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4-HNE 4-hydroxy-2-nonenal 

Ab  antibody 

ACC acetyl-CoA carboxylase 

ALT alanine aminotransferase 

ANOVA analysis of variance 

AOX acyl-CoA oxidase 

AST aspartate aminotransferase 

ARE/EpRE antioxidant/electrophile responsive element 

CNC Cap'n'collar 

DKO double-knockout 

EU  endotoxin units 

Elovl 6 ELOVL fatty acid elongase 6 

FAS fatty acid synthase 

FITC fluorescein isothiocyanate 

GAPDH glyceraldehyde 3-phosphate dehydrogenase 

H&E hematoxylin-eosin 

HCC Hepatocellular carcinoma 

HOMA-IR homeostatic model assessment for insulin resistance 

Il  interleukin 

Keap1 Kelch-like ECH-associated protein1 

KO  knockout 
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LIR  LC3-interacting region 

LPS  lipopolysaccharide 

LXR liver X receptor 

MARCO macrophage receptor with collagenous structure 

Mcp-1 monocyte chemoattractant protein-1 

MRI magnetic resonance imaging 

MCD methionine-and choline- deficient 

NAFLD nonalcoholic fatty liver disease 

NASH nonalcoholic steatohepatitis 

NF-κB nuclear factor-kappa B 

NK  natural killer 

Nrf2 nuclear factor erythroid 2-related factor 2 

PB1  Phox and Bem1p 

Pten phosphatase and tensin homolog 

PPAR peroxisome proliferator activated receptor 

qRT-PCR quantitative real-time polymerase chain reaction 

ROS reactive oxygen species 

SCD stearoyl-CoA desaturase 

SPIO superparamagnetic iron oxide 

SQSTM1 sequestosome 1 

SR-A class A macrophage scavenger receptor 

SREBBP sterol regulatory element-binding protein 

TER transepithelial electrical resistance 

Tgf-β1 transforming Growth Factor-β1 
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TLR toll-like receptor 

Tnf-α tumor necrosis factor-α 

UBA ubiquitin-associated 

WT  wild-type 

Zo-1 zona occludens-1 
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NASH NASH

p62 Nrf2

NASH p62:Nrf2 DKO DKO

NASH

50 DKO 12% DKO NASH

Nrf2 Kupffer LPS

p62

lipopolysaccharide LPS

NASH DKO

NASH Pair-feeding

LPS NASH

p62:Nrf2

LPS

NASH

DKO NASH
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1  

 

 

4 1

NAFLD NAFLD

NAFL NASH NASH

NASH

1 A NASH

 

NASH

Two-hit theory

2

NASH

Two-hit theory 3, 

4
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NASH Multiple parallel 

hits hypothesis 5 B  Multiple parallel hits hypothesis

lipopolysaccharide LPS

Kupffer

NASH

NASH  

 

NASH  

NAFLD/NASH 40

1

2 De novo lipogenesis 3 β

4 VLDL 5

6 LPS 6

6 1

ob/ob

HCC

6 2 De novo lipogenesis phosphatase 

and tensin homolog Pten Pten

NASH

HCC Pten

7 3 β
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α CoA 1

8, 9 RARα

16

8 acyl-CoA oxidase AOX

RARα

9 4

MCD MCD NASH

ALT AST

10

5 1 IL-1

IL-1

IL-1

IL-1 20

11 6 LPS

LPS LPS

LPS NASH
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NASH

NASH

NASH

NASH

p62

p62-KO  

 

p62-KO 

p62/Sequestosome 1/A170/ZIP p62

ROS

12

p62 442

Phox and Bem 1p PB1 Zn-finger LC3-interacting 

region LIR ubiquitin-associated UBA

13, 14 p62 C

UBA -

p62

LC3 LC3

14
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p62-KO

p62-KO

p62-KO

Stat3 15

p62-KO 2 NASH

16 p62-KO

NASH

p62

Nuclear 

factor erythroid 2-related factor 2 Nrf2  

 

Nrf2 

Nrf2

17 Nrf2

/

Cap'n'collar 18 Nrf2

Kelch-like ECH-associated protein1 Keap1 Keap1

Nrf2 Keap1 Cullin3

E3 Nrf2

19
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Nrf2 Keap1

Nrf2 small Maf

/ ARE/EpRE /

17 Nrf2 p62

p62 Nrf2 20 p62

Nrf2 Keap1 Nrf2

21 Nrf2

6 Il-6 Il-1β

22

Nrf2 Nrf2-KO

23

MCD Nrf2-KO NASH

24

Nrf2 Keap1flox/- MCD

NASH 25  

Nrf2 NASH

 

 

NASH  

Two-hit theory Multiple parallel hits hypothesis

LPS

NASH

p62-KO Nrf2-KO

p62-KO Nrf2-KO
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p62:Nrf2 DKO NASH

 

ob/ob db/db ob/ob

db/db

6

NASH

Heme oxygenase 1 HO-

1 Il-10 26, 27

HO-1 Nrf2 Nrf2-KO

NASH

Nrf2-KO  

NASH

NASH

p62:Nrf2-DKO NASH

p62:Nrf2-DKO

NASH

DKO NASH C  
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 A NASH  

NASH NAFLD 26 2015  

 

  

NAFLD

NAFL
NASH

10�20%

NASH

	��
5�20%

5��

2000��

200��
	��

	�
10%
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 B Two-hit theory Multiple parallel hits hypothesis  

 

  

	�� ������-NAFL. �����-NASH. ��,���

Two-hit	theory

����
(�
)

��%'*%/ +('"$+-LPS./
���#�'!�+

1st hit 2nd hit

����

��

	�� ������-NAFL. �����-NASH. ��,���

Multiple	parallel	hits	hypothesis

 +('"$+-LPS.
�&�)!�+
��%'*%
����

etc.
Tilg	H	et	al., Hepatology 2010

Day	et	al., Gastroenterology 1998
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 C  

NASH

NASH  

NASH Kupffer

Multiple parallel hits hypothesis

 

NASH   
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2  

 

 

Direct-Q UV 8 Merck Millipore USA 18.2 MΩ-cm

 

Bio-Rad USA  

•  

• TGX  

Agilent Dako USA  

• EnVision /HRP 

VSL Pharmaceuticals  

• VSL#3 

R&D  

• /Acrp30 ELISA  

Sigma-Aldrich  

• FITC -  

Thermo Fisher Scientific  

• Fast SYBR® Green Master Mix 

• FluoSpheres® Carboxylate-Modified Microspheres, 0.1 µm, Yellow-Green 

Fluorescent 

• Hepatocyte wash medium 

• Liver perfusion medium 
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Worthington biochemical  

• Type4 

 

• 0.25% -EDTA 

• 100%  

• 2-  

• 4%  

• HistroVT One 

• N-2- -N'-2- HEPES  

•  

•  

•  

•  

•  RNA 	 Super G 

• DMEM  

• -  

•  

 

• LAL  

• Pyrochrome® with Glucashield® Buffer 

 

• TaKaRa Prime Script ® RT reagent Kit 

 

• FBS  
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RI  

• ®  

 

•  

• /  

 

• CII-  

•  

 

 

68

88

5.1 23.1 360 kcal/100 g

30-70 20-23

3-4

WT C57BL/6J

Charles River p62-KO

Nrf2-KO

14, 17 p62:Nrf2

C57BL/6J 10
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-80  

 

 

DKO 4 30 1 3.0 ± 

0.1 g WT 1  

 

Probiotics  

DKO 10 25 Probiotics

VSL#3 4.5 colonies/mL

2  

 

 

CII  

ELISA  

/ ELISA  

/Acrp30 Quantikine ELISA

 

 

 

2 g/kg 

15 30 60 120

CII-  
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WT Nrf2-KO p62-KO DKO 4

4

-

H&E Sirius red H&E

Sirius red

NASH

SAF S0 S3

A0 A4 F0 F4 28

H&E 0 ; 1

; 2

; 3

; 4 29  

F4/80

4- 4-HNE

S- P1 GST-P1

100% 50%

HistroVT One 0.3% H2O2/

30 EnVision

/HRP DAB  

 

LPS  

70 10 Pyrochrome with 

Glucashield Buffer  Varioskan Thermo
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LAL LPS

1.5 

mL PBS - 1 mL  UCW-201

1 mL PBS - 9 mL

10 mL 400 × g 15 6 mL 0.45 µm

Merck Millipore 0.22 µm Merck Millipore

70 10 Pyrochrome with Glucashield Buffer

 

 

 

-80

DNA 16S DNA

T-RFLP TechnoSuruga Laboratory

16S rRNA 16S 

rRNA FASMAC  

 

 

16 0.5 mg/g 4kDa FITC-

 0 1 2 3 6 50 µL iMark

Bio-Rad 488 nm FITC

FITC-
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CT

Latheta LCT-200 Hitachi Aloka Medical

5 mm Latheta

 

 

Kupffer  

Kupffer Liver perfusion medium

4 Type4 HEPES

DMEM 10 Hepatocyte wash medium

30 × g 2 2

400 × g 8

Kupffer Kupffer

F4/80 APC-conjugated anti-F4/80 eBioscience

 

 

 

 FluoSpheres®, 1.0 µm beads diameter, Carboxylate-

modified 0.57 µl/g body weight 5 Kupffer

 F4/80

Kupffer  

Kupffer macrophage 

receptor with collagenous structure MARCO macrophage class A scavenger 
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receptors SR-A

Kupffer M1 M2

Gallios

Beckman Coulter Kaluza

ver 1.2, Beckman Coulter  

 

SPIO-MRI 

MRI 1 T/90 mm SPIO ® 3.33 µl/mL

20 g 0.1 mL

0.5-3.0% 

3D-

6 mm 2D- T2

WT Nrf2-KO p62-KO DKO 4 8 30

 MRI SPIO T2 4

 

 

RNA  

1 mL

200 µL 12,000 rpm 15 3

2- 500 µL 12,000 rpm 10

75% v/v 1 mL

12,000 rpm 5

RNase free dH2O 50 µL NanoVue Plus GE

 



 23 

real-time PCR qRT-PCR  

Prime Script ® RT reagent Kit T100TM Bio-Rad

Fast SYBR® Green Master Mix CFX384 TouchTM

PCR Bio-Rad qRT-PCR Primer

2 glyceraldehyde 3-phosphate dehydrogenase GAPDH

 

 

 

SDS 1 0.2 SDS 50 

mM Tris-HCl

2.2 M 5 mM Tris-HCl 0.5 mM 

EDTA 40,000 × g 60 0.25 mM

Ab p62 Nrf2

20, 30

1  

 

In vitro   

8-10 WT Nrf2-KO p62-KO DKO Kupffer

Kupffer APC-F4/80 eBioscience

CA USA 30 Beckman Coulter MoFlo XDP

F4/80+

RAW264.7 ATCC 4.5 g/L -
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1 FBS 10 DMEM 37 5  CO2

RAW264.7 6 10 EU/mL LPS

Caco-2 RIKEN BRC

10  FBS 1 -

1 DMEM 37 5  CO2

1 2 Caco-2 0.4 µm

Merck Millipore Transwell 5 × 104/cm2

 

 

CRISPR-Cas9 p62 Nrf2  

31

CRISPR Design http://crispr.mit.edu/

p62 Nrf2 mRNA 20bp

RNA 3 DNA BbsI

pX330 RAW264.7 Caco-2

Neon pX330 gDNA  

 

TER  

Caco-2 0.4 µm

1 TER Millicell-ERS

Merck Millipore TER Ω cm2

LPS 100 EU/mL LPS 3 6

TER  
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± mean ± SE

SPSS 1 P < 0.05  
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1.  

 

  

Antibodies Manufacturer Cat No. 

Rabbit Polyclonal anti-p62 Ishii et al., 2000 N/A 

Rabbit Polyclonal anti-Nrf2 Proteintech 16396-1-AP 

Rabbit Polyclonal anti-Actin Sigma-Aldrich A5060 

Rabbit Polyclonal anti-LaminA/C Cell Signaling Technology 2032 

Rabbit Monoclonal anti-NF-KappaB p65 phospho Cell Signaling Technology 3033 

Rabbit Monoclonal anti-NF-KappaB p65 Cell Signaling Technology 4764 

Rabbit Polyclonal anti-Keap1 Cell Signaling Technology 4617S 

Rabbit Polyclonal anti-Zo-1 Thermo Fisher Scientific 61-7300 

Mouse Monoclonal anti-Claudin 1 Thermo Fisher Scientific 37-4900 

Mouse Monoclonal anti-Claudin 2 Thermo Fisher Scientific 32-5600 

Mouse Monoclonal anti-4-hydroxy-2-nonenal JaiCA MHN-100P 

Rabbit Polyclonal anti-glutathione S-transferase P1 MBL 311 

Sheep anti-Mouse IgG, HRP-Linked Whole Ab GE Healthcare NA931 

Donkey anti-Rabbit IgG, HRP-Linked Whole Ab GE Healthcare NA934 

Rat Monoclonal APC-conjugated anti-F4/80 eBioscience 17-4801-82 

PerCP/Cy5.5 anti-mouse CD206 BioLegend 141715 

PE anti-mouse CD11c BioLegend 117307 

Rat Monoclonal anti-Mouse MARCO BIORAD MCA1849 

Goat Polyclonal anti-Mouse SR-A1 R&D Systems AF1797 

Goat anti-Rat IgG, Alexa Fluor 488 Thermo Fisher Scientific A-11006 

Donkey anti-Goat IgG, Alexa Fluor 488 Thermo Fisher Scientific A-11055 
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2. qRT-PCR Primer  

 

Genes Primer sequences �5’- 3’�  

 Forward Reverse 

Tnf-α AAGCCTGTAGCCCACGTCGTA  GGCACCACTAGTTGGTTGTCTTTG  

Il-1β TCCAGGATGAGGACATGAGCAC  GAACGTCACACACCAGCAGGTTA  

Il-6 GAGGATACCACTCCCAACAGACC  AAGTGCATCATCGTTGTTCATACA  

Tlr-4 GCAGCAGGTGGAATTGTATCG  TGTGCCTCCCCAGAGGATT  

Tgf-β1 GTGTGGAGCAACATGTGGAACTCTA  TTGGTTCAGCCACTGCCGTA  

Procollagen-α1 GCACGAGTCACACCGGAACT   AAGGGAGCCACATCGATGAT  

Mcp-1 TTCCTCCACCACCATGCAG  CCAGCCGGCAACTGTGA  

Cd14 CCTGCCCTCTCCACCTTAGAC  TCAGTCCTCTCTCGCCCAAT  

Lxr CCCCACAAGTTCTCTGGACACT TGACGTGGCGGAGGTACTG 

Srebp-1c CGGCGCGGAAGCTGT AGTCACTGTCTTGGTTGTTGATGAG 

Fas ATCCTGGAACGAGAACACGATCT AGAGACGTGTCACTCCTGGACTT 

Acc-1 TGTCCGCACTGACTGTAACCA TGCTCCGCACAGATTCTTCA 

Scd-1 TGCCCCTGCGGATCTTC GGCCCATTCGTACACGTCAT 

Elovl6 TGACTATGAACTATGGCGTGCAT CCGGGAGACTCGGAAACC 

Pparα TGGGGATGAAGAGGGCTGAG GGGGACTGCCGTTGTCTGT 

Pparγ TGTCGGTTTCAGAAGTGCCTTG TTCAGCTGGTCGATATCACTGGAG   

Zo-1 GCTAAGAGCACAGCAATGGA GCATGTTCAACGTTATCCAT 

Claudin1 CGGGCAGATACAGTGCAAAG ACTTCATGCCAATGGTGGAC 

Claudin2 CAACTGGTGGGCTACATCCTA CCCTTGGAAAAGCCAACCG 

Zo-1 
�Human� 

GAATGATGGTTGGTATGGTGCG TCAGAAGTGTGTCTACTGTCCG 

Claudin1 
�Human� 

GCACATACCTTCATGTGGCTCAG TGGAACAGAGCACAAACATGTCA 
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3. CRISPR Cas9 gRNA 

 

Cells Genes Sequences �5’- 3’� 

RAW264.7 Nrf2 GATGTGCTGGGCCGGCTGAAT 

 p62 GTTGGGGTGCACCATGTTTCG 

Caco-2 Nrf2 GCGACGGAAAGAGTATGAGC 

 p62 GAGCCATCGCAGATCACATTG 
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3  

 

DKO  

 

NASH

NASH

32, 33 WT Nrf2-KO p62-

KO DKO  

DKO DKO

p62 Nrf2 1A

WT Nrf2-KO

p62-KO DKO 8-50 42

DKO WT p62-KO DKO

WT Nrf2-KO

1B 30 WT 37.8 ± 1.3 g Nrf2-KO

37.6 ± 1.0 g p62-KO 49.7 ± 1.3 g DKO 46.5 ± 0.6 g WT Nrf2-

KO 8

3.0 g/d/mouse p62-KO DKO

8 3.3 g/day/mouse 30 4.0 g/d/mouse

1C CT p62-KO DKO

1D  
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1 DKO   

A 8 WT Nrf2-KO p62-KO DKO Nrf2 p62

 

B WT Nrf2-KO p62-KO DKO n = 10-15  

C 8 30 WT Nrf2-KO p62-KO DKO

n = 8  

D 30 WT Nrf2-KO p62-KO DKO

n = 8  

 ± *P < 0.05 vs WT; †P < 0.05 vs Nrf2-KO  
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30 DKO WT

HOMA-IR

DKO 8 2A-

C p62-KO DKO

2D 8 30 p62-KO DKO

WT Nrf2-KO

2E 30 p62-KO DKO

2F DKO
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 2 DKO  

A-C 8 30 WT Nrf2-KO p62-KO DKO

HOMA-IR n = 8  

D 8 30 WT Nrf2-KO p62-KO DKO

13 1 g 0.5 mg  

n = 7-9  

E-F 8 30 WT Nrf2-KO p62-KO DKO

n = 8  

 ± *P < 0.05 vs WT; †P < 0.05 vs Nrf2-KO; 

§P < 0.05 vs p62-KO  
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DKO  

WT Nrf2-KO p62-KO DKO

3A 3B p62

3C WT DKO

Nrf2-KO p62-KO

SAF Activity DKO 3D

DKO

3E Nrf2-KO p62-KO

3E

DKO 3F

4-HNE 50 DKO

Nrf2-KO p62-KO

3G DKO

50 12 8 / 66 DKO

3H Nrf2-KO p62-KO

GST-P1

3H DKO

 

 

mRNA

Tumor necrosis factor-α Tnf-α Il-1β Il-6 Toll-like receptor 

4 Tlr4 mRNA 8 DKO WT
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30

Transforming growth factor-β1 Tgf-β1 Procollagen-α1 mRNA

30 DKO 4 DKO

mRNA 30

p62-KO DKO Sterol regulatory element binding protein-1c Srebp-1c

Acetyl-CoA carboxylase-1 Acc-1 Stearoyl-CoA desaturase-1 Scd-1 Peroxisome 

proliferator activated receptor γ Pparγ DKO

Srebp-1c 5  

 

p62 DKO

3I Il-1β

mRNA 8 DKO

DKO 30 Tnf-α Il-1β Tlr4 Monocyte chemoattractant protein 1

Mcp-1 CD14 Tgf-β1 WT 4

DKO

 

DKO NASH

 

  



 36 

 



 37 

 

 

 3 DKO  

A B 8 30 WT Nrf2-KO p62-KO DKO H&E

Sirius red

100 µm  

C-E SAF Steatosis Activity Fibrosis

n = 8  

F

n = 8  

G 30 WT Nrf2-KO p62-KO DKO

4-HNE  

H DKO H&E

T NT GST-P1
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100 µm 10 µm  

I WT Nrf2-KO p62-KO DKO H&E

100 µm  

 ± *P < 0.05 vs WT; †P < 0.05 vs Nrf2-KO; 

§P < 0.05 vs p62-KO  
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( 43$'��'&%
 mRNA ���� 

 

 Age 8 weeks 30 weeks 

 Genes WT Nrf2-KO p62-KO DKO WT Nrf2-KO p62-KO DKO 

Liver Tnf-α 1.00 ± 0.10 1.11 ± 0.17 1.60 ± 0.07 a 3.09 ± 0.84 ab 2.47 ± 0.79 3.02 ± 0.70 4.25 ± 0.37 ab 5.43 ± 1.01 ab 

 Il-1β 1.00 ± 0.17 0.85 ± 0.08 2.69 ± 0.31 ab 3.52 ± 0.41 ab 1.68 ± 0.26 2.02 ± 0.15 3.19 ± 0.36 ab 4.18 ± 0.32 ab 

 Il-6 1.00 ± 0.25 1.27 ± 0.07 2.99 ± 0.32 ab 2.49 ± 0.28 ab 1.39 ± 0.57 0.97 ± 0.32 2.66 ± 0.77 ab 4.14 ± 0.96 ab 

 Tlr-4 1.00 ± 0.17 1.16 ± 0.06 1.09 ± 0.09 1.43 ± 0.12 abc 1.69 ± 0.23 1.82 ± 0.29 4.02 ± 0.35 ab 3.84 ± 0.43 ab 

 Tgf-β1 1.00 ± 0.15 1.07 ± 0.08 0.86 ± 0.05 1.35 ± 0.15 0.97 ± 0.71 0.98 ± 0.36 1.49 ± 0.61 1.82 ± 0.72 ab 

 Procollagen-a1 1.00 ± 0.16 1.26 ± 0.23 0.83 ± 0.13 1.24 ± 0.19 1.14 ± 0.73 1.30 ± 0.65 1.88 ± 0.39 2.27 ± 0.79 a 

Visceral fat Tnf-α 1.00 ± 0.10 1.17 ± 0.27 0.80 ± 0.10 1.30 ± 0.30 1.15 ± 0.26 1.23 ± 0.45 2.48 ± 0.22 5.72 ± 0.78 abc 

 Il-1β 1.00 ± 0.16 1.47 ± 0.61 1.60 ± 0.34 4.10 ± 0.86 abc 1.92 ± 0.52 6.92 ± 2.14 4.20 ± 1.22 32.26 ± 12.83 abc 

 Tlr-4 1.00 ± 0.06 0.93 ± 0.16 0.88 ± 0.11 0.81 ± 0.02 0.90 ± 0.08 0.98 ± 0.15 0.89 ± 0.08 1.66 ± 0.18 abc 

 Mcp-1 1.00 ± 0.11 2.26 ± 0.54 1.40 ± 0.20 1.75 ± 0.46 1.09 ± 0.12 1.31 ± 0.38 3.70 ± 1.11 15.55 ± 4.84 abc 

 Cd14 1.00 ± 0.18 0.64 ± 0.17 0.65 ± 0.13 0.48 ± 0.06 0.63 ± 0.04 0.70 ± 0.10 0.99 ± 0.27 3.29 ± 0.99 abc 

 Tgf-β1 1.00 ± 0.12 0.91 ± 0.13 0.85 ± 0.06 0.79 ± 0.07 0.65 ± 0.04 0.81 ± 0.14 0.82 ± 0.12 1.68 ± 0.15 abc 

 

mRNA �����28.1WT����
����)"��3 

���
#���� ± ��*��!�3aP < 0.052vs WT; bP < 0.052vs Nrf2-KO; cP < 0.052vs p62-KO3 
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( 53$'	��&,�+0-/�� mRNA ���� 

 

Age 8 weeks 30 weeks 

Genes WT Nrf2-KO p62-KO DKO WT Nrf2-KO p62-KO DKO 

Lxr 1.00 ± 0.06 0.77 ± 0.04 a 0.83 ± 0.03 ab 0.75 ± 0.03 abc 1.10 ± 0.09 0.96 ± 0.07 a 0.94 ± 0.06 ab 0.88 ± 0.03 abc 

Srebp-1c 1.00 ± 0.09 2.91 ± 0.26 a 1.49 ± 0.20 ab 5.10 ± 0.68 acc 1.84 ± 0.51 1.51 ± 0.21 a 6.25 ± 0.36 ab 9.07 ± 0.92 abc 

Fas 1.00 ± 0.05 1.06 ± 0.05 a 1.10 ± 0.04 ab 1.30 ± 0.08 abc 1.30 ± 0.11 1.41 ± 0.09 a 1.78 ± 0.07 ab 2.02 ± 0.27 abc 

Acc-1 1.00 ± 0.20 1.73 ± 0.25 a 1.55 ± 0.06 ab 2.21 ± 0.10 acc 1.10 ± 0.22 1.70 ± 0.22 a 3.13 ± 0.15 ab 3.76 ± 0.94 abc 

Scd-1 1.00 ± 0.09 1.15 ± 0.18 a 0.89 ± 0.12 ab 0.93 ± 0.15 abc 1.21 ± 0.25 2.57 ± 0.27 a 3.79 ± 0.36 ab 3.09 ± 0.35 abc 

Elovl6 1.00 ± 0.18 1.78 ± 0.15 a 1.38 ± 0.08 ab 1.38 ± 0.08 abc 0.70 ± 0.06 0.71 ± 0.05 a 0.91 ± 0.06 ab 1.80 ± 0.18 abc 

Pparα 1.00 ± 0.18 1.19 ± 0.10 a 1.07 ± 0.07 ab 1.20 ± 0.06 abc 0.95 ± 0.07 0.93 ± 0.06 a 0.96 ± 0.10 ab 1.04 ± 0.08 abc 

Pparγ 1.00 ± 0.19 0.72 ± 0.10 a 1.24 ± 0.13 ba 1.23 ± 0.07 bbc 1.44 ± 0.16 0.83 ± 0.06 a 3.94 ± 0.24 ab 3.40 ± 0.35 abc 

 

mRNA �����28.1WT����
����)"��3 

���
#���� ± ��*��!�3aP < 0.052vs WT; bP < 0.052vs Nrf2-KO; cP < 0.052vs p62-KO3 
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DKO LPS  

	

34 WT DKO 30

PCoA Nrf2 p62

4A

p62-KO DKO 4B

DKO Porphyromonadaceae Paraprevotellaceae

Lachnospiraceae Ruminococcaceae 4C

DKO

 

 

NASH

LPS Kupffer

35, 36 DKO

LPS LPS p62-KO, 

DKO WT 4D LPS DKO

4E DKO

LPS  
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 4 DKO LPS   

A 30 WT Nrf2-KO p62-KO DKO

 

B n = 8  

C n = 10  

D-E 30 WT Nrf2-KO p62-KO DKO LPS

n = 8  

 ± *P < 0.05 vs WT; †P < 0.05 vs Nrf2-KO; 

§P < 0.05 vs p62-KO   
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 Nrf2 Zo-1

 

NAFLD

NAFLD 37-39 DKO

WT

Nrf2-KO p62-KO DKO H&E

DKO WT

30 Nrf2-KO p62-

KO DKO 5A FITC-

8 WT Nrf2-KO, DKO DKO

30 5B

Zo-1 DKO

Zo-1 WT Nrf2-KO DKO

5C Zo-1, Claudin1 Claudin2 mRNA

5D  
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 5  Nrf2 Zo-

1  

A 8 30 WT Nrf2-KO p62-KO DKO H&E

200 µm  

B FITC-

n = 8  
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C

Zo-1 n = 5 WT  

D Zo-1 Claudin1 Claudin2

mRNA qRT-PCR n = 5 mRNA

WT  

 ± *P < 0.05 vs WT; †P < 0.05 vs Nrf2-KO; 

§P < 0.05 vs p62-KO  
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Nrf2 CRISPR-Cas9

Caco-2

p62 Nrf2

6A TER Nrf2 TER

WT 6B

Zo-1 Nrf2 6C

Caco-2 Zo-1 mRNA WT Claudin1

mRNA 6D  

LPS

LPS

TER 3 6 LPS

Nrf2

LPS TER 6B

Nrf2 Zo-1
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 6 Caco-2 Nrf2 LPS

 

A CRISPR-Cas9 Nrf2-KO p62-KO Caco-2

WT Nrf2-KO p62-KO Caco-2 Nrf2 p62

 

B WT Nrf2-KO p62-KO Caco-2 21

100 EU/mL LPS 0 3 6

TER n = 5  

C WT Nrf2-KO p62-KO Caco-2

Zo-1 Claudin1 n = 5 WT
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D WT Nrf2-KO p62-KO Caco-2

Zo-1 Claudin1 mRNA qRT-PCR n = 

5 mRNA WT  

 ± *P < 0.05 vs WT; †P < 0.05 vs Nrf2-KO; 

§P < 0.05 vs p62-KO  
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DKO Kupffer

 

NAFLD

Kupffer

M1/M2 CD11c M1

CD206 M2

M1 Kupffer

M2 Kupffer 7A Kupffer

WT Nrf2-KO p62-KO DKO Kupffer

LPS Tnf-α mRNA

LPS 7B LPS Il-1β

Kupffer F4/80

7C DKO

Kupffer M1
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 7 DKO Kupffer  

A 8 WT Nrf2-KO p62-KO DKO Kupffer F4/80

M1 CD11c M2 CD206 n 

= 8  

B Kupffer Tnf-α Il-1β mRNA

qRT-PCR n = 5 mRNA WT

 

C F4/80 Kupffer WT

Nrf2-KO p62-KO DKO F4/80 n = 8  

 ± *P < 0.05 vs WT; †P < 0.05 vs Nrf2-KO; 

§P < 0.05 vs p62-KO  
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Kupffer NASH

SPIO-MRI Kupffer

Nrf2-KO p62-KO DKO T2 WT

8A

F4/80 Nrf2-KO

DKO WT p62-KO 8B

Nrf2-KO DKO macrophage receptor with 

collagenous structure MARCO 8C class A 

macrophage scavenger receptor SR-A

8C DKO Kupffer MARCO
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 8 DKO Kupffer  

A 8 WT Nrf2-KO p62-KO DKO SPIO

MRI T2 Kupffer

n = 8  

B 8 WT Nrf2-KO p62-KO DKO

Kupffer F4/80

Kupffer n 

= 8  

C Kupffer F4/80

MARCO SR-A n = 8  

 ± *P < 0.05 vs WT; †P < 0.05 vs Nrf2-KO; 

§P < 0.05 vs p62-KO  
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 Nrf2 LPS  

DKO Kupffer

LPS CRISPR-

Cas9 RAW264.7

LPS p62

Nrf2 9A RAW264.7 10 EU/mL

LPS Nrf2 WT Nuclear factor-kappa B p65

9B Tnf-α Il-1β mRNA

9C

Nrf2 LPS  

  



 55 

 

 

 9 Nrf2 LPS  

A CRISPR-Cas9 Nrf2-KO p62-KO DKO RAW264.7

WT Nrf2-KO p62-KO DKO RAW264.7 Nrf2 p62

  

B WT Nrf2-KO p62-KO DKO RAW264.7 10 EU/ml LPS

NF-kB p65 NF-kB p65 p-NF-

kB p65 n = 5 WT  

C LPS RAW264 7 Tnf-α Il-1β

mRNA qRT-PCR n = 5 mRNA

WT  

 ± *P < 0.05 vs WT; †P < 0.05 vs Nrf2-KO; 

§P < 0.05 vs p62-KO  
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	 DKO

3.0 ± 0.1 g/day/mouse DKO

WT 10A DKO

DKO 10B

C 10D

LPS LPS 10D-

F DKO

probiotics LPS

NASH 10G, H
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 10

 

A WT ad libitum DKO pair-feeding DKO n = 10-

15  

B 30 ad libitum DKO pair-feeding DKO H&E

Sirius red 100µm  

C SAF Steatosis Activity Fibrosis

n = 8  

D FITC-

n = 8  

E 30 WT ad libitum DKO pair-feeding DKO

n = 8  

F 30 WT ad libitum DKO pair-feeding DKO

LPS n = 8  

G 25 WT ad libitum DKO probiotics DKO LPS

n = 8  

H 25 ad libitum DKO probiotics DKO H&E

Sirius red 100µm  

 ± *P < 0.05 vs ad libitum DKO  
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4  

 

NASH

p62:Nrf2 NASH

p62:Nrf2 Nrf2

Kupffer LPS p62

LPS

NASH  

 

qPCR NASH 11  

DKO NASH

NASH NASH

NASH

SAF Steatosis, Activity, Fibrosis

28 DKO

3 Nrf2-KO p62-

KO Nrf2 p62

NASH

NASH DKO

12 8/66 50 3

GST-P1
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mRNA

30 p62-KO DKO Srebp-1c Acc-

1 Scd-1 Pparγ DKO Srebp-1c

5

Tnf-α Il-1β

Il-6 Tlr4 mRNA 8 DKO WT

30

Tgf-β1 Procollagen-α1 mRNA 30 DKO

4

DKO

 

qPCR DKO NASH

DKO

3 Multiple parallel hits hypothesis

 

 

 

DKO NASH

NASH

32, 33 2
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p62-KO DKO

HOMA-IR

DKO 8

HOMA-IR

1 2 DKO

DKO

 

TNF-α

Kupffer

32, 33, 40

41 p62-KO DKO

2  

DKO

NASH  
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DKO

Multiple parallel hits hypothesis LPS

Kupffer

DKO Kupffer

DKO NASH

 

 

12  

42

43, 44 NASH

NASH 16S rRNA gene Pyrosequencing

Porphyromonadaceae Lachnospiraceae, Ruminococcaceae

45, 46 LPS NASH

47, 48 p62-

KO DKO

DKO Porphyromonadaceae Paraprevotellaceae

Lachnospiraceae, Ruminococcaceae LPS

p62-KO DKO LPS
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DKO 4 p62

LPS NASH LPS

LPS DKO

NASH  

DKO

DKO

DKO NASH

LPS 10 DKO

Probiotics NASH 10

DKO LPS

NASH  

DKO NASH

 

 

13  

NASH

37

Zo-1

49 	 Caco-2

Nrf2 Zo-1

5

Nrf2-KO

Nrf2
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LPS iNOS

50 Nrf2 iNOS

51 DKO LPS

30 Nrf2-

KO 5 10 Caco-2 LPS

6 DKO Nrf2 LPS

iNOS  

DKO NASH p62 LPS

Nrf2 LPS

 

 

Kupffer LPS 14  

NASH Kupffer

Kupffer

22 Kupffer

	

41, 52, 53 NASH Kupffer

5

8 DKO Kupffer M1

7 4 DKO NASH

RAW264.7

LPS Nrf2 9 Nrf2
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Il-1β Il-6

22 Nrf2 DKO

DKO

p62 2

LPS

32  

DKO NASH Nrf2 p62 LPS

 

 

Kupffer 15  

NASH Kupffer

54, 55 Kupffer

LPS

NASH NASH

55

MARCO TLR4 LPS

56, 57

SR-A MARCO LPS TLR4

56 DKO Kupffer

8

Nrf2 MARCO DKO

Nrf2 MARCO

LPS TLR4 NASH
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NASH 16  

NASH MCD 58

Pten 7

NASH

ob/ob

6 MCD

ob/ob WT

59 MCD

49, 60

ob/ob 61 Kupffer

MCD 62, 

63 ob/ob Kupffer

64

p62:Nrf2

2

12%

Kupffer

DKO NASH
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NASH  p62 Nrf2 

NASH p62 Nrf2 p62

NASH

Mallory-Denk Bodies 65 NASH ER

p62 NASH

66 NASH p62

p62

67 Nrf2 NASH NASH-HCC

Nrf2

68, 69

NASH

DKO NASH  

 

 

DKO NASH DKO

NASH

LPS Kupffer

TLR4 LPS

17

Kupffer TLR4

NASH
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 15 p62:Nrf2 Kupffer  
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 17 p62:Nrf2 NASH  
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p62:Nrf2

LPS NASH

p62:Nrf2
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