through a 26-gauge needle. Nuclei and

unbroken cells were pelleted by centrifugation at

30009g for 10 min at 4 �C. The postnuclear supernatant

was layered on top of a pre-formed 1–20 % iodixanol

(OptiPrepTM, Fresensius Kabi) linear gradient and cen-

trifuged in a Beckman SW41Ti rotor (Beckman Coulter) at

200,0009g for 3 h at 4 �C. Linear iodixanol gradients were
prepared from a discontinuous gradient (1, 3, 5, 10, 15 and

20 % iodixanol in 0.25 M sucrose, 60 mM HEPES-NaOH,

pH 7.4) by laying the tube 90� on the side for 1 h at room

temperature. After centrifugation, fourteen fractions of

900 lL were collected from top to bottom. Fractions were

analyzed by SDS-PAGE and western blotting.

Flow cytometry analysis

For flow cytometry analysis, cells were detached from cell

culture dishes by accutase (Millipore) treatment for 15 min

at 37 �C. For staining of the insulin receptor, cells were

washed and resuspended in wash and staining buffer (PBS,

2 % BSA (AppliChem), 20 mM EDTA) and incubated

with polyclonal rabbit anti-IRb (1:100) for 30 min at room

temperature. Cells were washed three times and then

incubated with polyclonal goat Alexa Fluor 488-conju-

gated anti-rabbit antibody (1:500) for 30 min at room

temperature in the dark. As control, cells were also incu-

bated only with the secondary antibody without prior

addition of anti-IRb. Cells were fixed with 4 % formalde-

hyde in PBS for 10 min at room temperature, washed three

times and were analyzed on a BD Accuri C6 flow

cytometer (BD Biosciences). For FITC-insulin binding of

mCherry and mCherry-a-taxilin-transfected cells 48 h post

transfection, cells were detached by accutase treatment,

resuspended in PBS and stained for 30 min at 4 �C in the

dark with the fixable viability dye eFluor450 (eBio-

sciences) according to the manufacturer’s instructions.

After staining, cells were washed and incubated with

100 nM FITC-insulin (Sigma) for 30 min at 4 �C in the

dark. Cells were fixed with 4 % formaldehyde in PBS for

10 min on ice and were analyzed on a LSRII SORP flow

cytometer (BD Biosciences).

Galactosyltransferase activity assay

To determine galactosyltransferase activity after subcellu-

lar fractionation, a pH-sensitive assay based on the

absorbance shift of phenol red was employed [41] and

adapted to a 96-well format.

Statistical analysis

Experiments were performed on at least n = 3 independent

experiments, unless otherwise indicated. Results are

described as mean ± SEM. *p\ 0.05, **p\ 0.01. The

significance of results was analyzed by ratio t test and two-

tailed unpaired t test using GraphPad Prism version 5.04

for Windows, http://www.graphpad.com.

Results

Impaired liver regeneration in HBV transgenic mice

Chronic HBV infection is characterized by an equilibrium

between destruction of hepatocytes and regeneration [8].

To study the impact of HBV on liver regeneration, CCl4-

induced liver damage was used as a model system. In HBV
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transgenic mice and the corresponding WT mice as control,

liver injury was analyzed at different time points (days 1, 2,

3, 5, and 7) after CCl4 application by hematoxylin and

eosin (HE) staining of liver samples. HE staining reveals

more pronounced liver damage in HBV transgenic mice

(Fig. 1a). The damage is mainly characterized by necrotic

lesions as well as a substantial amount of apoptotic nuclei

as determined by TUNEL assay (not shown). Lesions most

prominently emanate from the blood vessels where CCl4
enters the tissue via the bloodstream and damages the

surrounding hepatocytes. In addition, while in WT mice

after CCl4-induced damage all lesions disappear within

5 days, in HBV transgenic mice liver regeneration is

delayed and disappearance of the lesions is observed after

7 days at the earliest (Fig. 1a).

For a more detailed analysis of the regenerative process,

expression of proliferating cell nuclear antigen (PCNA) in

the nucleus of proliferating cells was analyzed by

immunohistochemistry. While on 1 day after the initial

CCl4 treatment no PCNA-positive cells can be detected,

proliferation peaks 2 days after liver damage, where the

highest amount of PCNA-positive nuclei is readily

detectable (Fig. 1b). Quantification of PCNA-positive

nuclei 2 and 3 days after CCl4-induced liver damage

reveals a significant reduction in the amount of PCNA-

positive nuclei in the liver of HBV transgenic mice as

compared to the control mice (Fig. 1b). In addition, in

contrast to WT mice, where 5 days after CCl4 treatment

liver regeneration is completed and no PCNA-positive cells

can be observed, a significant amount of PCNA-positive

nuclei is still detected in the liver of HBV transgenic mice.

These data confirm that HBV transgenic mice reveal sig-

nificantly reduced as well as delayed hepatocyte

proliferation in accordance with the results from the HE

staining.

Insulin receptor (IR)-dependent signaling represents a

key factor controlling liver regeneration [12, 13]. In

accordance with the decreased proliferation in HBV

transgenic mice after CCl4-induced liver damage, a

reduced ratio of tyrosine-phosphorylated (pY-IRb) to the

total amount of IRb was found during the course of 7 days

after CCl4-induced liver damage in the HBV transgenic

mice as compared to the WT control mice (Fig. 1c). These

data indicate a reduced activation of the insulin receptor

signaling cascade in HBV transgenic mice compared to

WT mice during the process of liver regeneration.

To investigate whether these markers of an impaired

proliferative signaling indeed are reflected by an impaired

regeneration leading to fibrosis, repetitive treatment with

CCl4 was performed over 52 days.

Analysis of ALT and AST levels as marker for liver

damage in the serum after long-term liver injury reveals

significant higher levels of the transaminases in the sera

derived from HBV transgenic mice as compared to the

control mice (Fig. 1d). Sirius Red staining for quantitative

collagen determination and a-SMA staining by

immunofluorescence microscopy of paraffin-embedded

liver sections derived from WT and HBV transgenic mice

reveal significant higher levels of collagen and a-SMA in

the samples derived from HBV transgenic mice as com-

pared to WT mice, reflecting that the onset of fibrotic

processes in HBV transgenic mice is more pronounced

(Fig. 1e, f).

Taken together, these data indicate that in HBV trans-

genic mice after CCl4-dependently induced liver damage,

liver injury is more pronounced and liver regeneration is

decreased as compared to the WT controls.

Elevated amount of IR in HBV expressing cells

IR-dependent signaling plays an essential role with respect

to the control of liver regeneration [11–13]. To investigate

whether a reduced amount of IR is causative for impaired

liver regeneration, the effect of HBV on the expression of

IR was analyzed. Western blot analysis of cellular lysates

derived from two independent cell lines that stably express

HBV (HepG2.2.15 and HepAD38) and from the corre-

sponding HBV-negative HepG2 cell line surprisingly

reveal an elevated level of IR in the HBV expressing cell

lines (Fig. 2a). Quantification of IR-specific transcripts by

rtPCR confirm this observation (Fig. 2b). As both

stable cell lines were independently established and harbor

different HBV integrates, it is not likely that the observed

effects are due to the integration. To definitively exclude

this, it is useful that HBV expression in HepAD38 can be

cFig. 2 Increased levels of insulin receptor in HBV expressing cells.

a Western blot analysis of cellular lysates derived from HepG2,

HepAD38 and HepG2.2.15 cells using a rabbit-derived IRb-specific
antiserum. HBV surface antigen (HBsAg) was detected using a

mouse-derived LHBs-specific antiserum (Ma18/07). Detection of b-
actin served as loading control. b rtPCR of IR-specific transcripts in

HepG2, HepAD38 and HepG2.2.15 cells (n = 3, mean ± SEM)

referred to GAPDH as internal control. IR expression in HepG2 cells

was set as 1. 3.5 kb HBV-specific transcripts were amplified using

HBV-specific primers and were visualized by agarose gel elec-

trophoresis as shown below the graph. **p\ 0.01. c Western blot

analysis of cellular lysates derived from untreated HepG2 and

HepAD38 cells and tetracyclin (Tet)-treated HepAD38 cells using a

rabbit-derived IRb-specific antiserum or a mouse-derived LHBs-

specific antiserum. Detection of b-actin or b-tubulin served as loading

control. d CLSM analysis of transiently HBV-transfected HuH7.5

cells (magnification 91000), liver sections derived from an HBV

transgenic mouse (magnification 9400) (e) and a patient with chronic

hepatitis B (magnification 9400) (f). HBV expressing cells were

visualized using mouse-derived LHBs- (Ma18/07) or goat-derived

SHBs-specific antisera. For detection of IRb a rabbit-derived antibody

was used. Nuclei was visualized by DAPI. Scale bar represents

20 lm
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blocked by tetracycline (Fig. 2c). Indeed, Western blot

analysis of lysates derived from HepAD38 cells grown in

the presence of tetracycline show that the elevated levels of

IR disappear (Fig. 2c). A level comparable to that found in

HepG2 cells was observed. To further corroborate the

observation that in HBV expressing cells the amount of IR

is elevated, double immunofluorescence microscopy for

detection of HBV surface antigen (HBsAg) and IR in

Huh7.5 cells transiently transfected with a 1.2-fold HBV

genome was performed (Fig. 2d). These experiments con-

firm that HBV expression is associated with an elevated

amount of IR. Immunofluorescence microscopy of liver

samples from HBV transgenic mice (Fig. 2e) or from

patients suffering from chronic HBV infection (Fig. 2f)

corroborate the observation that in HBV expressing cells a

significantly elevated level of IR is found.

These data demonstrate that in vitro and in vivo HBV

expression is associated with an elevated amount of IR.
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Activation of Nrf2 induces insulin receptor

expression

Recent reports described a tight crosstalk between Nrf2 and

IR-dependent signaling [13]. As HBV activates Nrf2 [23],

it was analyzed whether HBV-dependent activation of Nrf2

could contribute to the increased expression of IR in HBV

replicating cells. Sequence analysis of the promoter of IR

predicted the existence of two putative AREs which serve

as target sequences for Nrf2 binding (Fig. 3a).

To study the impact of Nrf2 on the expression of the IR,

Huh7.5 cells were treated with tBHQ. tBHQ is a widely

used inducer of Nrf2 activity by triggering ROI production

[42]. The amount of IR-specific transcripts before and after

treatment was quantified by rtPCR. Quantification of

GCLC-specific transcripts, an established Nrf2-dependent

marker gene, served as control. rtPCR analysis shows that

the expression of the IR gene is induced by tBHQ

(Fig. 3b). Co-expression of a transdominant negative

mutant of Nrf2 (tdnNrf2) Nrf2 abolishes this activation,

indicating that Nrf2 indeed mediates the tBHQ-dependent

activation of the IR gene (Fig. 3b). Western blot analyses

of cellular lysates derived from tBHQ-treated, pUC18-

transfected Huh7.5 cells using an IRb-specific antibody

confirmed the tBHQ-dependent induction of IRb expres-

sion (Fig. 3c). Transfection of an expression vector

encoding for tdnNrf2 or a specific siRNA-mediated knock-

down abolishes the tBHQ-specific induction (Fig. 3c).

Detection of the Nrf2-specific marker proteins NQO1 and

c-GCSc served as control.

To directly demonstrate the relevance of Nrf2 for the

expression of IR, Huh7.5 cells were transfected with a

constitutive active mutant of Nrf2 (caNrf2). The subse-

quent rtPCR analysis shows that expression of caNrf2

induces the expression of IR (Fig. 3d).

To investigate whether indeed the HBV-dependent

induction of Nrf2 confers to the elevated amount of IR in

HBV expressing cells, HepG2.2.15 cells were either

transfected with ptdnNrf2 or with pUC18 as control. The

Western blot analysis of the corresponding cellular lysates

shows that expression of tdnNrf2 leads to a significant

decrease in the amount of IR (Fig. 3e).

Immunofluorescence microscopy of liver samples

derived from HBV transgenic mice using a NQO1-specific

antibody confirms the activation of Nrf2 in the HBV

transgenic mice (Fig. 3f). Immunofluorescence microscopy

of liver samples derived from HBV transgenic Nrf2 knock-

out mice shows that in these mice no increased amount of

IR is detectable (Fig. 3g). This confirms the relevance of

Nrf2 for the HBV-dependent induction of IR expression.

Taken together, these data indicate that HBV via acti-

vation of Nrf2 induces the expression of IR.

Intracellular retention of the insulin receptor

in HBV expressing cells

The data described above demonstrate that in HBV trans-

genic mice liver regeneration is diminished. In accordance

with this, an impaired insulin signaling is found. However,

this is obviously not due to decreased amounts of IR.

Therefore, it was investigated whether HBV expression

affects insulin binding. To address this question, primary

hepatocytes were isolated from HBV transgenic mice and

the corresponding WT control mice and incubated with

FITC-labeled insulin. Quantification of specifically sur-

face-bound FITC-insulin reveals significantly reduced

insulin binding in hepatocytes derived from HBV trans-

genic mice (Fig. 4a).

For a more detailed analysis, the HBV expressing

stable cell lines HepG2.2.15 and HepAD38 were used in

comparison to HepG2 cells. Determination of the FITC-

insulin binding confirms decreased insulin binding of HBV

expressing cells (Fig. 4b). Flow cytometry analyses using

an IR-specific antiserum reveals that this is due to a

bFig. 3 Activation of Nrf2 induces insulin receptor expression.

a Identification of putative ARE sequences (underlined) in the

promoter region of the insulin receptor gene. The dashed line

indicates a second, alternative ARE sequence. Numbers refer to the

upstream position of the element within the promoter. b rtPCR of IR-

and GCLC-specific transcripts in control (gfp) and transdominant

negative Nrf2 (tdnNrf2) transfected HuH7.5 cells after treatment with

tBHQ (mean ± SEM, n = 3). Unstimulated cells served as control

and were set as 1. Values were referred to GAPDH as internal control.

*p\ 0.05. c Western blot analysis of cellular lysates derived from

control and tdnNrf2-transfected HuH7.5 cells and control and Nrf2-

specific siRNA-transfected HepG2 cells using IRb-specific antiserum.

Cells were stimulated with tBHQ or left untreated. A rabbit-derived c-
GCSc-specific and a mouse-derived NQO1-specific antiserum served

for detection of Nrf2-dependent marker proteins. Detection of b-actin
served as loading control. d rtPCR of IR-specific transcripts in

HuH7.5 cells transfected with control (pUC), constitutively active

Nrf2 (caNrf2) and transdominant negative Nrf2 mutant (tdnNrf2)

(mean ± SEM, n = 2). Control transfected cells served as control

and were set as 1. Values were referred to GAPDH as internal control.

Successful transfection with Nrf2 mutant was confirmed by increased

or reduced expression of classical Nrf2 target gene GPx1 (not shown).

e Western blot analysis of cellular lysates derived from control and

tdnNrf2 transfected HepG2.2.15 cells using IRb-specific antiserum. A

rabbit-derived c-GCSc-specific and a mouse-derived NQO1-specific

antiserum served for detection of Nrf2-dependent marker proteins.

Detection of b-actin served as loading control. f Immunohistochemical

staining of NQO1 in liver sections from WT and HBV transgenic

mice (magnification 9400). HBV expressing cells were visualized

using a goat-derived SHBs-specific antiserum. For detection of

NQO1, a rabbit-derived antibody was used. Scale bar represents

50 lm. g Immunohistochemical staining of liver sections from HBV

transgenic wild type (HBV WT) and HBV transgenic Nrf2 knock-out

(HBVDNrf2-/-) mice (magnification 9400). HBV expressing cells

were visualized using a goat-derived SHBs-specific antiserum. For

detection of IRb, a rabbit-derived antibody was used. Scale bar

represents 50 lm
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diminished amount of IR on the surface of HBV expressing

cells (Fig. 4c). Western blot analyses of plasma membrane

fractions isolated from HepG2.2.15 and HepG2 cells con-

firms that in the plasma membrane fraction derived from

HBV expressing cells a reduced amount of IR is found, as

compared to HepG2 cells (Fig. 4d). Further analyses

showed that in contrast to IR, the amount of insulin like

growth factor I receptor b (IGF-IRb) is not reduced in the

plasma membrane of HBV expressing cells (Fig. 4e).

The data described above demonstrate that in HBV-

positive cells the total amount of IR is elevated, while

the number of IR on the surface is decreased. Based on

this, it was hypothesized that in HBV expressing cells

the IR is intracellularly retained. To investigate this,

subcellular fractionation of lysates derived from HepG2

and HepAD38 cells were performed by iodixanol density

gradient centrifugation for separation of Golgi mem-

branes from ER membranes. Determination of enzymatic

galactosyltransferase (galT) activity as Golgi marker and

detection of protein disulfide isomerase (PDI) by Wes-

tern blot as ER marker was performed to control the

isolation of the different subcellular compartments.

Western blot analyses of the fractions isolated from the

density gradient reveals that in HepG2 cells in the

fractions corresponding to ER and Golgi membranes

significant amounts of IR are detectable. In case of HBV

expressing cells (HepAD38), the IR is enriched in the

ER and the ratio between ER-localized to Golgi-local-

ized IR is significantly elevated as compared to the

HepG2 cells (Fig. 4f). This indicates that in HBV

expressing cells the IR is retained in the ER and a sig-

nificant smaller fraction enters the Golgi complex.

Fig. 3 continued
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Taken together, these data demonstrate that HBV

expressing cells exhibit a reduced binding capacity for

insulin due to intracellular retention of the receptor.

Elevated amounts of a-taxilin lead to intracellular

retention of the insulin receptor

In HBV expressing cells, the amount of a-taxilin is ele-

vated, as described recently [43]. a-Taxilin acts as an

adapter between the ESCRT machinery and the HBV

surface proteins [43]. Moreover, a-taxilin has the capacity

to bind to members of the syntaxin family (syntaxin 1, 2

and 4) [44]. As a-taxilin exclusively binds to free syntaxin

that is not part of the SNARE complex, it exerts a negative

effect on SNARE complex formation and therefore,

vesicular trafficking [45]. In light of this, it was investi-

gated whether elevated levels of a-taxilin in HBV

expressing cells could be causative for the observed

intracellular retention of IR. Immunofluorescence analysis

of liver samples derived from transgenic mice reveal sig-

nificant higher amounts of a-taxilin in HBV transgenic

mice as compared to the corresponding WT animals

(Fig. 5a). In accordance with this, expression analysis by

rtPCR as well as western blot analysis of HBV-infected

primary human hepatocytes (PHH) reveals elevated

amounts of a-taxilin-specific transcripts and protein as

compared to uninfected controls (Fig. 5b).

For a more detailed analysis, HuH7.5 cells were trans-

fected with an expression vector encoding for a fusion

protein of mcherry and a-taxilin. Transfection with an

mcherry-encoding vector served as control. These cells

were incubated with FITC-insulin and analyzed by flow

cytometry. Gating of the red fluorescent cells reveals that

in case of the mcherry-taxilin expressing cells, a significant

lower binding of FITC-insulin is observed as compared to

the mcherry-expressing control cells (Fig. 5c).

These data indicate that HBV via elevated levels of a-
taxilin impairs the transport of IR to the plasma membrane.

Reduced insulin responsiveness in HBV expressing

cells

The data described above indicate that in HBV expressing

cells the transport of IR to the plasma membrane is

impaired. The resulting question was whether this indeed

leads to an impaired induction of insulin receptor signaling.

To address this, HBV expressing HepAD38 cells and

HepG2 control cells were stimulated with insulin and the

formation of tyrosine-phosphorylated IRb subunit was

analyzed by Western blot and phospho-IRb-specific
ELISA. The Western blot as well as the ELISA analysis

reveal a significant lower tyrosine phosphorylation of IR

upon insulin stimulation in HBV-positive cells as

compared to the control (Fig. 6a, b). In accordance with the

reduced insulin responsiveness, the glucose concentration

in the supernatant of insulin-stimulated HepG2 cells is

significantly diminished in contrast to the HBV expressing

HepAD38 cells. Here, insulin stimulation causes no sig-

nificant reduction in the glucose concentration of the

medium (Fig. 6c). Expression analysis of the insulin-de-

pendent marker gene glucokinase (GCK) reveals an

insulin-dependent stimulation in HepG2 cells, while GCK

expression in case of insulin-stimulated HepG2.2.15 cells

remains almost unaffected (Fig. 6d). Regarding the basal

expression of the insulin-dependent glucose transporter 4

(GLUT4), a significant lower expression was found for

HBV expressing cell lines HepAD38 and HepG2.2.15 as

compared to the HepG2 control cells (Fig. 6e).

This reduced insulin responsiveness is reflected by ele-

vated glucose levels in the sera of HBV transgenic mice in

comparison to the corresponding sera from WT mice

(Fig. 6f).

Taken together, these data demonstrate that in HBV

expressing cells the number of IR on the plasma membrane

is reduced leading to an impaired responsiveness to insulin.

Discussion

Chronic HBV infection is frequently associated with the

development of pathological changes of the liver like

fibrosis, cirrhosis or HCC [7]. Chronic active hepatitis B is

characterized by an insufficient elimination of infected

hepatocytes by the cellular immune response leading to an

equilibrium between partial elimination of infected hepa-

tocytes, regeneration and reinfection [8]. In case of a

persistent infection, fibroblasts and connective tissue can

replace more and more functional hepatocytes that can

reflect an impaired liver regeneration [13, 46].

In case of hepatitis C virus (HCV), there is evidence that

HCV leads to elevated ROI levels. Impaired activation of

the cytoprotective transcription factor Nrf2 in HCV-posi-

tive cells [47] might contribute to the elevated level of ROI

in case of chronic HCV infection, leading to JNK activa-

tion and subsequent inactivation of insulin signaling that

plays an essential role for the control of liver regeneration.

In light of the observed relevance of Nrf2 for the expres-

sion of the insulin receptor, the impaired activation of Nrf2

in HCV-replicating cells could lead to a reduced expression

of the insulin receptor.

While it is well established that chronic HBV infection

is frequently associated with severe pathological changes

of the liver, the direct impact of HBV on processes con-

trolling liver regeneration is not fully understood. In this

study, we observed that in HBV transgenic mice after

CCl4-induced liver damage the regeneration in HBV
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transgenic mice is impaired (Fig. 1a, b). In case of long-

term application, increased formation of collagen and a-
SMA was detected in the liver samples derived from HBV

transgenic mice as compared to the CCl4-treated HBV-

negative control mice (Fig. 1d, e). This is in contrast to a

recent report by Tian et al. [48]. They report that HBV

seems to have no impact on liver regeneration. However,

the study by Tian et al. is based on partial hepatectomy

(PHx), and liver regeneration was assessed based on the

determination of liver weight gain 10 days after PHx that

might be not suitable to resolve moderate changes in the

proliferative potential. In addition, PCNA staining was

performed 72 h after PHx. At this time point, the prolif-

eration rate of murine hepatocytes is already decreasing in

the WT mice and upregulated in HBV transgenic mice due

to the delayed onset of the repair process [49] (Fig. 1b). In

contrast to this, we analyzed hepatocyte proliferation over

the course of 7 days after CCl4-induced damage.

Especially 2 days after the CCl4 treatment hepatocyte

proliferation peaks, which are the differences between WT

and HBV transgenic mice are more pronounced. There are

several reports describing an inhibitory effect of HBV on

hepatocyte proliferation [50, 51], primarily triggered by the

action of the regulatory proteins HBx and LHBs (PreS2-

activator) [52–56]. In addition, there is a previous report

about a direct inhibitory interference of HBV with insulin

signaling where HBx was described to promote degrada-

tion of IRS1 and to induce SOCS3 [57]. Moreover, there is

evidence for a general inhibitory effect of HBV on cell

cycle progression. HBV triggers an induction of p21cip1/

waf1 expression that is reflected by a reduction of cyclin A

associated cdk2 activity and an increase of cyclin E asso-

ciated cdk2 activity. This means that HBV producing cells

progress through the G1 phase (triggered by the increased

cyclin E associated cdk2 activity). Further progression

through the cell cycle, the entry in the S phase, is blocked

since the activity of cyclin A associated cdk2 activity is

reduced [50].

In our study, we observe a diminished activation of

insulin receptor signaling (Figs. 1c, 6a, b) and describe a

novel mechanism that contributes to the uncoupling of

HBV expressing hepatocytes from the insulin receptor

signaling pathway (Fig. 7). Although due to the activation

of Nrf2, the expression and amount of IR is increased in

HBV expressing cells (Fig. 2), the receptor is not targeted

to the plasma membrane but it is intracellularly retained

(Fig. 4f). This leads to diminished insulin binding and in

accordance with this to a reduced sensitivity of these cells

to insulin signaling (Figs. 4a, b, 6d).

We revealed elevated amounts of a-taxilin as a causa-

tive factor for the intracellular retention of IR in HBV

expressing cells (Fig. 5c). We have previously described

that in HBV expressing cells the amount of a-taxilin is

increased [43]. In this study, we confirm this for HBV

transgenic mice and for HBV-infected PHH (Fig. 5a, b). In

contrast to the expression of IR, the a-taxilin promoter

harbors no ARE sites and in accordance to this the

expression of a-taxilin does not depend on Nrf2 (unpub-

lished results S.B.). a-Taxilin was observed to bind on the

one hand to LHBs, and on the other hand by a YAEL

motive, that represents a classic late domain, to the ESCRT

component tsg101 [43]. a-Taxilin has been found to bind to
the members of the syntaxin family (syntaxin 1, 2 and 4)

[44]. However, a-taxilin exclusively binds to free syntaxin

that is not part of the SNARE complex [45]. Therefore, a-
taxilin acts as a negative regulator of the SNARE complex

formation by withdrawal of free syntaxin required for

incorporation in forming the SNARE complexes and

thereby impairing vesicular trafficking. Flow cytometry

analysis of mcherry-taxilin over-expressing cells revealed

that in a-taxilin overproducing cells the number of insulin

bFig. 4 Reduced amounts of surface-bound insulin receptor lead to

decreased insulin binding in HBV expressing cells. a Primary

hepatocytes from WT and HBV transgenic mice were incubated with

FITC-labeled insulin and relative FITC-fluorescence was measured in

a microplate fluorescent plate reader (n = 3, mean ± SEM). WT

mouse cells were set as 1. **p\ 0.01. b HepG2, HepAD38 and

HepG2.2.15 cells were incubated with FITC-labeled insulin and

relative FITC-fluorescence was measured in a microplate fluorescent

plate reader (n = 3, mean ± SEM). HepG2 cells were set as 1.

**p\ 0.01. c Non-permeabilized HepG2, HepAD38 and HepG2.2.15

cells were incubated with a rabbit-derived IRb-specific antiserum and

a donkey-derived Alexa488-coupled anti-rabbit secondary antibody.

Viable cells were gated by flow cytometry and percentage of cells

expressing insulin receptor on the cell surface were analyzed. One

representative histogram is shown of three independent experiments.

As a control, the cells were only incubated with the donkey-derived

Alexa488-coupled secondary antibody (gray-shaded peaks) to deter-

mine background fluorescence originating from the cells. Summary of

flow cytometry analysis (n = 3, mean ± SEM) is shown in the

diagram. HepG2 cells were set as 1. *p\ 0.05, **p\ 0.01.

d Western blot analysis of total cellular lysates and plasma

membrane-enriched fractions derived from HepG2 and HepG2.2.15

cells using rabbit-derived IRb-specific antiserum. Enrichment of

plasma membrane was confirmed by detection of membrane-localized

Na?/K?-ATPase a and depletion of cytosolic GAPDH. Residual

amounts of GAPDH after enrichment represent membrane-associated

GAPDH. Similar results were obtained for stably HBV expressing

HepAD38 cells. e Western blot analysis of total cellular lysates and

plasma membrane-enriched fractions derived from HepG2, HepAD38

and HepG2.2.15 cells using rabbit-derived IRb- and IGFRb-specific
antisera. f Cellular lysates from HepG2 and HepAD38 cells were used

for subcellular fractionation by iodixanol density gradient centrifu-

gation. Fractions were collected from top to bottom and analyzed by

galactosyltransferase (galT) activity assay (upper panel) for the

presence of Golgi membranes and the presence of IRb and ER-

resident protein PDI by western blot using rabbit-derived IRb- and
mouse-derived PDI-specific antisera (lower panel). Comparable

results were obtained for HepG2.2.15 cells using a mouse-derived

antiserum against calnexin as marker for ER in the western blot. The

range of iodixanol concentration of the analyzed fractions is indicated

above the graph in a. The fractions analyzed in the galT assay above

the blot correspond to the fractions analyzed by western blot
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Fig. 5 Elevated amounts of a-taxilin in HBV expressing cells

contribute to insulin receptor retention. a Immunohistochemical

staining of a-taxilin (Txlna) in liver sections derived from WT and

HBV transgenic mice (magnification 9200). HBV expressing cells

were visualized using a goat-derived SHBs-specific antiserum. For

detection of Txlna, a rabbit-derived antibody was used. Scale bar

represents 50 lm. b rtPCR of TXLNA-specific transcripts in HBV-

infected (MOI = 5) primary human hepatocytes (PHH) and unin-

fected controls (n = 3, mean ± SEM) referred to GAPDH as internal

control. Uninfected cells were set as 1. **p\ 0.01. The western blot

shows the amount of a-taxilin in cellular lysates derived from HBV-

infected and uninfected PHH using a rabbit-derived a-taxilin-specific
antiserum and for detection of HBV core protein a mouse-derived

HBV core-specific antiserum. Detection of b-actin served as loading

control. c HuH7.5 cells were either transfected with a plasmid

encoding an mCherry-tagged a-taxilin fusion protein or mCherry

alone (control) and were then incubated with 100 nM FITC-insulin.

mCherry-Txlna or mCherry-expressing cells were gated by flow

cytometry and analyzed for FITC-fluorescence. Gray-shaded peaks

represent background fluorescence originating from cells that were

not incubated with FITC-insulin. Representative histogram shows

percentage of FITC-insulin-positive cells from mCherry-Txlna or

mCherry-expressing control cells. Summary of flow cytometry

analysis (n = 4, mean ± SEM) is shown in the diagram. Control

cells were set as 1. *p\ 0.05
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receptors on the surface and thereby insulin binding

capacity is reduced (Fig. 5c). Further experiments revealed

that the targeting of IGF-IR to the plasma membrane is not

affected by a-taxilin overexpression (Fig. 4e).

Functional experiments revealed that HBV expressing

hepatocytes indeed are less sensitive to insulin stimulation

(Fig. 4a, b). In accordance with this, an elevated glucose

level is found in the serum of HBV transgenic mice

(Fig. 6f). In light of this, the question arises ‘‘whether HBV

patients develop type 2 diabetes?’’. Indeed, there are con-

flicting data about a potential correlation between chronic

HBV and development of type 2 diabetes [58, 59]. How-

ever, it has to be considered that an elevated glucose level

does not automatically lead to glucose levels found in

Fig. 6 Reduced insulin responsiveness in HBV expressing cells. a,
b Activation of IRb by tyrosine phosphorylation (pY) was determined

by phospho-IRb-specific ELISA (a) and western blot (b) of cellular
lysates of HepG2 and HepAD38 with and without addition of 100 nM

insulin for 20 min (ELISA) or 5 min (western blot) using a rabbit-

derived phospho-IRb-specific antiserum. Total amount of IRb was

determined by western blot using a rabbit-derived IRb-specific
antiserum. Detection of b-actin served as loading control. Unstimu-

lated cells in a were set as 1. **p\ 0.01. c Glucose concentration was
measured in the cell culture supernatant before and after insulin

stimulation for 12 h with 100 nM insulin. Experiment was performed

in duplicate. Unstimulated HepG2 cells were set as 1. d rtPCR of

GCK-specific transcripts in HepG2 and HepG2.2.15 cells before and

after stimulation for 2–4 h with 100 nM insulin (n = 3, mean ± -

SEM). Values were referred to RPL27 as internal control.

Unstimulated cells were set as 1. *p\ 0.05. e rtPCR of GLUT4-

specific transcripts in HepG2, HepAD38 and HepG2.2.15 cells

(n = 5, mean ± SEM). Values were referred to RPL27 as internal

control. HepG2 were set as 1. *p\ 0.05, **p\ 0.01. f Serum

glucose concentration of 2–6 month old HBV-negative (HBV-) and

HBV transgenic (HBV?) mice (n = 3, two males and one female per

group, mean ± SEM). **p\ 0.01
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diabetic patients. Moreover, in case of the mice, the liver

plays a more essential role for the glucose homeostasis as

compared to humans where skeletal muscle, adipose tissue

and kidney are more relevant for the control of glucose

levels [60–63]. However, the elevated serum glucose levels

found in the HBV transgenic mice support the observation

that insulin receptor signaling is impaired in HBV

expressing cells.

In addition to the interference with the insulin signaling,

the HBV-dependent induction of Nrf2 can lead to a situa-

tion as observed for transgenic mice that express

constitutive active Nrf2 (caNrf2). In these mice, liver

regeneration is impaired due to delayed hepatocyte pro-

liferation and enhanced apoptosis as the expression of the

cyclin-dependent kinase inhibitor p15 and Bcl2l11 (Bim) is

upregulated [22].

Taken together, this study describes a so far unprece-

dented pathomechanism in HBV expressing hepatocytes

where the insulin receptor is intracellularly retained, pre-

venting compensatory liver regeneration that finally could

foster chronic liver damage and liver disease progression.
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attenuate insulin binding and

lead to inhibition of insulin

receptor signaling and

retardation of hepatocyte

proliferation
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22. Köhler UA, Kurinna S, Schwitter D, Marti A, Schäfer M, Heller-
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