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Abstract 

Oxidative stress is considered to be a key mechanism of hepatocellular injury and disease 

progression in patients with nonalcoholic steatohepatitis (NASH). The transcription factor 

Nrf2 plays a central role in stimulating expression of various antioxidant-associated genes in 

the cellular defense against oxidative stress. As the cytosolic repressor Keap1 negatively 

regulates Nrf2, activation of Nrf2 facilitated by its release from Keap1 may represent a 

promising strategy in the treatment of NASH. To test this hypothesis, we utilized two 

chemically distinct types of Nrf2-activator. One is the thiol-reactive agent oltipraz (OPZ), a 

typical Nrf2-activator, and the other is a novel biaryl urea compound, termed NK-252. 

NK-252 exhibits a greater Nrf2-activating potential than OPZ. Furthermore, in vitro binding 

studies revealed that NK-252 interacts with the domain containing the Nrf2-binding site of 

Keap1, whereas OPZ does not. This finding indicates that NK-252 is more potent than OPZ 

due to its unique mechanism of action. For in vivo animal model studies, we employed rats 

on a choline-deficient L-amino acid-defined (CDAA)-diet, which demonstrate pathological 

findings similar to those seen in human NASH. The administration of OPZ or NK-252 

significantly attenuated the progression of histological abnormalities in rats on a CDAA diet, 

especially hepatic fibrosis. In conclusion, by using Nrf2-activators with independent 

mechanisms of action, we show in a rat model of NASH that the activation of Nrf2 is 
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responsible for the anti-fibrotic effects of these drugs. This strategy of Nrf2 activation 

presents new opportunities for treatment of NASH patients with hepatic fibrosis. 
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Introduction 

Nonalcoholic fatty liver disease (NAFLD) is a common, chronic disease of the liver. NAFLD 

is mainly associated with the presence of obesity and multiple metabolic disorders.  

Nonalcoholic steatohepatitis (NASH) is a progressive form of NAFLD and defined as the 

presence of hepatic steatosis and inflammation with hepatocyte injury (ballooning) with or 

without fibrosis (Chalasani et al., 2012). NASH can develop into cirrhosis, hepatic failure, 

and hepatocellular carcinoma. With the growing epidemic of obesity, the prevalence and 

impact of NAFLD continues to increase, making NASH potentially the most common cause 

of advanced liver disease in coming decades (Vernon et al., 2011). 

There is currently no broadly approved pharmacological therapy for NAFLD and the 

management of patients with NAFLD consists of treating the associated metabolic disorders 

(Chalasani et al., 2012). Several studies have investigated the effect of insulin sensitizing 

agents in patients with NASH. For example, pioglitazone, one of the most well-established 

thiazolidinediones, was demonstrated to improve liver histopathology in NASH. Furthermore, 

antioxidant therapy with vitamin E has also been shown to have a beneficial effect on liver 

histopathology. However, their efficacies are likely to be limited, and have not yet been 

confirmed especially regarding fibrosis due to mixed results (Chalasani et al., 2012, Sanyal 

et al., 2010, Comar and Sterling, 2006). 
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Oxidative stress is thought to be a major contributor to the pathogenesis and progression of 

NASH (Koek et al., 2011). Oxidative stress has been defined as an imbalance between 

oxidants and antioxidants in favor of the former, resulting in an overall increase in cellular 

levels of reactive oxygen species (ROS) (Sies, 1997). In patients with histopathologically 

progressive NASH, production of antioxidants is reduced and the total antioxidant capacity 

is apparently insufficient to compensate for oxidative stress (Sreekumar et al., 2003). 

Therefore, agents that promote cellular antioxidant defense mechanisms are likely to 

improve NASH as well as or better than direct scavengers of ROS like vitamin E. 

Nuclear factor-erythroid-2-related factor 2 (Nrf2), a transcription factor that activates 

antioxidant response elements (AREs), plays a central role in stimulating expression of 

various antioxidant-associated genes in the cellular defense against oxidative stress (Itoh et 

al., 1997). Under normal conditions, Kelch-like ECH-associated protein 1 (Keap1), a 

cytosolic repressor of Nrf2, retains Nrf2 in the cytoplasm (Itoh et al., 1999, Itoh et al., 2004). 

Thus, activation of Nrf2, facilitated by its release from Keap1, may represent a promising 

strategy in the treatment of NASH. 

To test this hypothesis, we utilized two chemically distinct types of Nrf2-activator. This study 

characterized the respective mechanisms by which they activate Nrf2, and furthermore, 

investigated their biochemical and histopathological effects on NASH using an established 
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model of diet-induced NASH: rats on a choline-deficient L-amino acid-defined (CDAA)-diet 

(Nakae et al., 1992). 
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Materials and Methods 

Chemicals. Oltipraz (OPZ, Fig. 1, left) was obtained from LKT Laboratories, Inc. (St. Paul, 

MN). NK-252 (Fig. 1, right) was obtained from in-house synthesis. All compounds were 

diluted in dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO) for in vitro assays, or suspended 

in 0.5% (w/v) methyl cellulose (Nakarai tesque, Kyoto, Japan) for in vivo assays. 

Plasmid Construntion. The 3-tandem repeat of ARE in the 5’-upstream region of NAD(P)H 

quinone oxidoreductase 1 (NQO1) gene (Nioi et al., 2003) was inserted into pGL4.32 

luciferase reporter vector (Promega, Madison, WI) via KpnI and HindIII sites to create ARE / 

pGL4.32. A gene fragment encoding the partial length (residues 321-609) of human Keap1 

(named Keap1-DC) was inserted into pGEX-6p-3 glutathione S-transferase (GST)-fusion 

protein expression vector (GE Healthcare, Bucks, UK) via EcoRI and XhoI sites to create 

Keap1-DC / pGEX-6p-3. All resultant plasmids were amplified in E. coli DH5α. 

Stable Transformation, siRNA Transfection of Cells and Luciferase Reporter Gene 

Assay. The Huh-7.5 cells, a subline derived from Huh-7 cells (Blight et al., 2002), were 

obtained under license from Apath, LLC (St Louis, MO). Cells were transfected with ARE / 

pGL4.32 by Lipofectamine™ LTX (Invitrogen, Carlsbad, CA). The stable clonal transfectant 

was isolated by selection in hygromycin B (0.1 mg/mL). Cells derived from stable clones 

were transfected with control or Nrf2 small interfering RNA (siRNA) (Stealth™ Select RNAi 
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for Nrf2, HSS107130, Invitrogen) by lipofectamine RNAiMAX (Invitrogen) (30 h), then 

treated with OPZ, NK-252 (0.1−30 μmol/L, 16 h) or dimethyl sulfoxide alone (control). The 

luciferase activity values were measured using the Steady-Glo® Luciferase Assay System 

(Promega). 

Hydrogen Peroxide (H2O2)-Induced Cytotoxicity Assays. The Huh-7 cells were treated 

with OPZ, NK-252 (0.1−30 μmol/L, 24 h) or dimethyl sulfoxide alone (control). Cells were 

then washed and treated with H2O2 (1 mmol/L, 24 h). Cell viability values were determined 

using the Cell Titer 96® AQueous One Solution Reagent (Promega). 

Protein Expression and Purification. pGEX-6p-3 or Keap1-DC / pGEX-6p-3 were 

transformed into E. coli BL21 (DE3) cells. The induction of GST or GST-fused Keap1-DC 

gene expression was done with isopropyl-1-thio-β-D-galactoside (0.2 mmol/L). Soluble 

proteins were then extracted using the BugBuster® HT Protein Extraction Reagent 

(Novagen, Madison, WI) and purified on GSTrap FF columns (1 mL, GE Healthcare). 

Surface Plasmon Resonance (SPR) Interaction Analysis (BIAcore™). The SPR 

measurements were performed on a BIAcore™ S51 instrument (Biacore AB, Uppsala, 

Sweden). GST-fusioned Keap1-DC was bound onto the surface of flow cell 1 of a Series S 

Sensor Chip CM5 (GE Healthcare) using the amine coupling kit (GE Healthcare). Flow cell 2 

with GST was used as the reference flow cell. OPZ or NK-252 solutions (12.5−100 μmol/L) 
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were injected for 60 s at a flow rate of 10 μL/min. The resonance unit curves were 

processed by subtracting the response in flow cell 1 from that in flow cell 2. 

Animals and in vivo Experimental Design. The animal experiments were conducted 

according to Guidelines for Animal Experiments, Research & Development Division, Toray 

Industries, Inc. Six-week-old male Fischer 344 rats (Charles River Laboratories Japan Inc., 

Kanagawa, Japan) were randomly divided into four compound administration groups and 

four control groups. Compound administration groups of rats fed with choline-deficient 

L-amino acid-defined CDAA diet (Research Diets, Inc., New Brunswick, NJ) were orally 

administered as follows: 1) with OPZ from one week after feeding at a dose of 60 mg/kg 

once daily for nine weeks (CDAA+OPZ group; N=8), 2) with NK-252 from one week after 

feeding at a dose of 20 mg/kg once daily for nine weeks (CDAA+NK-252_low group; N=8), 

3) 2) at a dose of 60 mg/kg (CDAA+NK-252_high group; N=8), or 4) with NK-252 from six 

weeks after feeding at a dose of 60 mg/kg once daily for four weeks (CDAA+NK-252_DA 

[Delayed Administration] group; N=7). Two Control groups of rats fed with a CDAA diet for 

six or ten weeks (pre-CDAA control or CDAA control group; N=9 each), and the other two 

control groups of rats fed with CRF-1 diet (Charles River Laboratories Japan Inc.) for six or 

ten weeks (pre-naive or naive; N=3 each). Laparotomy and blood sampling were performed 

under isoflurane anesthesia. After blood sampling, rats were euthanized by exsanguination 
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under isoflurane anesthesia and the livers were immediately extirpated. 

Histopathological Examination. In all experiments, 2 μm-thick slices of formalin-fixed and 

paraffin-embedded liver were processed with hematoxylin and eosin (H&E) stain and Sirius 

red stain using established methods. In addition, formalin-fixed paraffin sections were 

applied to immunostaining for α smooth muscle actin (α-SMA). Sections were boiled for 20 

min in Immunosaver (Wako, Osaka, Japan) before the overnight incubation of the primary 

antibody (M0851, DAKO, Glostrup, Denmark). They were then exposed to Histofine® 

Simple Stain RAT MAX PO (Nichirei Biosciences, Tokyo, Japan) for 30 min, visualized by 

the peroxidase-diaminobenzidine (DAB) reaction. 

Histopathological evaluation was performed using H&E and Sirius red staining. The fibrosis 

score was defined with a modified Brunt’s method (Brunt, 2001) as follows: score-1) slight 

fibrosis is observed sporadically in the centrilobular or periportal area, score-2) slight fibrosis 

is observed frequently in the centrilobular and periportal area, score-3) bridging fibrosis is 

formed between the centrilobular and periportal area, score-4) pseudolobule is formed. The 

Nano-Zoomer Digital Pathology (Hamamatsu Photonics KK, Shizuoka, Japan) was used to 

acquire digital high-resolution images through the 50× objectives. Image analysis was 

performed using Definiens XD software (Definiens, Munich, Germany). Three images per 

specimen were examined blindly and randomly and Sirius red-positive areas were quantified 
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as rate of fibrosis area. 

Measurement of Plasma Transaminases. Blood samples from the abdominal aorta were 

collected in tubes containing lithium heparin and plasma separator (Becton Dickinson and 

Co., Franklin, NJ), centrifuged at 1500 x g, for 15 min to obtain the supernatant plasma. 

Plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were 

measured using a DRI-CHEM system (Fujifilm Corp., Tokyo, Japan). 

Real-Time qPCR. Total RNA was extracted from each liver using the RNeasy® Mini Kit 

(Qiagen, Valencia, CA) and translated into complementary DNA (cDNA) with High-Capacity 

cDNA Reverse Transcription Kits (Applied Biosystems, Foster City, CA). Each cDNA was 

subjected to real-time quantitative polymerase chain reaction (qPCR) using the ABI-Prism 

7500 Sequence Detection System (Applied Biosystems) and amplified by SYBR® Premix 

Ex Taq™ (TaKaRa Bio, Tokyo, Japan) reaction mixture utilizing gene specific primers 

(Supplemental Table 1).The relative amount of each mRNA was determined using the 

standard curve method and normalizing with GAPDH mRNA expression levels. 

Measurement of Carbonyl Content of Proteins. Liver samples were rinsed with 

phosphate-buffered saline to remove blood and homogenized. Following the measurement 

of protein concentration by Bradford assay using the protein dye reagent concentrate 

(Bio-Rad Laboratories, Richmond, CA), protein carbonyl derivatives in each homogenate 
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were analyzed using the OxiSelect™ Protein Carbonylation ELISA kit (Cell Biolabs, Inc., 

San Diego, CA) based on equal protein loading (10 μg/mL). 

Statistical Analysis. In vivo quantitative data were analyzed by either Dunnett’s test or 

Steel’s test with unequal variance, histological scores were analyzed by Steel’s test, and P < 

0.05 was considered statistically significant. 
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Results 

NK-252 and OPZ Activate Nrf2 and Protect against H2O2-induced Cytotoxicity. As an 

indicator of Nrf2 activation, we examined activation of the NQO1-ARE, which is 

predominantly regulated by Nrf2 (Kwak et al., 2001, Reisman et al., 2009a, Reisman et al., 

2009b), using a luciferase reporter gene assay. The luciferase activity in Huh-7.5 cells 

treated with OPZ or NK-252 showed activation of the NQO1-ARE in a dose-dependent 

manner (Fig. 2, solid line). NK-252 displayed this effect with higher potency than OPZ based 

on the fact that the EC2 value (concentration for a two-fold induction above background), 

calculated with linear extrapolation from the values above and below the induction threshold, 

was 20.8 μmol/L for OPZ and 1.36 μmol/L for NK-252. We also confirmed that the luciferase 

activities induced by OPZ or NK-252 were almost completely inhibited by Nrf2 siRNA (Fig. 2, 

dotted line). These results indicate that OPZ and NK-252 have potential as Nrf2-activators in 

hepatic cells. Prototypical Nrf2-activators that include OPZ have been reported to protect 

microglial cells from H2O2-induced cytotoxicity (Konwinski et al., 2004). In this study, we 

examined and compared the protective effects of OPZ and NK-252 against H2O2-induced 

cytotoxicity using Huh-7 cells to evaluate their antioxidant properties. The cells treated with 

OPZ or NK-252 showed increased resistance to H2O2-induced cytotoxicity compared to 

control cells (Fig. 3). Furthermore, the protective effect of NK-252 was also considerably 
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stronger than that of OPZ. 

NK-252 but Not OPZ Interacts Directly with the Keap1-DC Domain that Contains the 

Nrf2-binding Site. Sulfhydryl reactive compounds, such as dithiolethiones (including OPZ) 

have been assumed to modify the sulfhydryl groups of Keap1 cysteines directly, and alter 

the conformation of Keap1 (Kwak et al., 2003, Kobayashi et al., 2009). On the other hand, 

NK-252, with no thiol reactive group, was not expected to interact with cysteine residues of 

Keap1. Thus, we examined the binding affinity of NK-252 for the Keap1-DC domain 

harboring the Kelch/double-glycine repeat motif, which has been reported to associate with 

Nrf2 (Padmanabhan et al., 2006, Tong et al., 2006), and the C-terminal region. Using 

BIAcore™ technology, the binding of NK-252 to the recombinant protein, consisting of the 

Kelch domain of Keap1, was detected as an increase in resonance units in a 

dose-dependent manner (Fig. 4B). In contrast, binding of OPZ to Keap1-DC was not 

detected (Fig. 4A). 

OPZ and NK-252 Exert Histopathological Anti-fibrotic and Anti-inflammatory Property 

in the Liver of NASH Model Rats. On histopathological examination (Fig. 5A, B), the 

median score of fibrosis in rats fed with a CDAA diet for 10 weeks (CDAA control) was 4, 

indicating that most rats exhibited pseudolobule formation. However, rats on a CDAA diet 

given OPZ or NK-252 displayed decreased fibrosis scores compared with CDAA control rats, 
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with median scores of 3, corresponding to bridging fibrosis (Fig. 5D). In addition, CDAA 

control rats displayed approximately 20-fold augmentation of the liver fibrosis area 

compared with rats fed with a normal control diet (naive) (14.7%, 0.72%, respectively). This 

augmentation was also drastically reduced by administration of OPZ or NK-252 (Fig. 5E, 

5.80% for OPZ, 6.20% [low] and 4.97% [high] for NK-252). The effects of NK-252 on both 

fibrosis score and fibrosis area were dose-dependent. Furthermore, immunohistochemistry 

for α-SMA (Fig. 5C), an indicator of activation of hepatic stellate cells (HSCs), demonstrated 

that there was a marked increase in HSCs activation in livers of CDAA control rats, 

especially at the advancing edge of the fibrosis. In contrast, livers of rats on a CDAA diet 

given OPZ or NK-252 showed markedly reduced numbers of α-SMA positive cells. 

Regarding inflammation, cellular infiltration of liver tissue was also assessed on H&E 

stained liver sections. Infiltration with inflammatory cells, which was rarely observed in the 

liver of naive rats, appeared occasionally (slight, +) or frequently (moderate, ++) in the 

peribiliary region of CDAA control rats. On the other hand, the incidence and severity of 

inflammatory lesions were decreased in rats given OPZ or NK-252, demonstrating the 

anti-inflammatory properties of OPZ and NK-252 (Supplemental Table 2). 

OPZ and NK-252 Have a Hepatoprotective Effect as Manifested by Levels of Plasma 

Aminotransferases in NASH Model Rats. The biochemical liver function tests showed 
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mild elevation of plasma aminotransferase (ALT and AST) levels, indicators of 

hepatocellular damage, in CDAA control rats (Table 1). In contrast, a significant reduction in 

plasma ALT levels were observed in rats on a CDAA diet with high-dose administration of 

NK-252, and plasma AST levels were decreased significantly in each of the compound 

administration groups when compared with CDAA control rats (Table 1), which indicates the 

hepatoprotective effects of OPZ and NK-252. 

OPZ and NK-252 Upregulate NQO1 Gene Expression and Exert Antioxidant Property 

in the Liver of NASH Model Rats. To demonstrate Nrf2 activation by OPZ and NK-252 in 

vivo, using real-time qPCR we examined the level of gene expression of NQO1, one of the 

prototypic Nrf2-regulated antioxidant enzymes, in the liver of rats. There was no significant 

difference between CDAA control rats and naive rats. However, administration of OPZ or 

NK-252 significantly up-regulated NQO1 gene expression in the liver of rats on a CDAA diet 

(Fig. 6A). Carbonyl content of proteins as a marker of protein oxidation was also measured 

to validate oxidative stress in the liver of rats on a CDAA diet and antioxidant properties of 

OPZ and NK-252 in vivo. CDAA control rats showed markedly higher carbonyl content in 

liver than Naive rats, which indicates elevation of oxidative damage. In contrast, the 

carbonyl content in liver of rats on a CDAA diet given OPZ or NK-252 were lower compared 

to these of CDAA control rats (Fig. 6B). These results suggest that OPZ and NK-252 exerted 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 16, 2013 as DOI: 10.1124/mol.112.084269

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #84269 19

both Nrf2-activating and antioxidant properties in those livers affected by NASH. 

OPZ and NK-252 Downregulate Fibrogenic Gene Expression in the Liver of NASH 

Model Rats. To investigate the molecular mechanism of Nrf2-activator’s anti-fibrotic 

properties, we examined levels of gene expression of fibrogenic mediators including 

transforming growth factor-β1 (TGF-β1), collagen α1(I) (COL1A1) and tissue inhibitor of 

metalloproteinase-1 (TIMP-1). The expression of all of these genes was elevated in the liver 

of rats on a CDAA diet compared to naive rats (4.73, 52.5, 13.4-fold, respectively). On the 

other hand, rats on a CDAA diet given OPZ or NK-252 showed substantially lower 

expression of all three genes, although not all changes were statistically significant (Fig. 

6C-E). The effect of NK-252 on the expression of these genes and the associated 

histopathological properties (Fig. 5D, E) were both dose-dependent, suggesting that these 

genes are involved in the anti-fibrotic mechanism of NK-252. 

NK-252 Prevents Further Progression of Established Fibrosis in the Liver of NASH 

Model Rats. Thus far, we used a dosing regimen in which administration of the test 

compounds was started after one week of pre-feeding with a CDAA diet. In a preliminary 

examination, we had confirmed that feeding of a CDAA diet for one week induced nothing 

other than histological steatosis and increases in plasma aminotransferases (unpublished 

observation). To examine the therapeutic, rather than preventive, anti-fibrotic effect of an 
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Nrf2-activator, we used the delayed-administration regimen with NK-252 as a representative 

agent, a regimen that consisted of four-week administration of the drug after six-weeks of 

pre-feeding with a rats on a six-week CDAA diet before administration (pre-CDAA control) 

already showed a fibrosis score of at least 2, with slight fibrosis frequently present in the 

centrilobular and periportal area (Fig. 7A). They also displayed approximately four-fold 

augmentation of the liver fibrosis area compared with pre-naive rats (3.39%, 0.86%, 

respectively, Fig. 7B). Four-week administration of NK-252 resulted in substantial 

retardation of the progression of fibrosis compared with CDAA control rats, as reflected in 

both the fibrosis score (median score-3) and fibrosis area (5.20%) (Fig. 7A, B). In addition, 

infiltration of inflammatory cells in the peribiliary region was almost completely inhibited by 

the administration of NK-252 (Supplemental Table 2). 
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Discussion 

Published studies using knockout or knockdown animals have demonstrated a relationship 

between NASH and the Keap1-Nrf2 system. That is, loss of Nrf2 leads to rapid onset and 

exacerbation of steatohepatitis in animal models of NASH (Chowdhry et al., 2010, Sugimoto 

et al., 2010). In contrast, loss of Keap1, with enhanced expression of Nrf2, attenuates 

hepatic steatosis (Zhang et al., 2010). However, potential contribution of Nrf2 to progression 

of fibrosis remains unknown. In addition, some chemical Nrf2-activators have been reported 

to prevent obesity and insulin resistance (Shin et al., 2009, Yu et al., 2011) —the disorders 

that underlie NASH—while there is still no clear-cut evidence whether Nrf2-activators are 

clinically effective in NASH. 

Among prototypical Nrf2-activators, OPZ, previously studied in a phase II trial of patients 

with liver fibrosis or cirrhosis (Kim et al., 2011), was assumed to be a representative tool to 

investigate the efficacy of chemical Nrf2-activators on NASH. However, OPZ may have 

various target molecules other than Keap1 (Kang et al., 2002, Brooks et al., 2009) 

presumably due to its mechanism of action, i.e., reacting with the sulfhydryl groups of 

cysteines. Thus, OPZ probably has various effects independent of Nrf2 activation and OPZ 

alone appears to be insufficient to confirm our hypothesis. To create a more specific 

Nrf2-activator, we designed and synthesized a novel biaryl urea compound NK-252, with no 
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sulfhydryl reactive group. In cell-based assays, NK-252 was found to have both Nrf2 

activation effects and an antioxidant capability greater than those of OPZ. More surprising is 

that an in vitro BIAcore™ binding study revealed that NK-252 interacts directly with the 

Keap1-DC domain containing the Nrf2-binding site, whereas OPZ does not. This result 

indicates that NK-252 activates Nrf2 through a unique mechanism of action, probably in a 

more specific manner than prototypical Nrf2-activators like OPZ. Although further verification 

is needed, including structural analysis of binding of NK-252 to Keap1 (e.g. X-ray 

crystallography), it is possible that NK-252 represents the first chemical compound that 

competitively inhibits the binding of Nrf2 to Keap1. Regarding drug discovery, it appears that 

the OPZ-based design of Nrf2-activators may not be achievable because some 

modifications of its chemical structure are thought to result in interaction with cysteine 

residues in proteins other than Keap1. However, the NK-252-based design seems to 

represent a more feasible approach to the production of specific Nrf2-activators.  

The CDAA-diet model has been developed as a nutritional animal model of NASH 

representing the progression of NASH that occurs when associated with worsening 

oxidative damage (Nakae et al., 1992). In this study, rats on a CDAA diet exhibited an 

increased level of protein oxidation in the liver, as occurs in patients with NASH (Valenti et 

al., 2008); this model was therefore assumed to be the most appropriate for evaluating the 
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efficiency of Nrf2-activators. OPZ and NK-252 commonly attenuated development of fibrosis 

in rats on a CDAA diet in both qualitative (histopathological scoring) and quantitative 

(assessment of fibrosis area) terms, likely due to suppression of HSCs activation, which play 

a pivotal role in fiber synthesis and degradation. Dose-dependency of NK-252 was observed 

for Nrf2-activating, antioxidant and anti-fibrotic properties, which suggests some correlation 

between Nrf2 activation, suppression of oxidative stress and attenuation of liver fibrosis. 

Protein carbonyl measurement did not detect sufficient antioxidant property of OPZ to 

explain its anti-fibrotic property, which indicates at least a partial contribution by the 

nonspecific effect of OPZ discussed above. However, the possibility remains that other 

markers of oxidative stress might reveal its antioxidant property more precisely.  

Moreover, the delayed-administration NK-252 regimen demonstrated that it can prevent 

further progression of established fibrosis. This finding supports the possibility that 

Nrf2-activators delay the development of liver fibrosis in patients with NASH. In this study, 

we did not demonstrate recovery from fibrosis with NK-252 administration, compared with 

baseline. However, further investigations using a different regimen or other animal models 

are necessary to confirm whether or not Nrf2-activators can reverse liver fibrosis 

The cell-based assay revealed the preventive effects of OPZ and NK-252 against 

H2O2-induced cytotoxicity in the Huh-7 cells, which originate from hepatocytes. Therefore, 
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the in vivo hepatoprotective effects of these compounds in the liver of rats on a CDAA diet 

were likely to be due to their direct actions on hepatocytes. It is generally accepted that 

there is sequential crosstalk between hepatocytes, inflammatory cells and HSCs. Hepatic 

injury causes accelerated recruitment of inflammatory cells (e.g., Kupffer cells) and their 

pro-fibrogenic cytokine secretion stimulates extracellular matrix synthesis (ECM) synthesis 

by activating HSCs. In this study, OPZ and NK-252 were found to block the infiltration of 

inflammatory cells, probably due to attenuation of hepatic injury. Furthermore, there is a 

possibility that the attenuation of fibrosis seen with these compounds was also attributable 

to their hepatoprotective properties. 

HSCs may also be a direct target of Nrf2-activators. It is widely assumed that persistent 

auto-/paracrine stimulation of activated HSCs by TGF-β1, a potent pro-fibrogenic cytokine, 

is the key mechanism in liver fibrogenesis. TGF-β1 has been reported to activate SMAD 

family of transcription factors, which lead to induction of fibrogenic genes expression 

including COL1A1 and TIMP-1 (Verrecchia et al., 2001) and autoinduction of TGF-β1 

(Roberts et al., 2006). TIMP-1, an inhibitor of ECM-degrading proteases, not only prevents 

the degradation of ECM, but also inhibits the apoptosis of activated HSCs (Murphy et al., 

2002), resulting in the synergistic inductuion of ECM synthesis. These previous findings, 

taken together with our analysis of gene expression, suggest that Nrf2-activators modulate 
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TGF-β1-mediated fiber synthesis and degradation in the HSCs of rats on a CDAA-diet. 

Moreover, published studies have reported cross-talk between TGF-β1 and ROS signaling 

in HSCs. TGF-β1 induces the accumulation of H2O2, and this ROS act as intracellular signal 

mediator of the pro-fbrogenic action of TGF-β1 (De et al., 1999, García-Trevijano et al., 

1999), which suggests that ROS stimulates induction of fibrogenic genes expression 

including TGF-β1 itself. Therefore, once ROS has stimulated TGF-β1 signal transduction, a 

vicious circle between ROS and TGF-β1 presumably promotes HSCs activation and ECM 

synthesis. Nrf2-activators with antioxidant properties may prevent progression of liver 

fibrosis through the interruption of this vicious circle. On examination of the molecular 

mechanism underlying anti-fibrotic properties of Nrf2-activators on HSCs activation, a 

further contrasting point is that another prototypical Nrf2-activator, sulforaphane, has 

recently been reported to suppress the TGF-β signaling pathway by inhibiting 

phosphorylation and transcriptional activation of SMAD3, leading to a reduction in 

TGF-β-induced expression of fibrogenic genes (Oh et al., 2012). Although the contributions 

made by their anti-fibrotic effects remain unclear, OPZ and NK-252 may also have the same 

effect. 

There are many animal models of NAFLD, but most are limited as they either simply 

demonstrate obesity/insulin resistance-metabolic syndrome-related phenotypes (e.g., fatty 
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liver) without replicating the progressive stages of liver pathology exhibited by patients with 

NASH (e.g., steatohepatitis and fibrosis), or they show the typical pathology of NASH but the 

etiology is not the metabolic syndrome. We therefore need to establish different models that 

can be used for appropriate evaluation of target compounds. The CDAA-diet model is 

assumed to fall into the latter category, as our preliminary examination revealed that this 

model did not show any body weight gain and exhibited markedly reduced levels of 

triglycerides in the plasma throughout the 10-weeks study period (unpublished observation), 

likely due to the blockage of very-low-density lipoprotein (VLDL) secretion induced by 

CDAA-diet (Kawaguchi et al., 2004, Fon and Rozman, 2011).These results indicate that the 

metabolic profile of CDAA-diet model is generally not the same or partially converse of 

human NASH. In this study, we did not detect any histological changes of fat accumulation 

induced by administration of NK-252 or OPZ. However, there is possibility that such 

anti-steatotic effects would be detectable using another animal model. 

Collectively, these studies revealed that OPZ and NK-252 attenuate the progression of 

fibrosis and indicated that their mechanism of action involves both a direct action on HSCs, 

and hepatoprotective and anti-inflammatory properties. In other words, Nrf2-activators 

probably counteract NASH-related fibrosis in an additive manner. Using Nrf2-activators with 

independent mechanisms of action, we demonstrated that the activation of Nrf2 is 
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responsible for their anti-fibrotic effects. It has been reported in a model based on a high-fat 

diet that rosiglitazone, a peroxisome proliferator-activated receptor (PPAR)-γ ligand, 

protects against liver fibrosis in concert with induction of hepatic NQO1 gene expression 

(Gupte et al., 2010). Meanwhile, our results provide the first evidence that Nrf2 activation 

alone is sufficient to attenuate the progression of NASH-related fibrosis. The strategy of Nrf2 

activation is expected to present new opportunities for treatment of NASH with hepatic 

fibrosis. Taking into consideration the efficacy of Nrf2-activators against the metabolic 

syndrome (Shin et al., 2009, Yu et al., 2011), Nrf2-activators may act as potential 

therapeutic agents for patients at any stage of NASH as it progresses. 
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Figure Legends 

Fig. 1. Chemical structures of OPZ and NK-252. 

Fig. 2. OPZ and NK-252 activate NQO1-ARE, which are inhibited by Nrf2 knock-down. 

Huh-7.5 cells with stable expression of an ARE-luciferase reporter gene were transfected 

with negative control (NC) siRNA or Nrf2 siRNA. After transfection (30 h), cells were treated 

for 16 h with 0.3-30 μmol/L OPZ or NK-252. The average luciferase activity value for control 

cells with NC siRNA transfection was arbitrarily set to 100%, and all other results were 

expressed relative to this. The results shown represent the means ± SD from duplicate 

assays for OPZ (A) and NK-252 (B). 

Fig. 3. OPZ and NK-252 have protective effects against H2O2-induced cytotoxicity. Huh-7 

cells were treated for 24 h with 0.3-30 μmol/L OPZ or NK-252, and then cells were washed 

and treated for 24 h with 1 mmol/L H2O2. The average cell viability value for control cells 

without H2O2 was arbitrarily set to 100%, and all other results were expressed relative to this. 

The results shown represent the means ± SD from triplicate assays for OPZ (A) and NK-252 

(B). 

Fig. 4. NK-252 but not OPZ interacts directly with the Keap1-DC domain which contains the 

Nrf2-binding site. Interaction between Keap1-DC domain and OPZ or NK-252 was 

determined by the BIAcore™ assay. 12.5−100 μmol/L OPZ or NK-252 were applied to a 
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Keap1-DC-bounded sensor chip. The resonance units reflect the number of attached 

molecules. Each line indicates the resonance unit curve of 12.5, 25, 50, 100 μmol/L 

compounds with Keap1-DC, respectively from singlet assays for OPZ (A) and NK-252 (B). 

Fig. 5. OPZ and NK-252 exert histopathological anti-fibrotic efficacies in the liver of NASH 

model rats. (A-E) Histopathological evaluation was performed with the liver of rats fed a diet 

of CRF-1 for 10 weeks (naive), rats fed a diet of CDAA for 10 weeks (CDAA control), or rats 

on a CDAA diet with nine-week administration of OPZ or NK-252 (CDAA+OPZ, 

CDAA+NK-252_low or CDAA+NK-252_high). (A-C) Serial or near-serial sections stained 

with H&E (A) Sirius red (B) and α-SMA (C) (scale bar, 1 mm). (D) Histopathological fibrosis 

scores were evaluated with the modified Brunt’s method consisting of score-1 to -4. (E) 

Quantitative evaluation of Sirius red-positive fibrosis area. The results shown represent 

individual scores or means ± SEM (N=3-8). † P < 0.05, and †† P < 0.01 between each 

compound administration group versus CDAA control (Steel’s test).  

Fig. 6. OPZ and NK-252 upregulate NQO1 gene expression, exert antioxidant property and 

downregulate fibrogenic gene expression in the liver of rats on a CDAA diet. (A, C-E) Total 

RNA was isolated from the liver of rats described in the legend of Fig. 5, and then real-time 

qPCR was performed. The results shown represent means ± SEM (N=3-8) of the gene 

expression of NQO1 (A), TGF-β1 (C), COL1A1 (D) and TIMP-1 (E) relative to those of naive 
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rats. (B) Protein carbonyl derivatives in each liver homogenate of rats described in the 

legend of Fig. 5 were detected by an ELISA assay. The results shown represent means ± 

SEM (N=3-8) of nanomole of carbonyl derivatives per milligram of total proteins assayed.* P 

< 0.05, ** P < 0.01, and *** P < 0.001 between each compound administration group versus 

CDAA control (Dunnett’s test). † P < 0.05, and †† P < 0.01 between each compound 

administration group versus CDAA control (Steel’s test). 

Fig. 7. NK-252 prevents further progression of established fibrosis in the liver of NASH 

model rats. (A, B) Histopathological evaluation was performed with the liver of rats on a 

six-week CRF-1 diet rats (pre-naive), rats on a six-week CDAA diet (pre-CDAA control), rats 

on a 10-week CRF-1 diet (naive), rats on a 10-week CDAA diet (CDAA control), or rats on a 

CDAA diet with four-week administration of NK-252 (CDAA+NK-252_DA). The procedure 

was described in the legend of Figure 5. The results shown represent fibrosis score (A) and 

means ± SEM (N=3-8) of rate of liver fibrosis area (B). †P < 0.05 between each compound 

administration group versus CDAA control (Steel’s test). 
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Tables 

Table 1 

Weighing data and biochemical data 

Group N 

Age 

(week) 

Body weight 

(g) 

Liver wet weight 

(g) 

Plasma ALT 

(IU/L) 

Plasma AST 

(IU/L) 

naive 3 16 259.3 ± 3.5 7.57 ± 0.29 28.0 ± 2.2 104.0 ± 11.1 

CDAA control 9 16 212.4 ± 3.7 10.32 ± 0.20 170.7 ± 9.6 344.4 ± 17.3 

CDAA+OPZ 8 16 227.0 ± 3.4 * 13.88 ± 0.3 *** 152.6 ± 8.1 256.8 ± 14.4 *** 

CDAA+NK-252_low 8 16 216.5 ± 3.2 12.25 ± 0.18 *** 164.4 ± 11.8 285.3 ± 11.8 * 

CDAA+NK-252_high 8 16 226.4 ± 4.2 * 14.09 ± 0.37 *** 120.8 ± 3.2 ** 238.5 ± 9.6 *** 

pre-naive 3 12 245.0 ± 0.9 8.63 ± 0.23 22.0 ± 0.8 94.0 ± 18.5 
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pre-CDAA control 9 12 198.9 ± 2.9 12.94 ± 0.24 245.0 ± 16.1 346.3 ± 9.2 

CDAA+NK-252_DA 7 16 223.7 ± 3.6 13.27 ± 0.36 *** 150.4 ± 10.6 219.0 ± 12.5 *** 

* P < 0.05, ** P < 0.01, and *** P < 0.001 between each compound administration group versus CDAA control (Dunnett's test) 
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Nrf2-activators Attenuate the Progression of Nonalcoholic Steatohepatitis–Related Fibrosis in a Dietary Rat Model. Shimozono, Asaoka, 
Yoshizawa, Aoki, Noda, Yamada, Kaino and Mochizuki. Molecular Pharmacology. 

1 

Primer Sequence 
Name Species 

Forward Reverse 

NQO1 Rat 5’-AGCGCTTGACACTACGATCC-3’ 5’-CAATCAGGGCTCTTCTCACC-3’ 

TGF-β1 Rat 5’-CCTGGAAAGGGCTCAACAC-3’ 5’-CAGTTCTTCTCTGTGGAGCTGA-3’ 

COL1A1 Rat 5’-TCCTGGCAAGAACGGAGAT-3’ 5’-CAGGAGGTCCACGCTCAC-3’ 

TIMP1 Rat 5’-CAGCAAAAGGCCTTCGTAAA-3’ 5’-TGGCTGAACAGGGAAACACT-3’ 

GAPDH Rat 5’-TTGTGATGGGTGTGAACCAC-3’ 5’-TTCAGCTCTGGGATGACCTT-3’ 

Supplemental Table 1. Nucleotide sequence of primers for the real-time quantitative PCR analysis
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2 

Grade 

(Number of animals) Group N 

-/+ + ++ +++ 

naive 3 0 0 0 0 

CDAA control 9 0 4 3 0 

CDAA+OPZ 8 0 5 0 0 

CDAA+NK-252_low 8 0 4 0 0 

CDAA+NK-252_high 8 0 3 0 0 

pre-naive 3 0 0 0 0 

pre-CDAA control 9 0 2 0 0 

CDAA+NK-252_DA 7 0 1 0 0 

Supplemental Table 2. Histopathological score of inflammatory cell infiltration in the peribiliary region 

Grade ; -/+: very slight, +: slight, ++: moderate, +++: marked 


