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Abstract

Objective—Impaired adaptive response to oxidative injuries is a fundamental mechanism central 

to the pathogenesis of chronic hepatitis C (CHC). Glycogen synthase kinase (GSK) 3β is an 

indispensable regulator of the oxidative stress response. However, the exact role of GSK3β in 

CHC is uncertain and was examined.

Design—GSK3β and Nrf2 signaling pathways were examined in JFH1 hepatitis C virus (HCV) 

infected Huh 7.5.1 hepatocytes and also in liver biopsy specimens from CHC patients.

Results—HCV infection elicited prominent Nrf2 antioxidant response in hepatocytes, marked by 

elevated expression of the Nrf2 dependent molecule heme oxygenase-1 and subsequent protection 

from apoptotic cell death. Inhibitory phosphorylation of GSK3β seems to be essential and 

sufficient for HCV induced Nrf2 response. Mechanistically, GSK3β physically associated and 

interacted with Nrf2 in hepatocytes. In silico analysis revealed that Nrf2 encompasses multiple 

GSK3β phosphorylation consensus motifs, denoting Nrf2 as a cognate substrate of GSK3β. In the 

presence of TGFβ1, the HCV induced GSK3β phosphorylation was blunted via a protein 

phosphatase 1-dependent mechanism and the cytoprotective Nrf2 response drastically impaired. 

Lithium, a selective inhibitor of GSK3β, counteracted the effects of TGFβ1. In liver biopsy 

specimens from CHC patients, the expression of phosphorylated GSK3β positively correlated with 

Nrf2 expression and was inversely associated with the degree of liver injury. Moreover, CHC 

patients who received long-term lithium carbonate therapy primarily for concomitant psychiatric 

disorders exhibited much less liver injury, associated with enhanced hepatic expression of Nrf2.

Conclusions—Inhibition of GSK3β exerts hepatoprotection in CHC possibly through its direct 

regulation of Nrf2 antioxidant response.
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INTRODUCTION

Persistent Hepatitis C virus (HCV) infection inexorably progresses to liver fibrosis, cirrhosis 

and end-stage liver disease and potentially leads to hepatocellular carcinoma1. Although the 

exact molecular mechanisms underlying the HCV related liver injury are not fully 

understood, a growing body of evidence suggests that HCV replication causes accumulation 

of massive of reactive oxygen species (ROS) and induces oxidative stress in hepatic cells, 

followed by hepatic cell death, hepatic inflammation and fibrogenesis, a final common 

pathway for perpetuation of liver damage regardless of the original etiology2,3. Viral 

molecules of HCV could elicit the production of ROS via multiple mechanisms, including 

alteration of calcium homeostasis4, mitochondrial perturbation, induction of NADPH 

oxidase expression5, and activation of endoplasmic reticulum oxidoreductases6. Upon 

oxidative stress, an adaptive antioxidant response is harnessed by multiple organ systems 

including the liver to sustain redox homeostasis and cellular integrity. Central to this self-

protective antioxidant mechanism is NF-E2-related factor (Nrf2), a cap’n’collar basic-region 

leucine zipper nuclear transcription factor that mediates the primary cellular defense against 

the cytotoxic effects of oxidative stress, including pathways for xenobiotic detoxification, 

antioxidants, anti-inflammatory response, DNA repair, molecular chaperones, and 

proteasome systems. In its inactive state, Nrf2 is sequestered in the cytoplasm and associated 

with the actin anchored Kelch-like ECH-associated protein 1 (Keap1)7,8. However, upon its 

activation triggered by oxidative stress, Nrf2 dissociates from Keap1 and subsequently 

translocates into the nucleus7,8. In the nucleus, Nrf2 recognizes and binds to a conserved 

antioxidant response element (ARE) and induces transcription of a battery of 

chemoprotective antoxidant genes9,10, including those encoding antioxidant proteins like 

heme oxygenase (HO-1)11.

How the Nrf2/ARE pathway reacts to HCV infection in hepatic cells remains largely 

obscure. In an HCV replicating cell culture model, HCV blunted Nrf2 activation and 

inhibited the induction of ARE-regulated genes12. By contrast, HCV or HCV proteins were 

found by another studies13,14 to induce ROS production and activate Nrf2/ARE pathway, 

which subsequently protected hepatic cells from oxidative stress. This result is, however, 

directly contradictory to the findings made in human liver biopsy specimens15: Nrf2 

expression is evident at a high level in hepatic cells in normal liver but is strikingly 

repressed in a variety of liver diseases including chronic hepatitis C (CHC). Further in-depth 

studies are merited to define the exact response and the mechanistic role of Nrf2 directed 

antioxidant pathway in the pathogenesis of HCV induced liver injury.

The Nrf2 dependent self protective antioxidant response is a complex and highly 

orchestrated pathophysiological process that is regulated by a myriad of signaling pathways. 

Of many of these pathways, glycogen synthase kinase (GSK) 3β has emerged as the 
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integration point and plays a crucial role in controlling the Nrf2 activity. GSK 3β is a 

ubiquitously expressed, constitutively active, proline-directed serine/threonine kinase 

involved in diverse biophysiological functions that include glycogen metabolism, embryo 

development, tissue injury, repair and regeneration, immunomodulation, and redox 

homeostasis16. Recent studies demonstrated that GSK3β is also involved in the regulation of 

Nrf217,18,19. A multitude of evidence suggests that GSK3β regulation of Nrf2 is implicated 

in ageing20, type 2 diabetes21, hepatotoxicity22, and neurological degeneration23–25. Very 

little, however, was known about how GSK3β regulates Nrf2 antioxidant response in HCV 

related liver injury. This study examined the regulatory effect of GSK3β on Nrf2 antioxidant 

response in HCV-replicating hepatic cells. The effect of TGFβ1, an important profibrotic 

cytokine implicated in liver cirrhosis, as well as lithium, a selective inhibitor of GSK3β and 

FDA approved mood stabilizer26, on GSK3β regulated Nrf2 response and hepatic injury in 

hepatitis C was delineated.

Materials and Methods

Cell Culture

Huh 7.5.1 cells were grown in Dulbecco's modified Eagle's medium supplemented with and 

10% fetal bovine serum27. JFH1 HCV (genotype 2a infectious HCV isolate) was employed 

to infect Huh7.5.1 cells as previously reported28,29. Lithium chloride, trigonelline, 

tautomycetin and recombinant TGFβ1 were purchase from Sigma (St. Louis, MO) and used 

to treated the cells.

Plasmids and Transient Transfection

The eukaryotic expression plasmids for the Nrf2, including pWXL-Nrf2-V5 and pEYFG-

Nrf2-V5 were a kind gift from Dr Ana Rojo30. The expression plasmids encoding the 

hemagglutinin (HA)-tagged wild (WT) type (WT-GSK3β-HA/pcDNA3), constitutively 

active (S9A) mutant (S9A-GSK3β-HA/pcDNA3) and kinase dead (KD) mutant (K85R-

GSK3β-HA/pcDNA3) of GSK3β were applied in this study as previously described31. 

Transient transfection of Huh7.5.1 cells was carried out by using the Lipofectamine 2000 

according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA).

RNA interference (RNAi)

GSK3β specific siRNA sequence (5’-GAGCAAAUCAGAGAAAUGAtt-3’) was designed 

according to the complete coding sequence of human GSK3β gene (GenBank accession 

number: EU302497.1). A scrambled siRNA sequence (5’-

GCGAGUAGCGCUAGGAAGUtt-3’) without sequence similarity to any known gene 

sequences from mouse, rat, or human was designed as control for RNAi. Predesigned 

siRNA duplex was chemically synthesized by Ambion (Austin, TX). Efficiency of 

Lipofectamine (Invitrogen)-mediated gene-silencing efficiency was assessed by immunoblot 

analysis for GSK3β. Near-complete (>90%) suppression of GSK3β protein expression was 

achieved.
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Subcellular Protein Fractionation and Western Immunoblot Analysis

The cytoplasmic and nuclear fractions were prepared by using the NE-PER kit (Thermo 

Scientific, Rockford, IL) according to the manufacturer’s instruction. Samples were 

processed for immunoblot analysis by using the anti-Nrf2 antibody.

Western Immunoblot Analysis and Immunoprecipitation

Total cell lysates or subcellular protein fractionations were prepared and processed for 

immunoprecipitation or immunoblot analysis as described previously28,29. The antibodies 

against pGSK3β, Nrf2, GSK3β, heme oxygenase (HO)-1 and HA were from Santa Cruz 

Biotechnology (Santa Cruz, CA) or Cell Signaling Technology (Beverly, MA).

Patients

This study conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was 

approved by the Institutional Review Board of the Second Xiangya Hospital of Central 

South University in China. Written informed consent was obtained from each subject. 

Discarded or excess liver biopsy specimens from 24 patients with chronic hepatitis C (CHC) 

were included. All patients had serology and biopsy-proven CHC with varying severity of 

hepatic pathology features. No clinical, morphologic or serologic evidence of other specific 

type of liver injuries was observed in these cases. In addition, 6 CHC patients receiving 

lithium carbonate therapy for concomitant psychiatric disorders and 20 CHC control patients 

matched on age, gender, and duration of CHC but never treated with lithium carbonate were 

include in this study and excess liver biopsy specimens examined.

Morphology and Immunohistochemistry Studies

The paraffin-embedded formalin-fixed liver tissues were prepared into 3-μm sections. For 

general histology, sections were processed for hematoxylin and eosin staining. Liver injury 

was assessed by Knodell scoring system. Immunoperoxidase staining of pGSK3β and Nrf2 

was performed with a Vectastain ABC kit (Vector Laboratories, Burlingame, CA). As a 

negative control, the primary antibody was replaced by preimmune IgG from the same 

species.

Semi-quantitative Morphometric Analysis

Morphology analysis of all sections was performed by an independent pathologist in a 

blinded manner as described previously. In brief, immunohistochemistry images were 

captured and digitized using a computerized image analysis system consisting of a high-

resolution digital camera (MicroPublisher 3.3 RTV, QImaging, Burnaby, BC, Canada) 

attached to a microscope (Olympus BX41, Japan) and to a computer. Images were displayed 

at a pixel resolution of 1024 × 768 pixels (spatial resolution = 0.11 µm per pixel). The Image 

Pro Plus version 5.1 software (Media Cybernetics, MD, USA) was used for image 

segmentation, threshold establishment and signal intensity measurements. Manual 

corrections were performed as needed. For each biopsy specimen, the entire section was 

digitally scanned at a magnification of ×400. All areas on the sections were sampled for 

morphometrical analysis and final data expressed as the value of integrated pixel density for 

Nrf2 or pGSK3β staining. The final result was reported as low expression if the value of 
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integrated pixel density was less than 50% of the mean value of normal liver samples, or 

otherwise reported as high expression.

Fluorescent Immunocytochemistry

Huh 7.5.1 cells cultured on coverslips were fixed using freshly prepared 4% 

paraformaldehyde and permeabilized with 0.1% Triton X-100. After washing in PBS, the 

cells were blocked with 20% normal donkey serum in PBS at room temperature and 

incubated with the specific primary antibody and then the Alexa Fluor labeled secondary 

antibody (Molecular Probes, Eugene, OR, USA). Finally, cells were counter-stained with 

4,6-diamidino-2-phenylindole (DAPI; Invitrogen) and observed under a fluorescence 

microscope.

Measurement of Cell Apoptosis

Fixed cells were subjected to terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) staining by using a cell apoptosis detection kit (Roche Applied Science, 

Indianapolis, IN) according to the manufacturer’s instructions followed by nuclear 

counterstaining with propidium iodide (PI; Invitrogen). Apoptotic cells were visualized by 

fluorescence microscopy.

Statistical Analysis

For immunoblot analysis, bands were scanned and the integrated pixel density was 

determined using a densitometer and the NIH image analysis program. All data are 

expressed as means ± S.D. Unless otherwise indicated, all experimental observations were 

made in triplicate. Statistical analysis of the data from multiple groups was performed by 

ANOVA followed by Student-Newman-Keuls tests. Data from two groups were compared 

by t-test. Linear regression analysis was applied to examine possible relationships between 

two parameters. P<0.05 was considered significant.

Results

HCV infection induces nuclear accumulation of Nrf2 in Huh7.5.1 cells

Huh7.5.1 cells were infected with JFH-1 HCV at a multiplicity of infection (m.o.i) of 0.5. 

Mock-infected cells served as control. Cells were collected at various time points (0, 24, 48, 

72 h) after infection and cellular lysates were subjected to western immunoblot analysis. 

Shown in Figure 1, NS5A, a viral molecule of HCV, was evidently detected in hepatic cells 

in 24 h, denoting a successful infection. Under basal condition, Nrf2 was faintly expressed 

in Huh7.5.1 cells and JFH-1 HCV infection remarkably induced the expression of Nrf2 in a 

time-dependent manner (Figure 1A). By contrast, mock infection barely exhibited any effect 

on Nrf2 expression (data not shown). To further define the subcellular distribution of the 

HCV induced Nrf2 expression in Huh7.5.1 cells, fluorescent immunocytochemistry was 

carried out. In normal cells or mock-infected cells with no NS5A expression, Nrf2 staining 

was basally expressed in the cytoplasm (Figure 1B). In cells infected by HCV for 24 h and 

expressing evident NS5A, Nrf2 staining was abundantly induced and exclusively localized 

in the nuclei (Figure 1B). To avoid imaging bias, immunoblot analysis was performed on the 

cytoplasmic and nuclear fractions (Figure 1C). Consistent with the morphologic findings, 
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immunoblot analysis demonstrated an evident cytoplasmic expression of Nrf2 in Huh7.5.1 

cells under basal condition. The Nrf2 expression was drastically enhanced in the nuclei in a 

time dependent fashion following HCV infection but barely detected in the cytoplasm 

(Figure 1C). The quality of nuclear or cytosol extractants was assured by immunoblot 

analysis for the cytoplasmic molecule lactate dehydrogenase (LDH) or the nuclear molecule 

histone respectively: LDH was barely measured in the nuclear fractions and histone was not 

detected in the cytosol fractions (Figure 1C).

HCV infection induced Nrf2 expression is associated with inhibitory phosphorylation of 
GSK3β

Recent evidence suggests that GSK3β is a key regulator of the Nrf2 pathway. To elucidate 

the molecular mechanisms accounting for the HCV induced Nrf2 accumulation, GSK3β 

signaling was examined next. Immunoblot analysis indicated that the HCV elicited Nrf2 

induction was accompanied with inhibitory phosphorylation of the serine 9 of GSK3β 

(Figure 1D). Densitometric analysis of immunoblots revealed a significantly positive 

correlation between induced Nrf2 expression and inhibitory phosphorylation of GSK3β 

(Figure 1D).

GSK3β inhibition is necessary and sufficient for HCV induced Nrf2 response in hepatic 
cells

To explore the possibility of a causal relationship between inhibitory phosphorylation of 

GSK3β and the HCV induced Nrf2 expression, the activity of GSK3β was artificially 

manipulated in Huh7.5.1 cells by forced expression of vectors encoding empty vector (EV), 

or HA conjugated wild type (WT), constitutively active (S9A) or dominant negative kinase 

dead (KD) GSK3β followed by HCV or mock infection. Immunofluorescent staining (Figure 

2A) as well as immunoblot analysis (Figure 2B) using an antibody against the HA epitope 

revealed that ~80% of the cells expressed the HA-tagged constructs and that ~60% of the 

HCV infected cells were double positive for both HCV (NS5A) and the HA-tagged 

constructs, denoting a satisfactory transfection efficiency. Shown in Figure 2B, HCV 

infection induced serine 9 phosphorylation of both endogenous GSK3β and the ectopic WT 

or KD mutant. However, the phosphorylated form of the ectopic S9A, where the serine 9 

was substituted by alanine, was undetectable. Ectopic expression of the KD mutant 

substantially boosted the basal Nrf2 expression and enhanced the HCV induced Nrf2 

expression (Figure 2B), inferring that GSK3β inhibition is sufficient for HCV induced Nrf2 

expression. In contrast, forced expression of the S9A mutant repressed the basal Nrf2 

expression and largely abrogated the HCV induced Nrf2 expression (Figure 2B). To further 

ascertain if GSK3β is essential for the HCV promoted Nrf2 response, RNAi was applied to 

specifically silence the GSK3β expression in Huh7.5.1 cells. Shown in Figure 2C, RNAi 

with GSK3β-specific siRNA (siGSK3β) drastically knocked down GSK3β expression as 

validated by immunoblot analysis. By contrast, RNAi with scramble siRNA (siControl) 

barely affected its expression. GSK3β knockdown considerably up regulated the basal 

expression of Nrf2. In cells transfected with scrambled siRNA, augmented Nrf2 expression 

was apparently observed upon HCV infection. However, in GSK3β silenced cells, HCV 

infection barely had any enhancing effect on Nrf2 expression (Figure 2C), suggesting that 

GSK3β is indispensable for the HCV stimulated Nrf2 response.
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GSK3β regulates the Nrf2 dependent antioxidant response to HCV infection

To define the functional consequence of GSK3β regulation of Nrf2, the expression of HO-1, 

a prototypical detoxifying/antioxidant enzyme and an Nrf2 dependent molecule, was 

examined. HCV infection evidently induced HO-1 production, associated with an elicited 

Nrf2 response (Figure 2D). Nrf2 seems to be sufficient for the HCV induced HO-1 

expression, because ectopic expression of vectors (pWXL-Nrf2-V5 and pEYFG-Nrf2-V5) 

encoding the constitutively active (undegradable) Nrf2-V5 mutants, which were largely 

detected in the nuclei of Huh7.5.1 cells (Figure 2E), strongly boosted up HO-1 expression 

even in the absence of HCV infection (Figure 2F). Moreover, consistent with GSK3β 

regulation of Nrf2, artificial manipulation of GSK3β activity also dictated the levels of HO-1 

expression (Figure 2F). Thus, forced expression of the KD mutant promoted while ectopic 

expression of the S9A mutant blunted the HCV elicited HO-1 expression. Lithium is a 

selective inhibitor of GSK3β and its effect on Nrf2 expression was also evaluated. Huh7.5.1 

cells were treated with vehicle or lithium following HCV or mock infection. Shown in 

Figure 2G, lithium consistently induced inhibitory phosphorylation of GSK3β and Nrf2 

expression in a dose dependent fashion in mock transfected cells. In HCV infected cells, 

lithium treatment reinforced the inhibitory phosphorylation of GSK3β and enhanced the 

Nrf2 response, reminiscent of the effect of ectopic expression of the KD mutant of GSK3β.

Nrf2 physically associates and interacts with GSK3β as its putative substrates in hepatic 
cells

To understand the molecular essence of the GSK3β regulated expression of Nrf2, the 

physical relationship between Nrf2 and GSK3β was explored. Dual fluorescent 

immunocytochemistry staining indicated a potential physical association between GSK3β 

and Nrf2 in the cytoplasm of HCV or mock infected Huh7.5.1 cells (Figure 3A). To validate 

this morphologic finding, immunoprecipitation was performed and revealed that Nrf2 

evidently coprecipitated with GSK3β in both HCV and mock infected Huh7.5.1 cells (Figure 

3B). More Nrf2 coprecipitated with GSK3β in HCV infected cells as compared with mock 

infected cells, suggesting that more Nrf2 was expressed in HCV infected cells and 

associated with GSK3β. Furthermore, in HCV uninfected cells, ectopic expression of the 

KD mutant of GSK3β enhanced the morphologic association between Nrf2 and GSK3β 

(Figure 3A) and resulted in more Nrf2 coprecipitation with GSK3β (Figure 3C), whereas 

forced expression of S9A mutant diminished the subcellular association between Nrf2 and 

GSK3β (Figure 3A) and reduced Nrf2 coprecipitation with GSK3β (Figure 3C), suggesting 

that the activity of GSK3β dictates the physical interaction between Nrf2 and GSK3β. 

Evidence suggests that upon phosphorylation, Nrf2 undergoes nuclear exit and subsequent 

proteasomal degradation. Indeed, GSK3β has been found to be responsible for nuclear 

exclusion of Nrf2 in multiple cell types, including N2A neuroblasts and human embryo 

kidney 293T cells, in which Nrf2 was excluded from the nucleus once it binds to GSK3β. 

This might explain why there was little coexpression of the two proteins in the nuclei in our 

hands. To further explore the mechanism by which GSK3β regulates the expression of Nrf2, 

the amino acid sequence of Nrf2 was subjected to computational active site analysis for 

putative GSK3β consensus motifs. In silico analysis revealed that residues Thr288 and 
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Thr379 of Nrf2 reside in consensus motifs for phosphorylation by GSK3β (Figure 3C), 

denoting that Nrf2 is a putative cognate substrate for GSK3β.

Nrf2 antioxidant response mediates hepatic cytopretection against HCV induced apoptosis

To discern the biological significance of the HCV induced Nrf2 expression, apoptotic cell 

death was evaluated in Huh7.5.1 cells. As a positive control, treatment with a low dose of 

hydrogen peroxide (100μM) for 12 h induced considerable apoptosis as indicated by 

TUNEL staining (Figure 4A, 4B). Likewise, HCV infection also elicited evident apoptosis 

(Figure 4A). Ectopic expression of a constitutively active Nrf2-V5 mutant markedly blunted 

this effect (Figure 4B). Conversely, trigonelline (Trig), a highly selective small molecule 

inhibitor of Nrf2, obliterated nuclear accumulation of Nrf2 and significantly potentiated the 

HCV induced apoptosis in a dose dependent fashion (Figure 4B), suggesting a 

cytoprotective role of Nrf2 in HCV induced hepatic cell death.

Inhibition of GSK3β by lithium reinstates the TGF-β1 impaired Nrf2 antioxidant response to 
HCV infection

TGF-β1 has been widely regarded as a pathogenic factor that plays a key role in liver 

destruction, hepatic cell dropout and progression to liver cirrhosis in CHC and other liver 

diseases. Indeed, TGFβ1 overrode the HCV induced Nrf2 response and HO-1 expression in 

a dose dependent manner (Figure 5A) and exacerbated the HCV induced hepatic cell 

apoptosis (Figure 5D), associated with diminished phosphorylation of GSK3β (Figure 5A). 

This effect of TGFβ1 is likely to be mediated by the protein phosphatase 1 directed signaling 

pathway because tautomycetin (TMC, 5μM), a specific inhibitor of protein phosphatase 1, 

largely counteracted the suppressive effect of TGFβ1 on the HCV induced GSK3β 

phosphorylation and the subsequent Nrf2 response (Figure 5B). In the absence of TGFβ1, 

TMC alone minimally induced GSK3β phosphorylation and Nrf2 expression in both HCV 

infected and uninfected cells, associated with a modest increase in HO-1 production; 

whereas lithium treatment markedly phosphorylated GSK3β and prominently reinforced the 

Nrf2 antioxidant response. Pharmacological inhibition of GSK3β by lithium markedly 

counteracted the suppressive effect of TGFβ1 on HCV induced GSK3β phosphorylation, 

reinstated the ensuing Nrf2 response, restored the induction of HO-1 expression (Figure 5A) 

and strikingly mitigated hepatic cell apoptosis (Figure 5D).

Association of inhibitory phosphorylation of GSK3β and Nrf2 expression in hepatitis C

To explore the role of the GSK3β directed Nrf2 response in CHC, liver biopsy specimens 

from 24 patients with varying severity of CHC were studied. Liver specimens from 6 

unusable allograft livers served as normal control. Peroxidase immunohistochemistry 

staining indicated that immunoreacivity of phosphorylated GSK3β was primarily detected in 

hepatic cytoplasm while focal nuclear expression was noted in some hepatocytes in CHC 

(Figure 6). In normal liver tissues (Figure 6A), Nrf2 expression was evidently noted mainly 

in nuclei and to a lesser extent in cytoplasm of hepatic cells. In liver specimens from CHC 

patients (Figure 6B~D), Nrf2 expression was significantly diminished. As a negative 

control, the primary antibodies were replaced by preimmune IgG from the same species and 

no specific staining was noted (Figure 6). Semi-quantitative morphometric analysis revealed 

that intense staining of phosphorylated GSK3β was significantly associated with stronger 
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Nrf2 staining as well as low grade histological hepatitis C liver injury (less inflammation 

and fibrosis) as assessed by Knodell scoring system (Table 1). In contrast, weak staining of 

phosphorylated GSK3β was significantly associated with weaker Nrf2 staining and high 

grade histological liver damage (prominent inflammation and fibrosis) (Table 1). Thus, high 

levels of phosphorylated GSK3β expression were observed in liver specimens from patients 

with low-grade or subsiding hepatitis C, associated with high levels of Nrf2 expression; 

whereas, low phosphorylated GSK3β correlated with lower hepatic Nrf2 expression and 

more severe histological liver injury (Table 1 and Figure 6).

Lithium therapy inhibits GSK3β in liver and improves liver histopathology in patients with 
CHC

Lithium has been an FDA-approved first line treatment for bipolar affective disorders for 

over a half-century. To examine the effect of lithium as a selective inhibitor of GSK3β on 

hepatitis C, a group of 6 CHC patients who received long-term lithium carbonate therapy 

primarily for concomitant psychiatric disorders was studied. Another group of 20 CHC 

patients that were matched on age, gender, and duration of CHC but never received lithium 

carbonate therapy, was adopted and served as control. Shown in Table 2, CHC patients 

treated with long-term lithium therapy demonstrated a favorable trend in improvement of 

liver function as indicated by lesser serum levels of hepatic transaminase and higher serum 

levels of albumin. More importantly, lithium treated patients versus control patients 

exhibited a significantly lower grade hepatitis C histological injury as estimated by the 

Knodell scoring system, despite comparable age, gender, duration of hepatitis C, HCV viral 

load and genotype status. Consistent with the GSK3β inhibitory activity of lithium, liver 

biopsy specimens from lithium treated patients revealed strikingly more expression of 

phosphorylated GSK3β on immunohistochemistry (Figure 7B). This was associated with 

more intense Nrf2 expression (Figure 7B), as compared with those specimens from control 

patients (Figure 7A).

DISCUSSION

Approximately 2~3% of the population worldwide are infected with HCV. HCV infection 

involves prominent induction of excessive reactive oxygen species in liver cells leading to 

oxidative stress32,33. Upon oxidative stress, mammalian cells will immediately initiate a 

highly efficient cytoprotective machinery to protect cells against the harmful effects of ROS. 

Much of this cytoprotective machinery stems from the Nrf2 antioxidant response pathway, 

which is the primary cellular defense signaling against the cytotoxic effects of oxidative 

stress. The transcription factor Nrf2 is constitutively expressed in all tissues, although levels 

may vary among organs, with the key detoxification organs (such as kidney and liver) 

exhibiting highest levels15. The high levels of Nrf2 expression by liver cells may protect 

liver from oxidative stress generated by basal hepatic metabolism or by hepatotoxins or 

microorganisms. This Nrf2 effect seems to be essential for cellular survival because 

trigonelline, a highly selective small molecule inhibitor of Nrf2, abrogated HCV infection 

induced nuclear accumulation of Nrf2 and significantly potentiated the HCV induced 

apoptosis. In agreement with our data, Ivanov et al13 found that HCV proteins core, E1, E2, 

NS4B, and NS5A induced ROS production and activated Nrf2/ARE pathway. 
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Mechanistically, inhibitory phosphorylation of GSK3β was found by the present study to be 

sufficient and essential for HCV induced Nrf2 response. As suggested by a study by Street 

et al, the HCV elicited GSK3β phosphorylation might involve the activation of 

phosphoinositide 3-kinase. Besides Nrf2, other transcription factors like β-catenin are 

likewise under the control of this signaling. The molecular essence of the GSK3β regulated 

Nrf2 response is likely attributable to a putative GSK3β directed control of phosphorylation 

of Nrf2 as its cognate substrate, followed by Nrf2 nuclear exit and degradation. Of note, 

activation of the Nrf2 antioxidant response subsequent to GSK3β inhibition seems not 

particular to HCV infection, as it has been found as a general mechanism for self protection 

in multiple organ systems upon injury.

In contrast to the HCV induced Nrf2 response in cultured human hepatic cells in vitro, Nrf2 

expression has been previously reported to drastically subside in diseased liver in a variety 

of liver diseases, including CHC15. Consistently, our study indicated that the level of Nrf2 

expression was inversely correlated with the severity of liver injury in a cohort of CHC 

patients. The disparity between the in vitro and the in vivo observations suggest that the Nrf2 

antioxidant response in vivo in the liver is substantially impaired under the disease state. The 

mechanism accounting for this impaired Nrf2 response in diseased liver has barely been 

investigated, but our study suggests that TGF-β1, a widely regarded pathogenic factor for 

chronic liver diseases, might serve in this role and intercept the Nrf2 antioxidant response in 

the diseased liver. Indeed, concomitant TGF-β1 treatment profoundly obliterated the Nrf2 

response in a dose dependent manner. Our finding is in agreement with a study by 

Michaeloudes et al34, in which TGF-β was found to inhibit Nrf2-antioxidant response in 

cultured airway smooth muscle cells (ASMC). In addition, the Nrf2-antioxidant response 

was also found to be impaired in ASMC procured from patients with severe asthma 

compared with ASMC from patients with nonsevere asthma and normal subjects. In 

congruent with the role of GSK3β in control of Nrf2 response, TGF-β1 remarkably 

abrogated the inhibitory phosphorylation of GSK3β, potentially via activating protein 

phosphatase 1 because tautomycetin, a specific inhibitor of protein phosphatase 1, largely 

counteracted the suppressive effect of TGF-β1. TGF-β1 has been confirmed to be able to 

activate protein phosphatase 135, which is highly involved in dephosphorylation of GSK3β 

at serine 9 residual36. Thus, it is conceivable that TGF-β1 induces GSK3β 

dephosphorylation and reduces inhibitory phosphorylation of GSK3β via activating protein 

phosphatase 1, thereby augments the activity of GSK3β, amplifies the phosphorylation of 

GSK3β’s substrates like Nrf2, ultimately promotes nuclear exit and degradation of Nrf2 and 

diminishes the Nrf2 response.

Another important finding made by our study is that lithium, a selective inhibitor of GSK3β, 

could induce inhibitory phosphorylation of GSK3β and enhance the HCV induced Nrf2 

response. More importantly, lithium could counteract the suppressive effect of TGF-β1 on 

GSK3β phosphorylation as well as Nrf2 response in hepatic cells. Of note, lithium has been 

extensively, safely and successfully used for decades as an FDA approved first line mood 

stabilizer to treat many psychiatric diseases, including mania, depression and biopolar 

disorder26. As a matter of fact, lithium has been demonstrated to have a general protective 

effect in multiple organ systems37,38, including the liver39,40. Actually, long time ago, 
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lithium orotate was used to treat patients with hepatitis and exhibited a great beneficial 

effect39,40. In the present study, a group of CHC patients who received long-term lithium 

carbonate therapy primarily for psychiatric disorders demonstrated better liver function and 

significantly better liver histology than a group of CHC control patients who were not 

treated with lithium, despite comparable age and gender profiles, duration of CHC and HCV 

viral load and genotype status. This was associated with more intense staining of 

phosphorylated GSK3β and much greater expression of Nrf2 in the liver, suggesting that 

long-term treatment with lithium might ameliorate liver injury in CHC possibly through 

reinforcing the Nrf2 antioxidant response in the hepatic cells.

In conclusion, HCV infection elicits the cytoprotective Nrf2 antioxidant response in hepatic 

cells through inhibitory phosphorylation of GSK3β. In diseased liver with CHC, this 

hepatoprotective Nrf2 response is, however, largely impaired by TGF-β1 likely via a protein 

phosphatase 1-dependent mechanism. Lithium, a selective inhibitor of GSK3β, could 

counteract the suppressive effect of TGF-β1, reinstate the hepatoprotective Nrf2 response 

and ameliorate liver injury in CHC. Our findings suggest that pharmacological targeting of 

GSK3β by either novel selective small-molecule inhibitors or existing FDA-approved drugs 

with GSK3β inhibitory activity, such as lithium, represents a novel therapeutic strategy for 

CHC.
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Summary Box

What is already known about this subject?

• Approximately 2~3% of the population worldwide are infected with hepatitis C 

virus (HCV).

• Impaired adaptive response to HCV induced oxidative stress is a fundamental 

mechanism central to the pathogenesis of chronic hepatitis C.

• Nrf2 detoxification/antioxidant response is the primary cellular defense against 

the cytotoxic effects of oxidative stress.

What are the new findings?

• Inhibitory phosphorylation of glycogen synthase kinase (GSK) 3β is necessary 

and sufficient for HCV induced self-protective Nrf2 antioxidant response.

• TGFβ1 blunts the HCV induced inhibitory phosphorylation of GSK3β via a 

protein phosphatase 1-dependent mechanism and impairs the Nrf2 antioxidant 

response in hepatic cells. This effect is counteracted by lithium, a selective 

inhibitor of GSK3β that enhances the inhibitory phosphorylation of GSK3β.

• In patients with chronic hepatitis C, the expression of phosphorylated GSK3β 

positively correlates with Nrf2 expression in liver biopsy specimens and is 

inversely associated with the severity of liver injury.

• Chronic hepatitis C patients who receive long-term lithium carbonate therapy 

primarily for concomitant psychiatric disorders have attenuated liver injuries, 

associated with stronger Nrf2 expression in the liver.

How might it impact on clinical practice in the foreseeable future?

• Pharmacological targeting of GSK3β by the existing FDA-approved drugs with 

GSK3β inhibitory activity, such as lithium, promotes Nrf2 antioxidant response 

in the liver and represents a novel and feasible therapeutic strategy for chronic 

hepatitis C.
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Figure 1. HCV infection induces Nrf2 antioxidant response, characterized by nuclear 
accumulation of Nrf2 in human hepatic cells, associated with inhibitory phosphorylation of 
GSK3β

Huh7.5.1 cells were mock infected or infected with JFH-1 at a multiplicity of infection 

(m.o.i.) of 0.5. (A) At different time points, cellular lysates were prepared and analyzed by 

western immunoblot (WB) for Nrf2, NS5A and GAPDH; Relative abundance of Nrf2 

normalized by GAPDH was determined by densitometric analysis of immunoblots; *P<0.05 

versus all other groups, (n=3); (B) Fluorescent immunocytochemistry staining for Nrf2 

(green signals) and NS5A (red signals) in mock infected or JFH-1 infected Huh7.5.1 cells, 
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which were counterstained with DAPI (blue signals); Bar = 10 μm. (C) Cytoplasmic(c) and 

nuclear(n) protein fractions were prepared from JFH-1 infected cells and subjected to 

immunoblot analysis for Nrf2 or for nuclear protein histone and cytoplasmic protein lactate 

dehydrogenase (LDH), which served as quality control respectively for cytoplasmic and 

nuclear protein extraction. (D) Cell lysates were analyzed by immunoblot analysis for Nrf2, 

GSK3β, p-GSK3β (Ser9) and GAPDH; Relative abundance of Nrf2 and pGSK3β normalized 

by GAPDH and GSK3β respectively was determined by densitometric analysis and linear 

regression analysis indicates that inhibitory phosphorylation of GSK3β positively correlates 

with the expression of Nrf2 (P < 0.05, n=3).
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Figure 2. Inhibition of GSK3β mediates the HCV induced Nrf2 response and heme oxygenase-1 
expression in hepatocytes
(A) Huh7.5.1 cells were transiently transfected with vectors encoding empty vector (EV), or 

hemagglutinin (HA) conjugated wild type (WT), constitutively active (S9A) or dominant 

negative kinase dead (KD) GSK3β and then subjected to JFH-1 HCV infection at a m.o.i of 

0.5 for 24 h. Representative micrographs of fluorescent immunocytochemistry staining for 

HA (green signals) and NS5A (red signals) in JFH-1 infected Huh7.5.1 cells, which were 

counterstained with DAPI (blue signals); Bar = 10 μm. (B) Cell were treated as stated in (A) 

and cell lysates were collected and subjected to immunoblot analysis for Nrf2, HA, 

Jiang et al. Page 17

Gut. Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



pGSK3β, GSK3β and GAPDH. Relative abundance of Nrf2 normalized by GAPDH was 

determined by densitometric analysis of immunoblots and suggests that ectopic expression 

of the S9A mutant of GSK3β abrogated the HCV infection induced Nrf2 expression, while 

forced expression of the KD mutant of GSK3β was sufficient for Nrf2 expression and 

enhanced the HCV infection induced Nrf2 expression. *P<0.05 versus all other mock 

infected groups; **P<0.05 versus all other HCV infected groups; (C) Huh7.5.1 cells were 

transiently transfected with a scrambled siRNA (siControl) or GSK3β specific siRNA 

(siGSK3β) and then subjected to JFH-1 HCV infection at a m.o.i of 0.5 for 24 h. cell lysates 

were collected and subjected to immunoblot analysis for GSK3β, Nrf2 and GAPDH. (D) 

JFH1-HCV infected Huh7.5.1 cells were harvested at different time points and cell lysates 

probed for heme oxygenase-1 (HO-1), Nrf2 and GAPDH by immunoblot analysis. Relative 

abundance of HO-1 normalized by GAPDH was determined by densitometric analysis of 

immunoblots; *P<0.05 versus all other groups. (E) Huh7.5.1 cells were transiently 

transfected with the plasmid of pEYFG-Nrf2-V5 for 24 h. Ectopic expression of EYFG-

Nrf2-V5 fusion protein was visualized by fluorescent microscopy and mainly situated in the 

nuclei in addition to the cytoplasm; Bar = 25 μm (F) Huh7.5.1 cells were transiently 

transfected with vectors encoding EV, KD, and S9A and subjected to JFH1 HCV infection 

or mock infection for 24 h. Huh7.5.1 cells transiently transfected with the plasmid of 

pWXL-Nrf2-V5 and pEYFG-Nrf2-V5 served as Nrf2 expressing cells. Cell lysates were 

analyzed by immunoblot analysis for HO-1, HA, GSK3β and GAPDH. (G) Lithium, a 

selective inhibitor of GSK3β, mimics the effect of KD mutant of GSK3β and promotes HCV 

induced Nrf2 expression. Huh7.5.1 cells were subjected to JFH-1 HCV infection or mock-

infection for 48 h. Cells were treated with different doses of LiCl (0, 5, 10, and 25mM) for 6 

h. Cell lysate were analyzed by immunoblot analysis for NS5A, Nrf2, pGSK3β and 

GAPDH; Relative abundance of Nrf2 and pGSK3β normalized by GAPDH was determined 

by densitometric analysis of immunoblots; *P<0.05 versus all other mock infected groups; 

**P<0.05 versus all other HCV infected groups (n=3).
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Figure 3. Nrf2 physically interacts and associates with GSK3β as its cognate substrate
(A) Huh7.5.1 cells were transiently transfected with vectors encoding EV, KD, and S9A in 

the presence or absence of LiCl (10mM) treatment or were subjected to JFH-1 HCV 

infection or mock-infection for 24 h, followed by fluorescent immunocytochemistry staining 

for Nrf2 and GSK3β. Nuclei were counterstained with DAPI; Bar = 10 μm. (B) Huh7.5.1 

cells were subjected to JFH-1 HCV infection or mock-infection for 24 h and cell lysates 

were subjected to immunoprecipitation by using anti-GSK3β antibody or control IgG. 

Immunoprecipitates were probed for Nrf2 by immunoblot analysis. (C) Another portion of 

cell lysates served as input controls for immunoprecipitation and demonstrated equal 

amounts of input GAPDH or GSK3β. (D) In Silico analysis of the amino acid sequence of 

human Nrf2 for the putative GSK3β consensus motifs, which are highlighted in red.
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Figure 4. The Nrf2 dependent antioxidant response protects hepatic cells from HCV induced 
apoptosis
(A) Huh7.5.1 cells were transfected with the plasmid of pWXL-Nrf2-V5 or empty vector 

followed by JFH1 HCV or mock infection for 24 h. Cell apoptotic death was probed by 

immunofluorescence and in situ terminal nick end-labeling (TUNEL, green signals). Nuclei 

were counterstained with propidium iodide (PI, red signals); Bar = 10 μm. Cells stimulated 

with hydrogen peroxide (100μM) served as positive control for apoptosis. (B) Huh7.5.1 cells 

were infected with JFH1 HCV for 48 h in the presence or absence of trigonelline (Trig, 

30μM or 50μM), a highly selective small molecule inhibitor of Nrf2. Cells were fixed and 
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subjected to immunofulrescent staining for Nrf2 or TUNEL staining (green signals). Cells 

were counterstained with DAPI (blue signals) or PI (red signals); Bar = 10 μm. TUNEL-

positive cells were counted in five random fields in each culture well, and expressed in 

percentages of the total number of cells. *P<0.05 versus all other groups (n=3).
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Figure 5. Inhibition of GSK3β by lithium reinstates the TGFβ1 impaired Nrf2 antioxidant 
response to HCV infection
(A) Huh7.5.1 cells were infected with JFH1 HCV in the presence or absence of TGFβ1 or 

LiCl (10mM) treatment for 48 h. Cell lysates were probed for Nrf2, pGSK3β, HO-1, GSK3β 

and GAPDH. (B) Huh7.5.1 cells were infected with JFH1 HCV in the presence or absence 

of TGFβ1 (1ng/ml) or tautomycetin (TMC, 5μM), a specific inhibitor of protein phosphatase 

1, for 48 h. Cell lysates were probed for pGSK3β, Nrf2, GSK3β and GAPDH. (C) JFH1 

HCV infected or uninfected Huh7.5.1 cells were treated with LiCl (10mM) and/or 

tautomycetin (TMC, 5μM) in the absence of TGFβ1 for 48 h. Cell lysates were subjected to 
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immunoblot analysis for Nrf2, pGSK3β, HO-1, GSK3β and GAPDH. (D) Cells were treated 

as stated in (A) and then subjected to TUNEL staining (green signals). Nuclei were 

counterstained with propidium iodide (PI, red signals); Bar = 10 μm. TUNEL-positive cells 

were counted in five random fields in each culture well, and expressed in percentages of the 

total number of cells. *P<0.05 versus all other groups (n=3).

Jiang et al. Page 23

Gut. Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6. GSK3β inactivation as denoted by phosphorylation of GSK3β correlates with induced 
Nrf2 expression and less hepatic injury in the livers with chronic hepatitis C
Representative micrographs of liver biopsy specimens from a healthy donor (A) and patients 

with mild (B), moderate (C) or severe (D) chronic hepatitis C, which were subjected to 

hematoxylin and eosin staining and peroxidase immunohistochemistry staining for pGSK3β 

and Nrf2. As a negative control, the primary antibody was replaced by preimmune IgG and 

no specific staining was noted.
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Figure 7. Long-term lithium carbonate therapy primarily for the concomitant psychiatric 
disorders inhibits GSK3β activity in the liver and improves liver histopathology in patients with 
chronic hepatitis C
Representative micrographs of liver biopsy specimens from chronic hepatitis C patients 

treated without (A, B, C) or with (D, E, F) lithium chloride. The liver biopsy specimens 

were subjected to hematoxylin and eosin staining and immunoperoxidase staining for 

pGSK3β and Nrf2. As a negative control, the primary antibody was replaced by preimmune 

IgG and no specific staining was noted.
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Table 1

Relationship between between hepatic expression of pGSK3β and Nrf2 in human livers with chronic hepatitis 

C.

Nrf2

Low High p value

pGSK3β

Low 8 2

High 3 11

p<0.01

Liver injury grades (Knodell)

Mild 2 8

Moderate 3 1

Severe 9 1

p<0.01

The expression patterns of the two molecules in biopsy specimens form CHC by immunoperoxidase staining as shown in Figure 6. The correlation 
between p-GSK3β and Nrf2 or severity of liver injuries (Knodell grades) were analyzed by Fisher’s exact probability test. 
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Table 2

Clinical and biochemical characteristics of patients with chronic hepatitis C treated with or without lithium 

carbonate.

CHC
Non-lithium treated

CHC
Lithium treated

p value

Patient numbers 20 6

Age, median (range) 46(19–71) 45(20–58) 0.1

Male:Female 7:13 2:4 0.1

Course of disease (years) mean (±SD) 17.83(±0.68) 17.65 (±0.71) 0.7

Serum ALT (IU/L) mean (±SD) 71.36(±7.34) 58.17 (±8.53) 0.2

Serum TBIL (mmol/L) mean (±SD) 37.64(±2.75) 36.72(±4.61) 0.6

Serum ALB (g/L) mean (±SD) 44.56(±3.78) 46.91(±2.13) 0.3

HCV genotype 0.4

    1a 6 2

    1b 13 4

    6 1 0

Viral load (Log10IU/mL) mean (±SD) 5.98(±0.71) 6.23(±0.64) 0.7

Liver injury Knodell score mean (±SD) 17.41(±0.62) 6.63(±0.17) <0.01

CHC, chronic hepatitis C; ALT, alanine transaminase; TBIL, total bilirubin; ALB, albumin. 
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