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ABSTRACT: The signal pathway of Nrf2 / ARE is the critical pathway of most organisms in antioxidant stress reaction and
resistance to external stimuli. It plays an important role in anti-inflammatory, immune, anti-tumor, anti-apoptotic, nerve protection and
other areas. As a common mode of animals, zebrafish is widely used in developmental biology, genetics, toxicology and other research
fields. The research shows that the transcription factor NF_E2 related factor 2 not only exists in mammals, but also exists in zebrafish and
it is highly conservative and plays an important role in antioxidant stress reaction. This article aims to describe the latest research progress
on the structure and function and signal pathway of Nrf2, with the purpose of giving insights into the prevention and therapy of disease
caused by Nrf2/ ARE signal pathway.

Key words: Zebrafish; Nrf2; Embryonic development; Oxidative stress; Nrf2 / ARE signal pathway

Chinese Library Classification(CLC): Q291; Q959.4 Document code: A

Atticle ID: 1673-6273(2018)06-1181-04

YIS

R

hlll

Sk BT PR R 7 A 9 3 4 40 (reactive oxygen species,
ROS ) sl 3 HL 150 i 0% 1452 5 [ H2 1 52 A PN 8 11 0T g o
RS I A BT e, AT 5| BAHDCESR . N T R k15
P77 A AR B, IUATE B T — B E 2N E RS, P
ZEVEABATT , BB R AHSC BT AL R 35 — R AR I
EH, UEMIURIZnE M, #RHETF NF_E2 MXHT 2
(NF_E2- related factor 2, Nrf2) JEHURE AL BN B R Gy
KR, & Kelch FEFF A AN B <8 H -1 (Kelch-like

ECH- associated protein 1,Keap1)ig s , #1135 5A b R ot
{4 ARE (anti-oxidant response element, ARE)A H.A/EH , e 5
YA SCHT AR AL I R 1 223K 54 Nrf2 R G2 3E H B A0 40 ff Bl
ARG Z—, T HT 2R AR, 4R B B Y E
SR I . EIEREN T N2 iR REIEPTRIE
PE PUMIE PR PRI R E EEN YT
fig, BT R FER 28k & AR Nrf2 RHAF 5k R 45
SR, BRI Nef2 o o AT 148 52 6 25 E FARE A,

Nrf2 REAFHEZE B Z Al AR, A3 BE
Ao 7 240 B B A AR vt R R EE B R VE T, N2 SR R B/

*HEGIE « FZ A AP ARSI F (11474076) 5 B 0N 40 H (20132302120069) ; Rl #8 K K™ A= MR 5 18 1 0 HE R S0 % T

P (FBB2015-03)

FEHZ R R (1992-) A58 A, F98 7 1) : & 5 A=) , E-mial: liuyi1992hit@163.com
o SEHVER 2500, T, R0, #9807 . R B AE Y, E-mial: lilili@hit.edu.cn
TR W, BIBFSE 51, W95 1) . A0 2535/ & Fh , E-mial: chengleil982@126.com

ek H3:2017-03-30  435% H 1 :2017-04-23)



- 1182 -

MREYESHE  biomed.cnjournalscom Progress in Modern Biomedicine Vol18 NO.6 MAR.2018

FRURIBE &t AE PR R I B o, RN Aok ) 2k
TR IR | S IO P S5 ) B BE R T, 5 1 KBS PR o R AT
R A B RS S DI, PRUE Nrf2 R GEX R85
I B IE B AT, X A R 1 A B 3l 4 Y

%::S(O
1 Nrf2 1 Keapl B)Z5# Bl

BIEMR R, ARSI NAEAEE —ENE N Nrf2 Fl
Keapl FE[H , 38 2 % P & G544 FIDI RE Y SR GE 3R , 1 XF Nrf2 {5
SHPEATERALN T #.

1.1 Nrf2 BIZ5#9F0Ih&E

Nrf2 J2—Fh & 2% % 2 $7 4% (basic leucine zipper, bZip)44#4)
f1%% s R F, J& CNC(Cap-n-collar, CNC) #3532 FI 5K . Nrf2
TERFRIT RN AATE, 8 T8 B ORSF I RR KL Nrf2
A 6 A RIREZE IR, F4E Neh1-6 355",

Nehl Z550A1 3% 1 M2 s BRI 451 , 5 sMaf 2
(small MAF proteins) & 4= #H H.AE A", {2 i DNA 5 HIE il 5
ZRIKJF NI G ARE, A ) BARIER IG5 % R R
1% 2 137 {5 5 (nuclear localization signal, NLS)Fl %4 it {5 & (nu-
clear export signal, NES), 2 515 Nrf2 AYA% 7 FIFEAR ;N oK
WY Neh2 $l& 5 Keapl 1) Kelch [XAHZS 4 (4558, , Neh2 1}
TEVHTT Nef2 (135 PE s B 2R C Koy Neh3 Wi HA
XU F 0, AR TS A5G SRR, o A6 52 ma 2 1 5 19 AR e 1k
J T & AFE VR s Nehd Fl NehS 2 & St B 5L R I 1 Wi 4
SR 3, A PT LARN SR AL [ CBP (CREB-binding pro-
tein)Z5 &, e kKL A 1% 57t s Neh6 U v A K ik 22 IR AR S 1Y
R, A OCHRIE Neh6 AL & M ff o + 42 i B B (RIfigE
AL A5 T N2 g Rk, 5 B i R T i A R AL

B Ih £ R P e S Rl F NF_E2 AHCHE F  (NF_E2- related
factor, Nrf) it 45 Nfe2 Nrfla Nrflb Nrf2a Nrf2b Fil Nrf3
85 6 AN, Fhrf Nrf2b J&5 B4R R B — N JE ], Nrf2afil
Nrf2b J& Nrf2 [R5 I, 50 FRED 19 9 5 F 6 5 e fafk
5, 5 Nrf2a AH L, Nrf2b §lt/b> Neh4 3% 5, i3t 7] gL 1 BT
T fr i A ZH 20 Nrf2a (195 5% 7KOT- B 5885 T Nrf2b (9 R M,
1.2 Keapl BIZ54F0ThEE

Keapl /& Nrf2 ZEAUIEI P &S &8 E, SIshE ML
GBI TR B4 5 ASXEL, 400 N ims5 g (NTR) T
WX (IVR) .BTB X XU H & 2 # 52 X (DGR) I C 3 25 £4) sk
(CTR)™PI, IVR X & 2 e 2Rk 2, S0 R T i 5
Al Y Keapl 78 IVR X R AEAEAEH, B IVR XZ 52 %4
R RIE L IR HE Nrf2 %2 2 1 Keapl — Rk {k 5 BTB IX
AR, ZINHLE Ser (i S A ZEAE AT 52 Keapl 54k, T4k
Keapl 5 Nrf2 (454 ;DGR X &4 6 W H R R E R ITFF
2 Keapl 5 Nrf2 AyZ54 X7,

WiFh Keapl #R Al 5 Nrf2 254 I3 Nef2 g916HE, SR mi7E
SEHL P DEM %55 SR T, NIRRT HIA Fr X 5,
Kobayashi MPVAEFI| F X — 50, 4 Nef2 380500k 6 25 Mzl
HB)) Keapl 7 273288 i s ¥4 T2 AT Re M 21 e 2 iR %
H, T BEE # Keapla il Keaplb 435I7E 288 273 i i s — T
REPE P TR gk LU0 R B £ Pl Keapl AN [R5 921

BT, SMHIXT 273 1 288 RLAUHAT A 5 405 5 W
A Keapl #54¢ F5%¢ Nrf2 (930l g 1 . 3X—Z5REW T Keapl
{9 Cys273 Fl 288 {7 S BT EN: , 5/ SC a2 AR &, T
S 3ot MS i B % BLIX A W R 15d-PGY, (15- JB 4 -
b 12,14 FTPUBREE J2)L A G T U M2 19 1 JE )
ARTRL ) Nef2 WEh R 5 Keapl AR O BRI
FE, 4% Nrf2/ARE §9{55 %2,

2 Nrf2 ByFixfifz

BEThfa Nrf2 Jo HFIESE R EAR TR . RRIZHZU RS
HEABEZES, MR Nrf2a 5 Nrf2b Y5551 07 01
WHERER .

2.1 Nrf2a #A Nrf2b RiEME R
BEEh 1 JRAG Nrf2a F1 Nrf2b 754 () & & kit B
FPE2E R0, Nrf2a 7E 58D fa R iG & B VI FGA RIRAL, BEE
CH B HER , TR B0 I Nef2b 7255 fa il i & & Wi
PR IRAK R , BRI 5 3k B A . (E
IR A 2 Nrf2b 7EBT 5 IR AR & B4k 4k 1

SR, 7FBE D f0 5 41 21 Nrf2a A9 R A R B & T
Nrf2b, Wi i FATRAA 2200, Nrf2a Fe3k i i 14U
8, 76 P HL R FB B AIC, 17 Nrf2b 76 59 §irh ik ey , AR R
TEARAR o HCHED , Nrf2a W] e i fh Rk £ B2l SR A AL i
BidP b R 25 TR EAE P, i Nrf2b ] BeAE Va1 5T 2 fn B IR iR
MFARRE &5 R EEEA.

2.2 Nrf2a 1 Nrf2b f9E Eig#=

Nrf2a 5 Nrf2b (3615275 H A 50 , Mark E.Hahn 250358
it Nrf2a B SCEe , A Nr2b (2365 . WF9E &2 28641 Nef2b
FIAE T, @t A ALY tBHQ( Tertiary butylhydroquinone ) (]
W SR Nrf2b (1355 5 KR B A 7K. AR S5 56
Jrikiid Nef2b EflRsLss: , &0 Nrf2a 7E IR A R B 1A 235,
459 Won Nrf2a [RIKJLTHA Z R, LiRFIe R R
SR Z/DERAY Nrf2b 52 Nrf2a 1 .

Nrf2a il Nrf2b i 00 R A T 2250, @i 2
T 7724 BI% Nirf2a Fi Nrf2b 3475 B e, 3 it 5L
T FR TR ARG, e B A S A R IR 2 p A S R T
eEIJEE, Ui Nrf2a 5 Nrf2b 7E5F 5 IR G B a4 T et
22 SRR .

HHIIR TP BRI T 55 Nrf2a f9%35 , Nirf2a )
Feik TR HE T WedmAgHT AL VR AR AR 220k, Lk
SR PR B . Mark E.Hahn 5571 F B¢ 5 0 IR IRVERI,
LY T BEIRNG , 755 Nrf2a 192508 5H) 00 S Ak
Nrf2a () mRNA JE5FRIBED ARG , 285 R b i 4a T fE 2
A4 nqol sod ,gstpl Jhsp70 &5 , FE[R ek & 1 =, Fe B
Nr2a J&:4m i A A0 (A 11 A% R RSB RE#

Nrf2b HA il S Le I R R IR A TI6E, K Nrf2b ZEH ik
Jo R E p53 2 AR 1 GL L LT R N4 1 py Rk
34N, Mark E.Hahn %558 28 [0 5 5 fa FRAGVE ST Nrf2b ) mRNA
DL K GFP #J% ARE Ji i FHit 5 R AN SR, % RALA 61
% MY A ICIE R 238, TS 2 A 11 Y% AHSE 3 ek . X —



DREYESSHE  biomed.cnjournals.com Progress in Modern Biomedicine Vol18 NO.6 MAR.2018

- 1183 -

St SR T Nrf2b ST 0 IRR 4 7 IR0 SR T
3 N2 Z25REMBWRS

3.1 Keapl-Nrf2/ARE {5 51# i%

Keap1-Nrf2/ARE {553 f 2 AT A A0 R SR 54 4 o
P I EE B 2 — 2 DF5E B Nrf2 ) Neh2 254435
&4 ETGE .DLG PS5 MU A 1 Keapl MY45G A, —4
Neh2 3 7] LU if ETGE .DLG B~454 57 553 1] 55 Keapl #H
HAEM, Hr ETGE Lt DLG 454 Keapl BYEFIJHGR>Y, 1F
WA Nif2 5 Keapl 7E4NMT P AHZE &, M2 BB TY
i a e R R, AR A P SR AR TR R T
Keapl HJF84321: bt 2 BR AR S B 1 , B3 12 R 74 HEBhe 52 U8
AT B N2 3 25, RS 3E A T 4%, 5 sMaf JE s — 5
IG5 ARE 456, b sh G SE I 1 3651, YA fbid ik &=
FIFORRA N2 5 ARE JF47# 2, S B, 1732 4k
S BEAR AR Nrf2 KPR E BIEH KT . FEBED fafk i, Jo
1 Keapl #fj& Nrf2 FREA FIIRFER, (BB TAHE/EFA RS
BT AR I R

Keapl 1 Nrf2 i AAZAILTITE 22 AR S IRA 4+, Keapl
H—BEB AR E N, RN P E7E 5 Nif2 145
G %t Nrf2 #4772 RAULREAG , B A . Al
FAXAFFE W], Keapl 7E LMB GieE 8 R B,—Fizbi th {5540
HFDIRE T, Keapl BEMSZEANIEAZ N ERFE, B, ATR
KILNef2 BRRGENAF S, AR &I Keapl AR ENFS,
PRI AR BIFR I h Nrf2 7 A 41 0% AT D B Y [R] Al
Keapl 7 AAUiEA% . BT L) Keapl JEGAF £ AREHLHI A fF IR
AHIWFFE, 5T Keapl 5 Nrf2 22 [BAH EAE R LHIBCE R
3.2 Nrf2 i@ 3% 5 AhR @M X

I WG E W) Z & AhR (Aryl hydrocarbon receptor, AhR)
EH, BTBRGEFERT . ADR f£4£ W% AhR1 1
AhR2, Tfif AhR2 HAEfAsrh3Rik, IEHEOL T, K&Bsr AR f7
TET AT (EAESM A EREE R R 4n 2,3,7,8-TCDD (2,3,7,8- U
G- ORI - R - O ARSI R AR Sk TCDD
AR, AT LN R s EANIEAZ, IS ADR (RS B
(AR nuclear transportor, ARNT ) 2% &1 il 5 — SR 1A, 18006 1 %
AR PRI 3K, 5 | EALA 52 P Mark E.Hahn S84F5% 4 30, B
L) Nrf2 5 AhR2 TR UE5 SR 4EHLE . IR 2R
AhR [{5880% )5) TCDD B, Nrf2b 85 F:3%35, EHEAEM T
TENRNG & & I AhR2 i Nrf2b {5538 # 2 [ 4775 SR LB
Nrf2a AR 7 5 AR Z WFEAEAE 5 B4 46 TCDD [
YEFIF  Nrf2a i35 RV BCA B (HE7E AhR2 359
)5 Nrf2a (3255 W E IR B ULHED , AhR2 7R3 5 10 1R i
KB R ATREXT 4ERE Nrf2a (EaE KT FIE S Nrf2b i3k
A HAER

4 B
VER—FBEAE Y, E 5 T HA By gs, A, %
BELRE T3, SERAAT B, S IR A B e S B4t 1A R 26 1,

7N T A ARE Y, 5 N B AR RS R
S )T M T A e R

TN RE D AR A Nrf2 54 R BER XS LRI AT, B
PIRR Nrf2 75 22 J7 A7 15 22 5%, R IR YA 308 I 4%
Nrf2/ARE {551 5 Ahr {5558 H00 #0577 e, A
FA 2 BE Bt P E U A I HA DI BERY Nrf2 1 Keapl [,
AL 2 (R 25 R R RE B9 EE X T, S 5T 0 A7 TE K 25K
AR AL N2 2542 by 1l o D e 6 s B AEE TR AR B
JEER O AT FATT IS B A A AR N2 B R GEX A
T3 BB T RO B MES ) A B IR T 2, X T ] Nrf2
17538 SRS AN [ S A I s 17 A DD IR A2 AL AR Nrf2/ARE {5
TIE G N R = A A AE DG A B Nrf2 5 - {5 5 il
B R HEALED , Xb T FRATANMIG T PREAE O ML | SRS P
PRGN R B 15 25 ) B A S A IR R BB R L, il Nrf2
ARG AR, A B 51697 Nrf2 AH GBI Y
H e,

% # 3T ik ( References)
[1] Wang L, Gallagher EP. Role of Nrf2 antioxidant defense in mitigating
cadmium-induced oxidative stress in the olfactory system of zebrafish

[J]. Toxicology and Applied Pharmacology, 2013, 266(2): 177-186
[2] Zeng L, Zheng JL, Wang YH, et al. The role of Nrf2/Keap! signalingin

inorganic mercury induced oxidative stress in the liver of large yellow

croaker Pseudosciaena crocea [J]. Ecotoxicology & Environmental

Safety, 2016, 132: 345-352
[3] Fuse Y, Nguyen VT, Kobayashi M. Nrf2-dependent protection against

acute sodium arsenite toxicity in zebrafish [J]. Toxicology and

Applied Pharmacology, 2016, 305: 136-142

[4] Chatterjee N, Tian M, Spirohn K, et al. Keapl-Independent Regulation
of Nrf2 Activity by Protein Acetylation and a BET Bromodomain
Protein[J]. PLoS genetics, 2016, 12: 1006072

[S] Magesh S, Chen Y, Hu L. Small molecule modulators of
Keapl-Nrf2-ARE pathway as potential preventive and therapeutic

agents[J]. Medicinal Research Reviews, 2012, 32(4): 687-726
[6] #wedE, Tk, MWW, & Nrf2/ARE 12 5@ % A A0 % H AR

[T 25 3R AR 5T, 2013(1): 54-58

Pan Xiao-fei, Tan Chu-bing, Shi Li-li, et al. Advances in study Nrf2 /
ARE signal pathway and its relevant drugs [J]. Drug Evaluation
Research, 2013(1): 54-58

[7] Gao B, Doan A, Hybertson BM. The clinical potential of influencing
Nrf2 signaling in degenerative and immunological disorders [J].

Clinical pharmacology: advances and applications, 2014, 6(1): 19-34

[8] Kobayashi M, Itoh K, Suzuki T, et al. Identification of the interactive
interface and phylogenic conservation of the Nrf2-Keapl system:
Conserved regulation of cytoprotectivegenes[J]. Genes to Cells, 2002,
7(8): 807-820

[9] Itoh K, Wakabayashi N, Katoh Y, et al. Keapl represses nucle ar
activation of antioxidant responsive elements by Nrf2 through binding
to the amino-terminal Neh2 domain [J]. Genes and Devel opment,
1999, 13(1): 76-86
[10] Takagi Y, Kobayashi M, Li L, et al. MafT, a new member of the
small Maf protein family in zebrafish [J]. Biochemical and
Biophysical Research Communications, 2004, 320(1): 62-69

[11] Kimura M, Yamamoto T, Zhang J, et al. Additions and Corrections:
Molecular basis distinguishing the DNA binding profile of Nrf2-Maf



- 1184 .

MREYESHE  biomed.cnjournalscom Progress in Modern Biomedicine Vol18 NO.6 MAR.2018

heterodimer from that of Maf homodimer [J]. Journal of Biological
Chemistry, 2015, 290(17): 10644-10653

[12] Williams LM, Timme-Laragy AR, Goldstone JV, et al
Developmental ofthe Nfe2-Related Factor (Nrf)
Transcription Factor Family in the Zebrafish, Danio rerio [J]. PLoS
One, 2013, 8(10): €79574

[13] Timme-Laragy A R, Karchner S I, Franks D G, et al. Nrf2b, novel
zebrafish  paralog
NF-E2-related factor 2 (NRF2)[J]. Journal of Biological Chemistry,
2012, 287(7): 4609- 4627

[14] Li L, Kobayashi M, Kaneko H, et al. Molecular evolution of Keapl:

Expression

of oxidant-responsive transcription factor

Two Keapl molecules with distinctive intervening region structures
are conserved among fish [J]. Journal of Biological Chemistry, 2008,
283(6): 3248- 3255

[15] Abiko Y, Mizokawa M, Kumagai Y. Activation of the Kelch-like
ECH-Associated Protein 1 (Keapl)/ NF- E2-Related Factor 2 (Nrf2)
Pathway through Covalent Modification of the 2-Alkenal Group of
Aliphatic Electrophiles in Coriandrum sativum L [J]. Joural of
Agricultural and Food Chemistry, 2014, 62: 10936-10944

[16] Chauhan N, Chaunsali L, Deshmukh P, et al. Departmentof
Biophysics, National Institute of Mental Health and Neuro Sciences
(NIMHANS), Bangalore 560029, India. Analysis of dimerization of
BTB-IVR domains of Keapl and its interaction with Cul3, by
molecular modeling[J]. Bioinformation, 2013, 9(9): 450-455

[17] Canning P, Sorrell F, Bullock A. Structural basis of Keapl
interactions with Nrf2 [J]. Free Radical Biology and Medicine, 2015,
88:101-107

[18] Lu M, Yuan Z, Jiang Y, et al. A systematic molecular dynamics
approach to the study of peptide Keapl-Nrf2 protein-protein
interaction inhibitors and its application to p62 peptides[J]. Molecular
Biosystems, 2016, 12: 1378-1387

[19] Zhang DD, Hannink M. Distinct Cysteine Residues in Keapl Are
Required for Keapl-Dependent Ubiquitination of Nrf2 and for
Stabilization of Nrf2 by Chemopreventive Agents and Oxidative
Stress[J]. Molecular and Cellular Biology, 2003, 23(22): 8137- 8151

[20] Li Y, Paonessa JD, Zhang Y. Mechanism of chemical activation of
Nrf2[J]. PloS one, 2012, 7(4): e35122

[21] Kobayashi M, Li L, Iwamoto N, et al. The Antioxidant Defense
System Keapl-Nrf2 Comprises a Multiple Sensing Mechanism for
Responding to a Wide Range of Chemical Compounds [J]. Molecular
and Cellular Biology, 2009, 2008, 29(2): 493-502

[22] Thomas JK, Janz DM. Embryo Microinjection of Selenomethionine
Reduces Hatchability and Modifies Oxidant Responsive Gene
Expression in Zebrafish[J]. Scientific Reports, 2016, 6: 26520

[23] Timme-Laragy AR, Karchner SI, Hahn ME. Gene knockdown by
morpholino-modified oligonucleotides in the zebrafish (Danio rerio)
model: applications for developmental toxicology [J]. Methods in
Molecular Biology, 2012, 889: 51-71

[24] ST, BRalin. AL B F AT LUK T 09 LB % R HARD] 5%
W7 574 97 2 &, 2014, (6): 361-365
Ma Wen-li, Teng Mu-zhou. A brief introduction of the gene chip in
modern medical research [J]. Journal of Molecular Diagnosis and

Therapy, 2014, (6): 361-365

[25] Timme-Laragy AR, Van Tiem LA, Linney EA, et al. Antioxidant
Responses and NRF2 in Synergistic Developmental Toxicity of PAHs
in Zebrafish[J]. Toxicological Sciences, 2009, 109(2): 217-227

[26] Nakajima H, Nakajima-Takagi Y, Tsujita T, et al. Tissue-restricted
expression of Nrf2 and its target genes in zebrafish with gene-specific
variations in the induction profiles[J]. PLoS one, 2011, 6(10): e26884

[27] Lau A, Whitman SA, Jaramillo MC, et al. Arsenic-Mediated
Activation of the Nrf2-Keapl Antioxidant Pathway [J]. Journal of
Biochemical and Molecular Toxicology, 2013, 27(2): 99-105

[28] Tsujita T, Li L, Nakajima H, et al. Nitro-fatty acids and
cyclopentenone prostaglandins share strategies to activate the
Keapl-Nrf2 system: A study using green fluorescent protein
transgenic zebrafish[J]. Genes to Cells, 2011, 16(1): 46-57

[29] Li W, Kong A. Molecular mechanisms of Nrf2-mediated antioxidant
response[J]. Molecular Carcinogenesis, 2009, 48(2): 91-104

[30] Suzuki T, Yamamoto M. Molecular basis of the Keapl Nrf2 system
[J]. Free Radical Biology & Medicine, 2015, 88: 93-100

[31] Karapetian RN, Evstafieva AG, Abaeva IS, et al. Nuclear
Oncoprotein Prothymosin alpha is a Partner of Keapl: Implications
for Expression of Oxidative Stress-Protecting Genes [J]. Molecular
and Cellular Biology, 2005, 25(3): 1089-1099

[32] Velichkova M, Hasson T. Keapl Regulates the Oxidation-Sensitive
Shuttling of Nrf2 into and out of the Nucleus via a Crm1-Dependent
Nuclear Export Mechanism([J]. Molecular and Cellular Biology, 2005,
25(11): 4501-4513

[33] 4B adk, R P, 4K 3. 2nfie M ADR 12 5 45 538 % 49 HUihl AT 72
134X A 49 B 5233t &, 2010, 10(13): 2567-2570
Wu Hui-jian, Pang Peng-sha, Guo Qian-ping. Biological Role of AhR
signaling Pathway[J]. Progress in Modern Biomedicine, 2010, 10(13):
2567- 2570

[34] Rousseau ME, Sant KE, Borden LR, et al.Regulation of Ahr signaling
by Nrf2 during development: Effects of Nrf2a deficiency on PCB126
embryotoxicity in zebrafish (Danio rerio) [J]. Aquatic toxicology
(Amsterdam, Netherlands), 2015, 167: 157-171

[35] Yeager RL, Reisman SA, Aleksunes LM, Klaassen CD. Introducing
the "TCDD-Inducible AhR-Nrf2 Gene Battery" [J]. Toxicological
Sciences, 2009, 111(2): 238- 246

[36] Hahn ME, McArthur AG, Karchner SI, et al. The transcriptional
response to oxidative stress during vertebrate development: effects of
tert-butylhydroquinone and 2,3,7,8-tetrachlorodibenzo-p-dioxin [J].
PloS one, 2014,9(11): e113158

[37] Nakahara T, Mitoma C, Hashimoto-Hachiya A, et al. Antioxidant
Opuntia ficus-indica Extract Activates AHR-NRF2 Signaling and
Upregulates and Loricrin Human
Keratinocytes[J]. Journal of Medicinal Food, 2015, 18(10): 1143-1149

[38] Lanham KA, Plavicki J, Peterson RE, et al. Cardiac myocyte-specific

Filaggrin Expression in

AHR activation phenocopies TCDD-induced toxicity in zebrafish[J].
Toxicological Sciences :
Toxicology, 2014, 141(1): 141-154

[39] Griffin A, Krasniak C, Baraban SC. Advancing epilepsy treatment

an Official Journal of the Society of

through personalized genetic zebrafish models [J]. Progress in brain
research, 2016, 226: 195-207
(#1188 TT)



- 1188 -

MREYESHE  biomed.cnjournalscom Progress in Modern Biomedicine Vol18 NO.6 MAR.2018

[14] X%, R4k, 4. diet BRI 25 MTX i §47 2 o 1 2h LA
Bt R WA R e ¥ ra[Cloh B EA R E, 2011
Guan Tao, Zhao Jie, Niu Bo. Impact of Anti-folate drug MTX on the
Development of NeuralTube Defects in Mice and genomic instability
[C]. Shan Xi Medical University, 2011

[15] Price E M, Cotton A M, Pefiaherrera M S, et al. Different measures of
"genome-wide" DNA methylation exhibit unique properties in
placental and somatic tissues [J]. Epigenetics Official Journal of the
Dna Methylation Society, 2012, 7(7): 652-663

[16] 7k#K, R A, RBET, 5. AP 2 F v HAb 220 2% DNA #9L H4y &
AT i AR & —— P B 3 LC-MS/MS) & 7 # 0 [C]. 4 B /)
JUAb 22 5 R4 B Ak K B BN LA 2 3637, 2011
Zhang Min, Quan Li, Chen Xiao-li et al.The quantification of global
DNA methylation in neuro-tissue of neural tube defects by
LC-MS/MS [C]. The national pediatric academic conferences and
Peking University international pediatric nerve forum, 2011

[17] &2, BEE, 65,5 B A RIS 15 )LAP 25 v 0y
AR ] F B2 sh i BT R, 2014, 25(1): 69-71
Jia Xiao-hui, Lu Su-qin, Bai Yun, et al. Correlation study of
biochemical metabolic indexes of pregnant women and fetal neural
tube defects [J]. China women's and children's health research, 2014,
25(1): 69-71

(18] sk %), BEMs, & A5, AN vt B2 e 2 AR B 2 e P AR2L R &
H3 #2879 ¥ ARG [J]. R A EFE, 2014, 14(23):
4420-4424
Zhang Qin, Xue Peng, Bai Bao-ling, et al. Low Histone H3 Lysine 79
Methylation in Folic Acid Deficiency HEK-293 Cells by Mass
Spectrometry [J]. Progress in Modern Biomedicine, 2014, 14 (23):
4420-4424

[19] R—48l, F74, LA, ¥ EHRRRE ST Makrtsile L %
&% B_(12) 54h 22 & w09 40 51 2 L[] LA FA RS B 5, 2014,
41(6)
Zhu Yi-jian, Li Xin-sheng, Ma Fu-ming, et al.Study on the correlation
between the level of awareness on folic acid and vitamin B12, and
neural tube defects among women ar middle stages of pregnancy in
Chonggqing[J]. Modern Preventive Medicine, 2014, 41(6)

[20] K4 SMURF 4 B L A 22 % w1 49 48 % ML A% 50 & miRNA ¢
2w A A AR[D]. LB K F, 2012

Wu Song-li. The correlation between SMURF gene and neural tube
defects, and the initial exploying the function of miRNA in the
development of neural tube defects[D]. Fudan University, 2012

[21] Price E M, Penaherrera M S, Portales-Casamar E, et al. Profiling
placental and fetal DNA methylation in human neural tube defects[J].
Epigenetics & Chromatin, 2016, 9(1): 1-14

[22] Rochtus A, Jansen K, Van G C, et al. Nutri-epigenomic Studies
Related to Neural Tube Defects: Does Folate Affect Neural Tube
Closure Via Changes in DNA Methylation? [J]. Mini Reviews in
Medicinal Chemistry, 2015, 15(13): 1095-102

[23] Milewski R C, Chi N C, Li J, et al. Identification of minimal enhancer
elements sufficient for Pax3 expression in neural crest and
implication of Tead2 as a regulator of Pax3 [J]. Development, 2004,
131(4): 829-37

[24] Molloy A M, Kirke P, Hillary I, et al. Maternal serum folate and
vitamin B12 concentrations in pregnancy associated with neural tube
defects[J]. Minerva Ginecologica, 1985, 60(7): 660-665

[25] Agger K, Cloos P A, Christensen J, et al. UTX and JMJD3 are histone
H3K27 demethylases
development[J]. Nature, 2007, 449(449): 731-734

[26] Skinner M K. Environmental epigenomics and disease susceptibility

[J]. Nature Reviews Genetics, 2011, 12(7): 620-622

involved in HOX gene regulation and

[27] Schiibeler D. Function and information content of DNA methylation
[7]. Nature, 2015, 517(7534): 321-326

[28] Imbard A, Benoist J F, Blom H J. Neural tube defects, folic acid and
methylation [J]. International Journal of Environmental Research &
Public Health, 2013, 10(9): 4352-4389

[29] Padmanabhan N, Jia D, Geary-Joo C, et al. Mutation in Folate
Metabolism Causes Epigenetic Instability and Transgenerational
Effects on Development[J]. Cell, 2013, 155(1): 81-93

[30] Liu Z, Wang Z, Li Y, et al. Association of genomic instability, and
the methylation status of imprinted genes and mismatch-repair genes,
with neural tube defects [J]. European Journal of Human Genetics
Ejhg, 2012, 20(5): 516-20

[31] Wu L, Wang L, Shangguan S, et al. Altered methylation of IGF2
DMRO is associated with neural tube defects[J]. Molecular & Cellular
Biochemistry, 2013, 380(1-2): 33-42

(#1184 )

[40] Hahn ME, Timme-Laragy AR, Karchner SI, et al. Nrf2 and
Nrf2-related proteins in development and developmental toxicity:
Insights from studies in zebrafish (Danio rerio) [J]. Free radical
biology & medicine, 2015, 88(Pt B): 275-289

[41] Uruno A, Yagishita Y, Yamamoto M. The Keapl-Nrf2 system and
diabetes mellitus [J]. Archives of biochemistry and biophysics, 2015,
566: 76-84

[42] Mitsuishi Y, Motohashi H, Yamamoto M. The Keap1-Nrf2 system in

cancers: stress response and anabolic metabolism [J]. Frontiers in
oncology, 2012, 2: 201-213

[43] Bhakkiyalakshmi E, Sireesh D, Rajaguru P, et al. The emerging role

Nrf2-Keap1 diabetes [J].
Pharmacological research, 2015, 91: 104-114

[44] Johnston-Carey HK, LCD, Davies

Immunoproteasome in oxidative stress, aging, and disease[J]. Critical

of redox-sensitive pathway in

KJA. The

Pomatto

reviews in biochemistry and molecular biology, 2015, 51: 268-281



