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NR4A1 regulates systemic glucose and lipid metabolism
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Abstract: Glucose and lipid metabolic disorders are the main pathophysiological changes of metabolic syndrome
such as type 2 diabetes mellitus (T2DM), obesity, and nonalcoholic fatty liver disease (NAFLD). The orphan
nucleus receptor NR4A1 is widely expressed in different organs or tissues such as liver, adipose tissue and muscle,
where glucose and lipid are metabolized. In different tissues or cells, NR4A1 participates in the body’s glucose and
lipids metabolism via different targets or molecules, such as AMPK, PPARy, SREBPIc, etc. The regulation of
NR4AL1 on glucose and lipid metabolism is complex, leading to diverse and controversial conclusions. Most studies
concluded that the expression of NR4A1 has the beneficial effect of reducing blood glucose and lipid, and some
researchers found that the expression of NR4A1 promotes lipogenesis. Based on the current researches on NR4A1’s
involvement in the metabolism of glucose and lipid in the body, this article retrospectively summarizes the
involvement of NR4A1 in the regulation of glucose and lipid metabolism in liver, fat and muscle.
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I 1 R 26 5 e TG K B, RO B N S fEE
() B TSR o B S S R S AN
T2DM#Z VIR, He B 5 2 B . NAFLDX
AR ETEIFE. AT BB DLAZESNE 44
SR AT PERI G B 1) = A BT, TE4ERRLIA
AR RS T HEN EEENIEH. &2k
(nuclear receptors, NRs)i 5 ik A B AL PI 43 1
RUHE 5 I I A R B R R IE R P I Re

FRETTT2DM . B JRESEIE PR 2500 T FE BB AR .
FHNRAAAZ 32 446 37 52 5 2 NR s 50 E AL |
B Z R, WAL P NRAAE 55 % 7 45
NR4A1. NR4A2FINR4A3 ", NR4ASZ A K BC AR
ANBHAf, FSZ RS R DR S A BRI RS T RO
iR, HATAAHA T ERIC A K IEER . NR4A
W FBEHNRAAVIE S A B B H L p Rk At N
2, FRAREREEMRBUIE R WAL T F®, B
KB, NRAAVIEHLA A (A s EL A 18 5 i Jo R 2 b
AR D, B LE R [F 412 rp i R [ #E = AR
(1 AT R AN [F) L R AA AR I o AR SC [l 1 i 5 T
NRAA VYR REAC 43T LR P ALEE .

1 NR4A1

NR4A 13 H YNUR77. NGFI-B, N10,
NAK-1. TIS1. 3CH77H1TR3 B!, ¥k % Fhops 3 &%
Az B TR T R M Rk, SRR TR . AT
FIRE . HRET . KB MEER. R
AT ST, 19884F, Milbrandt “7E K B HE £5 4H i
20 ZPC127 1 IR IINGFI-B,  FEafiE T HAx
TR T 5. NRAARZSZ AL 5 N o 0 D Be 45 1)
. PO DNAZE A 45K (DNA-binding domain,
DBD) M C K i e 74 45 & 45 ¥ 4k (ligand-binding
domain, LBD). NR4ALjET 45 A NGFI-BILA M G

fF(NBRE, AAAGGTCA)JH Bl F: M 5%, HPAZH 2]
FE 7 O AR A AR . AR AL F
RILAE—EMER, BERBNSROALSE T T
Rk, WALA L R RIAT RS, HE TR,
NR4A1F k7K F 5T2DM i # 18 AR 4 0k
. BEASABIZXALHOE, T2DM R A1 JE i 5 A% 4
FHNRAATRE i, JES5P60 R ZHPTRS
A (HOMA-IR). GRS, S HEHE S R AKF . i
BT (free fatty acid, FFA). TNF-a. IL-6% & 1F
K, Tessem5PVR I, /N FEPRNRAA LS B 5
YHMIACE TR PANPRINTEI D, X R AE £
K- FNK6 A JAHE] (homeobox transcription factor
NK6 homeobox 1, Nkx6. 1)/ S HIBAil A H £ E
L, Nkx6.1FINRAASZ A (1) 22 5 E04m g A 1ok
%5 5 R T E2F % 3% K 7 1RO 40 Jfd J& 391 25 (1 (cyclin)
E1RFIAR . Ak, NRAALR G S 38Rk i A
filg IV & £7 1dh3g MISDHB ) A8/, NRAA 1R 2>
BEASATP I = AE 3 i 00 o 61 260 9% 30 e Jk & 3% 90
AL, A IE BENRAA 16 B2 i 28 K57 44 T fi
R W B REE ., HETXNRAALWB A,
FH S ZN A R g NRAA L4 S M e . o ik Bl 4H
YUK VR RN B, SEARR AL LR B 1

2 NRAALFITH A BB R 5

2.1 NRAALEERFAEEEPENS
FHIEFEREACS LR T B B R, 2R
A GRITRE R o AR, EREES IR E
Ko BT RT3 I M Sk B B A% B3 4 B LS X IR
MRS L SR, ESIPIRER  R B, RER AL HY
RS T 2 5 A S AN AT PR
JrE ML 2R L W R BT LR T U
Az iR R R PR S A A, X

1 NRIAEX LI/ M RFTE

=z Sk
NRAA14: 5 PR FR JFF O P i 2 1 o (2]
MAEZKF B [10]
JFF HFE 4 S5 A /> [11]
JIE 3 25 23005 T30 28 ik PR B AU ) FH i > [12-13]
WUATG. BkIE BRSS9 5 14 [14]
U Y N v 11 A e 0 S N [14-16]
NR4AL KA I HE RSP T = [10]
IEARZIREN YN [17]
FFETGIR/D, MLiEHDLT 4. LDLJ} = [18]
JR- B i LA 2 R [19]
VLPRE 5 PENRAA LR B U E & N, LA R AR [11]
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FAERBEEEDN, IR AR P BRPR PRI (phosphoenol-
pyruvate carboxykinase, Pck-1). 58 XUk iR g 1
(fructose bisphosphatase 1, Fbp1) A % 4 ¥ 6- i iR i
(glucose-6-phosphatase, Gépc) 5 A7 B E i i /EH .
2.1.1 NR4AL#E S cAMPEZE I 5 2E

TRANIE T KT, NRAATTLEFFIF ) 2235 2 c AMP
7S, cAMPHIE FNRAA1KIA T EcAMP N G
454 % (cAMP-responsive element—binding
protein, CREB) = HAH G S M Al 1, AH A ST
T A Bl A 5 B ) SO 2 Ay B Bh BOE RF 1a
(peroxisome proliferator-activated receptor gamma
coactivator-1o, PGC-1a). NRAAIZEAK PN 52281 J Jif
E ARG, 22/ BUHIE R RS S A
WG S a2 AN R Rk, SRE) IR A O
3 fer HUAE /KPR, Pei B HIE S8 F 200 v it
JE A AR 7 1 c AMPZRAUA8-Br-c AMP 48 B /) B JiT
JEACH TR i S NRAAL R TR, ZECR B BIES
5557 EMPGC-1a. Gépe Fbpl MM % 52
o cAMPXFNR4AI mRNAF5 T 4F F PRd A i £
CRI# 530 mindt &, 2 hFas R, (HHEA K
SFAERIEUE 12 bR R T e e LS 3R AR | i
SR IENRAA TR L, BRSO ik A S e %
B, 1dFIANR4ALFE SFGope. Fbpl. Fbp2. M3
(enolase 3, Eno3)FlI % % b 4% iz R (H2 (glucose
transporter 2, Glut2)4% 5 5 7t AR A2 AH K (1) 2 N
Rik o NRAAEPEA TG ZPGC-1affy 3L 3s, H
NR4A1, HNF-4aflIPGC-10aft) 45 &% Gope a3 i
A TE R, HINRAALZ/DE it B TR
PRI A SR R A 0 A e A A R R R R
2.1.2 NR4ALIE I LKB1-AMPKHfif 5 1 8 %) Bl
AR

FALT R R S L 55 1 B (adenosine mono-
phosphate-activated protein kinase, AMPK) & 7£ 4L,
ARG OR ST A AR B AR, R A M o AR
PEB yIVIEAH G, X 4H R A B B
o AMPK R B8 A0 WO 7 22 IE B 1 (liver
kinase B1, LKB1, tHFR ASTKI11)fZ 52, w5t
KIL, NRAATFEERK/NG, FFIEAMPK oV 5 B 2
fergm, BEARIMAE K A, NRAATRE R A
JFFIEAMPK o 218, TH e MUK SF . NRAATT)
HC A 45 A L BDLE A [F] 40 . 22 Hhom] po i P R A 14
Z5GLKBI1, BRI, NRAAFRE BT 6% B
3 2R = H fig (ethyl 2-[2,3,4-trimethoxy-6-(1-
octanoyl)phenyl]acetate, TMPA) DA 71| & {4 i A1 B 7] 4K

3800 77 G SRLO2 40 (N 1E 5 2 ) rh AMPK o)
WG . 24ANR4A 1 shRNAFCET, AMPK ol
fh s hn, {ETMPAZ 2 7 138 AMPK ofi iR 1L () g
J1. BEAk, fERIELKBIJHeLadi g h, TMPASR
RE INAMPK ot B2k, A&, LKBLSFAIRIE
Al S HeLaZ o f TMPA ) S 5, 3400% AMPK ofi
@%{%[10,26]0

EHFFRIRIE, Pk 245 — B U 2% ) 5 ok
H TLKBI1[1Serd28Mf 1k, 75451t 3 3h ik 4 57 48
b R R sy A 2R R K BRUFAE R, LKB11Ser428
W B Ak e AMPKYG AL BT 6 5 117, HAHETSLKB1 M4l
WA 1 B A M 5T, AT B 0 48 5 AMPK IR
BT —J7 T, TMPA S5 NR4AA L) 454 7 A R
RN Serd 28 (1M ER 1L, 5 TMPAA LK B 1 M4 i
A% B 40 5 B AL (1 386 I 7R B P T Serd 28T 1L . 1k
b, TMPAS B B#M% 7 db/db. & g 1K & (high fat
diet, HFD) & B IRV 18 25 155 5 A0 R 97 /0 B P I
TR T HL R B AP, (HAE R PRNRAA LI K (1 b
PRI [F) 8 /I8 BR AR R A TG e B E . A A AR K
i, NR4A15LKBI1 2 [8] ¥4 BAEFH#E T AMPK/
SIRT 15 5 i % H- # ] 7 NF-xBAS 518 2 176 14,
MTT4ERE TR E RS, JET2DMA R AR,
Bk, RENRAAIAN B S5 AMPKatH HAEA], (H
3 LKB1-AMPK#li, NR4A1L5TMPAAHH EF LA
BRI SR AZ P KB, LKBI1#%ia % 40 i i
H AT AR T A Y, DA R KT

Rlt, NR4A1HRfEHIILKBI-AMPK 4412 5 it
IR & AT, UNRAA RIS RS SRR 4
i), LKB1MAHMAZ BRI 40T, AMPKBE 21k
s, ERERE AR DD, UBEKE R RE.
2.1.3 NR4A1S HARP AH AR FH 2 5 I % 0
R

Hwang2 PO % BB 41 il 5 A £ K12 (B-cell
translocation gene 2, BTG2)/& CREB ) #iE A 1,
Xof U A S A R A B AR A, R R R K -
CREB(5 5 175 7 BTG24 i {5 15 -4 Bl 5 2E 38 .
BTG22 Hi 185t £ [ BTG/TOBHE R K i i 11, 76 %%
Yok B AR SRR Kim &GP R B, AR mobE PR
RE&ET, BTG2-CREBHHIFINRAA T K %Kik,
BTG2 5NRAA Lt i ) #EAH BAE H A Gopedk Rl %
35 R0 P S A

H % (glycerol kinase, Gyk) & NR4A11H 4% AT
JUE R AT 1) 5y — B S, R R AR R S A T PR
—, LA B ATP A A H il ol R A DA A= B3 -1l 1 H- Vil
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(G3P). Gyk7E4m A% Aam i ¥Rk, (BALAESH
fukzth ENRAATM EAE A . Gyki@id i ISNRAAL L
FEHE R 5 ) FNBRE TG () 45 & 2E M 4 f1INRAA 154
UG, AT 51 RSB A2 L PR e SR i A 9%, Gyk
It 5NR4ALZ 8] 1) 8 H 5t -85 3 BUAH BAE A
JHWERRE S A2, HoAZAE A 2 Gyk7E 40 i 5T T R 3538
B T R szt
2.2 NR4AAVFIEAEATLALABER 5

i 5 A1 258 5 53 1 U8 5 2H 23 (white adipose
tissue, WAT). A% €0 fig [l 4143 (brown adipose tissue,
BAT)FIK 45 [ 41 24 (beige adipose tissue). #HE M
97 20 B o3 AR T R LA i 5 2 R 1t B A B A
F . A0 2 A 5240 7= A 1 H i = B (triglyceride,
TG)TEILA T A B B A 8, w5l &I s 48 A
RER AT R D Rebens, HIREtn SRS R
HLFLAT2DM B,
2.2.1 NR4ALETPPARY2i 12 I 7 41 231 & b Fa 7

ik A P R 1S B D0 52 ARy (peroxisome
proliferator-activated receptor y, PPARYy)if it fi¢ #F fig
T AR oAk v R 7 4 BRI S L SR A P 5 IR
WS RIER L, ENARERSAS BT TR ) s E A
0T, PPARY 2V Y E [ B 2 34 BEOR (i 328 IR s A= i
T A& 52 Kk, HAE MR H PR R SRaL, il
W — RAIBEEEDY, e A PR TR iAis .
1 J7 T EDURT 4 L P R P BRI B, 12 3 Mg o i A7 AN
M B A R A RER A, NRAALA 3k
5 R B A AT RS Y, TR, PPARYy21H i fiE
Ik % (adiponectin, Adipoq)F1J8 2% (leptin, Lep)%% ik
5 N BRI TR RE . BERET, D
FUWAT ' NR4A1FKIA Fifl, PPARY2 S NR4AA1 K
PEFIA . 7ENR4AT /N WATH, PPARy2% ik
1800, FEREIL NP HEARLep. Fabp4. Adipoq. Grp8l
MGOS25EFR LN . WFITUESE, NRAATHZEEEF
PPARY2 5 3l B 3 I 90 i) 3 3 3 13 1, R
NRAA AR S DI REAE — @ FE R 12 i s i 1)
PPARY2F ik 5| A2 1™,
2.2.2 NR4ALE I MSH{E 5 5l 52 i i 17 21 235 %
FERR AU R R IA

SRR R AT T e TR AN R R R BT e R A
ReERAASHIEg L —. REMEIKa-MSHIE B i
J5 8 2 (proopiomelanocortin, POMC), 1E R /i
TR, EIRFIERER R, W 5E3T3-L1AT AR 4
L A 35 77 1) /0N BRI 07 400 e R I 7 2 il S FEALY)
Bt BRI, E b I3 T3-L1RG g i 41 i

i, a-MSH A RANDP-MSHIE $E L i T
NR4A1% ik, NDP-MSHALFE1S min Py A] M %2 5
NR4AI mRNAZKIE, 2 hifiAF| i K SRR, 8 hE
I K 5 B FER KT . NDP-MSHALF J5NRAA 1 (1) £
KN 5 AR A OC B R 2 S R A R R A, T
NR4A1 siRNAH] I )k 55 7 NDP-MSH/ S {NR4A1
Fik, I T NDP-MSHA S [JIL-6. Pck-1. Fif %)
IR & B W2/ A AL B2 (prostaglandin synthase 2/
cyclooxygenase2, Ptgs2/Cox2)%% 2 F X i 3 A 1 &
K, R A BE RO 55 . JL A IL -6 T AR T
AMPKHEGR R 5 R FHIE 55 S5 Cox2f bl
FUNRZ A, R 03 Lep X AR PR fry s i
Pck- 15210 JIg 197 B2 ) i A7 S5 BT, Pek- 19 PR3 i mT
SEIE PR S RN, Kk, NDP-MSH/: &
)bk B AR U R Y R IR B T NRAA L1 £ B 15
SHEIE, MSHE 55 S, NR4ALE T 5 H b
1A 1T 2 R 3Rk i 2 2 8] LA AH LRSI, NR4A1
mRNARIEX T35 5 2 AR S AR R R R A 1
M S H 555 v 2 2 75 B2
2.2.3  NRAA a1 775 15 7 HH 40 B s e 4 & B e s

B i g [ AH 40 i (adipocyte progenitors, AP)4b
T RE X A PR A AT AR M A0 B SR T R B . R A
S 1) 975 B AR b o= 451 5 4 By P A A RD R S AR P AR
A, HHAP G TE AN (i 17 A2 B 51 762 1) i 107 4
RERREHER— AN BB R R, RS
FeA RSB R AR AR R B R RS T
O™ 4 B S R AP, ZhangZETR L
NR4A 1k 2% 38 o] #0161 g 17 40 Mo R0 T A, NR4A 14
[F1) 4 A6 P AP L 2 AT R AR AR & . . ANR4ATT
/INER AT B H T APTE S 25 A B8 A A X T BB AR A
(wild type, WT)APZ I H B0 1 i 7 AL se 71, (H
BNRAA T APFAE BIWTRAE /N BRI B 7 i i 4 4
oh, DN BB ) W A S (R T R T 52 M R R B 2R R
MEFRARTF A, RIS, I AEES 10 I 2 18 R
FIFTGE MR %s, RKIINRAALILEA N o] feidE it
0 550) AP 184 B 3 T A0 T TR k. REBRNR4AAL S,
EIRAPHYGE 7 Be y 358, (HREE eI “Hit”
I3/ AT R A o A B AR D RE I — R TE ML
B R TR — DR A D) Re ME AP 75 J8 it 41 g
H WL A S AU R, IR AR SE R g W P
H R R D T D7 A L SRR K T 7 AR A
BRERF=AE T A s 55 R, AR — IR
2.3 NRAALFIZA B L EETER S

HELL) 51K (40%, H 548 5 5 5 2
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S R A 70%~80% . B % 2% IS B4 4 b
T AN UL AT AR Ji 5 s PR SR B L 8 I\ g A2 i 5 3R 41T
P ALER A (1 B A A, NRAA LR E L
Tkt FE FINrdaZ G L, BB LA 208 R A
FERIFRIE B A
2.3.1 NRAATATTIZ 3 51 i VLA 2 AR
BRI, AR E BT LGS B 5 UL i 5
AP, HHIEINLG)G, NRAAIX R R
NEEG I, R & R 9T N R ACE B L4 i AT 8
NRAATZRIES . NRAAVYLAIHRE 5 M ik 3 1
LRAADNAS &, /D 1 2biAZ, FEHm 7l
P AR, R IATE R B M R T
NRAA AT fie 18 1 R A QAR 20 iy A AR T 23
RUNFET, MM REEREE . HH FT A Hus L
WHNIEED “izafE 5" DASGIINRAAT L. H)
BT AN 8 8 2 SRS B A ORI ¢ R R A
B OME MR RS E RGH KN “ Raitk
%7 . Kawasaki% "R, 123 1R WLPDRE SR K
PRI LA I NR4AT mRNAZRIXIG N, iz 3
()1 J5 K P A2 B LA NR4A4 1 mRNA R ik A 1Y
m, Bk, INEB)EIENRIAT mRNAZR I3 N
S 5NN S0, RUEE T VLA R
GiiEE. H—I7, A RN E RIS AMPK
FMFIAICARILFIWHEE6 h)5, NR4AI mRNAZL A
hne deAk, ABE TR SR UL T AMPKISUE 7K T 45 b5
2 — LI CoA B AL i (acetyl-CoA carboxylase, ACC)
FIBEER LK. R, AMPKIBUISE AT REN S T i
Z 51 L T NR4AT mRNAFIA 5 0t
2.3.2  NRAASTE B URE I S R )28
EEBNAEKREERS, NR4AIKREAA
PVLE SN, AR . NRAATHIFRIEHG N
TS EFEAKEFL (insulin-like growth factor 1,
IGF1). HGARIENLAE LA E 2 K8 HEIERE B
FF(Myh3, Myh8HIMyl425 LK) £ ik . [EH,
NRAAL T8 1 2 i JUL 2 4 1) 9 FhE 3 3% 4% B Trim63
(MuRF1)f1Fbxo32 (atroginl BiMAFbx)jZit!"", 7£
C2CI12 MMM, NRAAL 57 4 b 12 5 (14
(glucose transporter 4, Glutd)FUkE F i Ik K] (1) 2k
ALFE: BERR H IR RAZHEF2 (phosphoglycerate mutase
2, Pgam?2). WA FLEg] (phosphorylase kinase g1,
Phkgl). NLPIBE 5 iR (L (glycogen phosphorylase,
Pygm). HLIABE R 5 B 4 % (phosphofruc-tokinase,
Ptkm). Hi-3- L i Z B 1 (glycerol-3-phosphate
dehydrogenase 1, Gpdl). J&EERF3 (enolase-3, Eno3)

ABEAiNE1 (aldolase-1, Aldo1)&%, JH£43 ] & Bl 5t
BRI 3 Y. fELO WL AR BB BE LA R Ik
NR4ALJG, % PR R & B SN, k%
IANR4A 1] Z& B L(tibialis anterior muscle, TA)H
LA W B B N 29 70%, 7 %6 B BSORRE SR (1 L
BI3EIN£9120% . HFDMEFER) K B R IANRAATHY
TAT Glutd & & iH40%~80%. 1R MEIFER K
B, FENRAALFRIEI N, COMRSEARE IR SR
BTG PETE o, MR AR T REIG R, TTHFDMEFE KR
ok A0 &2 3 kI 4 U0, HFDME 9% 19 /N L TA
NRAALFREHE N, MHFDWEFE FINRAA TR R /N R,
TA L FhobE % A 52 R (Eno3 . 2,3- XURE IR H il ik 2%
el B H IR 1)KL TR, Bk, HFD
MR FRINRAA i /0N BV PR i 5% 22 s =2 45 350
SRR TR R Y . SEh s — 8L HERES
T WA HNRAAL R HLARRRBE R 8 I RIA TR, 5
g & AR B R U DI 2, HGlutd R
RERREFGFERY . BINRAATENLA HiE
o R 4 2R R 3 A S I IR IO T A B TR R R I
T AP 328 78] 267 R P UL DAY ) o SR P S ik 6 0 5
H(E),

3  NRAAISHLIARRE B S B0 AIE

3.1 NRAALXTRT R RS B RO

NAFLDIT 4 R i Ay 4= BRAS P 993 10 5 7 LI
R, AR A3t T A A R, I R R A Bk
Ui 5 R I S 1 00 B /K- 3G I 5 BUH- A i 9 e TG
i SRR, ENAFLDE Wb, b igA
I FT IR K AR R T 7 1ML 2 FFA R FE 14130%~40% P21,
H AT BR AR 35 07 2 AR Ah, TS R
NAFLDGI7 73, Rk, SR T T 4 iR
A HLH A I,
3.1.1 NR4ALE i SREBP 15 A i 4K 14

[ B 8 15 o R 45 A B - 1c (sterol regulatory
element-binding binding protein- 1c, SREBP1¢) /& Jig it
A I B B R 1, SO G 10T IR & i (fatty
acid synthase, Fas). ACCHI{if {5 CoA <18 Fl 1
(stearoyl-COA desaturase-1, Scd 1) fig fiij A= il R i
o Pols%r"™I7E /N B4 pAy Je ik i Fk v S o 2 AR 5
W RIENRAAE, DNRIFAETGHD o iE B
W2 AR AL, AH I & 5 2 A (HDL) I i i
B AR LG B 1 (LDL)BEE B T v, TG AH [
ME W] BAA . B — D &I, NRAATHH] [
SREBPIcf{j#ik, SREBPI1ci ik [ T it 3 A
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BEEaEt 4
PPARy §

o=/ |
IL-6chk-1fPtgs2/cOx2f

AERTZE
BS=HEE

APHIFH §

BzEsy 1

N

i 5 20 o R B pAT IR
Idh3gfISDHB & ATP #

ocsscncannzaa ™)

wete 1
frmmmm———— L _ﬁ_
FERAREE D
cAMPi% FNR4A 1L
BTG2+NRAA 14 HAR B A

L ¥
e, IR
WS AR OREE R &

NRAA IS
LKBIHEAZILR, AMPKRERLIL T
Gyk+NR4A1: % FAHEAEH

2 7

%
%
FINAE A

AbRig ¥ AMPKIE B
R ERE B
HE RS EARE D

&1 NRAAISTHLAEZEFER SR EE

SCDI1. SR H i 3-8 H -yl I Jik 4% #2 il (glycerol-3-
phosphate acyltransferase, GPAM). FASFILDL%Z A&
(LDLR) [ R L BFAR B AP AFTG/K P T . BE4t,
SREBPI1cit %2 Gykifi 5, Gyk{E ANRAATL K4k B i
T, AMET 5NRAA I E A5 -E A R AR
VEF 2 55 R R A AR i A5 1Y, 682 5 T g IR
AR . FEHEK293 T, LO24 0 &% /) B3 A P
Fo R, NRAAIFRIATE Gyl FIE AR o AR i
HARBUEM, FI, Gyk#ik Lifl T NR4ALS
SRS AR AH G JE K (SREBP1c. FAS. ACACARI
GPAM) ik, N7 1 i&5RE[E #% . TGAIHDLAH
[ 2K, (BRI INLDLAE E EE K. 3E—25 04T
RO, A0 Gyk 3= B2 38 i A b P 1 R A
A TR AR, T A0 B A% Gy k@ I # i) 3 S R P
NRAA LIRS, 40 M k% Gyk mT /8 7 >4 40 il i
Gyk ) IE 45 1575, @ik 5 NRAA T BAE KA
TR, EUFRE SRR sh, fE
ApoE "Eh ki RERE AL BN R . NRAATHIE R IA
Al e L I SREBP1c FISREBP2 i 1, i 2 41K
JFF U (0 0 &, R a PR A B T R R
(BB RS &, AR EFETGE &,
3.1.2  NR4AEIPPAR Yy 5 JFF T i 5 4t

G,/G, ##FEH2 (G,/G, switch gene 2, GOS2)/&
JFEWERG B AS PR 55— A EE R R 2R, ZPPARYH)
FLIESEIE A . PPARYyME LI 1518 2 S R R ik,
5T 4T B PN T T TR (DG AR, R 3t g o s 47 R
542 . PPARYIIHOE AT _EIAGOS21KRIA&, GOS2
(1) 8 5 72 W 2 i W5 TG 7K fig 1 (adipose triglyceride

lipase, ATGL) 45 53 P 4 il 7705 BEAEWF 70 R 0,
NR4A11FRIEHPPARY £ fif ¢, NRAAIE =454
HAHIPPARYJA 2T, F#{KPPARy NUHEEE R 3=
5, NR4AL/NERWATHIPPARYRIL &% i, H
N IE I GOS2 AR TR I I, /IS B U g s A2
INEP . Zeith, Zhao5 R BUAFARERNE S S HepG2
Y e AR S, NR4A1 mRNAFIEE i R4 2 7
ERHE TP, PPARy S ILBEIE[R(GOS2. GPR81,
GPR109AF1Adipoq) IImMRNA K & 19 5t %5k 257 &
WSR2k FETANRAATL, T A ek 5 A el s i
b PR 5 HepG24H i g 3 (AR 88 38 s IR i/
NR4A LXTPPARYy A H IR i AH SC B 5L BRI T 1 7T R &
B TR L A et A 58 1) LA
3.1.3  NR4A L AMPKIE TG A 4
AMPKH#FR Y “RERIERZ A", AU 4
AW, RN Z225 T IR RS . AMPKA:
T ACCHIKSE N 17 19 B- 2 A PR ok Wl PR DR A 5 4 7%
Fif1 (carnitine palmitotransferase 1, Cptl)il i iz fig
AR, ACCHEAL TN Mt hii M a4 i, T8 Tk 4
fitga lUE A2 IR 7 M3k B B ) B B YT, R TR
I CPT 1 AE A4 4 1 7705 . AMPKBE BR 1L %t
ACCHIIMHI A R FCPTIIE MK &, R HENT & g iy
FRE A, B — 7T, AMPKXSREBP-1c B i
PAER, B L SREBP-1cIf 40 i) 3 2L 48 F1 % 5
fir, PRARFASTIE, IR & WA, A
T ZEHFDMEFR AL /N BRI R R AR R 6 75 5 R ot
RS M HepG241 s, AMPKA: 3 \JPPARa. PGC-
Lo % K5 B- 58 Ak AH 5 B0 I D] 1 3800 T ok 2 i i AR R



A

KRR, % NRAATIIE RGUHAR AU 70 7 HL] 455

31 Abdou5 L, AMPKI@E k425
PH[E 02 5 A A S SE DR 1 30, kT ik 2%
] B A e, HiHNR4AATZAMPK ) = E bR 2 —
2, {ENRAA1LE A7 5 1 5 AR Yl /D B I A 58 43
AMPK 140/ H, 7T Rg 28 [ B 2k & a
(steroidogenic acute regulatory, StAR)¥% 5k K+
CREBZ 5 H 1, CREB/ZNR4A1RE )T FAMPK
B, [R] AR A% ] 43 240 i H AMIPKCRH K i
SIK 15 BT #8 f5. AMPRCE b 3 5 28 [ B 1 A= 4
G IR E AL, Bk AR a2
B, AN, B TIR MNRAA LR T a5 HHi7
i, LKBIMWAMZEIEI4EM )5, AMPKEEER
e, Kk, NR4ALETAMPKE A [H &4
5 A B AR
3.1.4 NR4A1f i LDLRATHMGCRE i FFH [ i
vl

NRAA 1 Z: 5 JFF AR B ARG, o A1 e A ] 2
FERA FHUAR KE RN fEHepG24iiffe, it
FIANR4AAL, LDLRFA AT AH [ A R 1 PR i il B-
Fo-B-H R R R L M a ik JR B (HMGCoA
reductase, HMGCR)Z 1A T if, AT HF & [ % (total
cholesterol, TCHO) F[%; TimiNR4A1f5, LDLR
FIHMGCRE I, [F] B AETCHO ) 7K - th Fifi 2 34
It R, NRAALE BT AH [ EE AR 5 T g
5% A AELDLRATHMGCR f 3 45 35 17 3 5 TCHO )
A
3.2 NRA4AL1XIAERBAZE LR AE B 5B VEIE

Fumoto5 " ¥ 43, 7E3T3-L 11 g i 40 il 5>
fhid FEd, NRAAgRE HAG B i S, FFR540
Jo JE 1 8 D14 3 22 73 2458 BT 1 (mitotic clonal
expansion, MCE)III# i 7 72 B IAaRY B, it 5=
ILEF X NRAAL-siRNA 118955 75 40F B 1% AE F 2 0 &
2L, Pk, NRAALRZRIA(L3E3T3-LLET TG 57 40 i %
R34k, T ENRAA T HHI3T3-L 1 AE 5 410 i 1)
B . (HNRAATTE g 7 2H 4306 S AR 1 15 F A7
TEU, AFRIREEF T A P2 R R
4518
3.2.1 NR4AALEEPPARYH i i 7 41 4 J5i A it

T 1 7 4 R oAk R g P A e f ik F2 7, PPARYy
EWATFIBATH %1k . PPARYH 5SS 5 g1
BRI % R0 R CAAT/H8 3 145 4 o (CAAT/
enhancer binding protein o, C/EBPa)[]% 1%, C/EBPa
5 PPARY A B FH [IC/EBPAL S 44, MR LR
SE B B SR TR, £E3T3-L 1RG40 M,

NR4A1 [ F LB 38 T DNARHIFHIGATA2)JE 5 1
[ ) RBLE, GATA2 5PPARyJE 3 7 45 & 7] #1144
PPARY[JRIE ™, PPARYTEBAT K i 7% 34 Hi i A
BRI 1 (uncoupling protein 1, UCP-1)F1H:Ad Jig i
S SRR 05, I PPARY IS 77 4k #H G 14 51
YT KU FE B INBATJf &, UF S PPARY{E /A i ] 3K
HBATHE ", 55— )51, PPARyXFUCP-1f)if 5
FHEPGC-1a5 5., PGC-lafikfG, LAAKHHE 4
(177 3UAE J8 87 IR e A B 45 & JF S PPARY, 12
HE T BRI RS R R RIUCP- 1R, Chao%5 ™k
I, PPARy [ 3k 8BS 072 R AANRAA X g
TR IHIE R, A A S scia R B, SERER:
% Ha-1 (gap-junction protein a-1, Gjal)FITII1
(tolloid-like 1)/ZNRAAT S, 25Xt g T4
Mo AL, Ak, NRAAIHI S 7 T ik () — Fb
HU 2 HIMCE, HiZ S50 Kt — 20 FiNR4A]
T 15 38 I AR 5 R R e s TR 1 I Rk R BT
P ARG R 0 3R 0A B I AR En LI R 5
M) e [ 47
3.2.2  NRAAL@# Lepif 15 I 7 20 231 Joa A 44
NEREE AR NG Lep/K-F- T, 5 i I Lepfk
P, NR4AALZLep il t4 = A fig 5 AR it ) 5 25
MR E, TERER-PH AT+, LepMHilWT /R
WATHH AR5 A B, 38 5 T g A AR AR o
KIIHFDMR IR )/ R 2 tH I Lepfk#, MiFRNR4A]
J&, /NERAEHFDREFRE A~ 5 5 T R AE AR EFI Lep
HEHT. NRAA LS N Lep s 5 % 8 2% 1) T i
JSTAT3 (signal transducer and activator of transcription
3)LWEAL, HiTRLepX) fig & T MR /1. Uk
Gb, ZEZ LR IEMEGE G Leptiiht, 596
FCAIWT/NERAHEL, FBRNRAA T 522 /N BRUIE AR
FEXGIN, RNLep/K-¥-This, Lepfkfisi yj»&HE, F
BINRAA 1R 55 /S B Lep HEHTINTE 1 45 04 4t vk
RERER KA, R T NRAALZE Lep 4 (1) A &AL 1T
5 AP ) B R T 1
3.2.3 NR4ALEITSREBP1cIE ¥ g i 41 24 A 5 4G it
FE3T3-L1RT AR 40+, NR4AL FJSREBPIc
FIL TR Rk, T RIANRAA AT/ g 5 1) A
o {ANRAATA B 2 OB IR A AH DG BE R R 0k, oA
xR R AR TS T, AN, NRAATLE A
5 7 DNAKH I 2R (100G LA Inp 534 St is v,
pS3%FSREBP1c# ik B A $HI/EHT, EINR4ALH
T FpS3 ik ECSREBP Il ik, 1 )4 %
fIKSREBP1c Nl #: KFASIH ik, ik, NR4A1A]



456 G gEEd

33%:

A 8 1 9 p 5 3 14 22 34 Sk 4 1) i 077 240 L ) 43 AR T
B,
3.3 NR4AIXTAPILELRBE B ST pY IR

NRAA1TE R 58 I SULAE . R TE 855, H 242
FELIE H 41 i S R 5 0 oAk JE B 2 R VE R,
KV 2 GAPDH mRNAFJAf% . fEC2C12 L4
b, HIHINRAATIRIE G, JRECERZMA2. UCP3MI
AMPKy3 55 B R R IE e ], AE X L HL R o,
UCP3 LA RF 53 14 Tk 3 325 T 3 o ik By 2R 80 12k
IO Mg B AL S R s IR IC 3R 32 A4 29005 v] LIS
AMPKA{E3EB-%4t; 1M mt R AMPKy3 (1) /N BRI TG
B MBI —8, MHINRAALG, /DA
I UCP33RIE T~ i, #IHINRAAIRIE 2= T BT
Iy B LessardZ5EUVYnk /N BROBEAT R 1 25
W, SKm sl graitt, e 1 sl 2k 5%
PEF, REEBIINRAAL K H3AHEEE R (UCP3,
FAT/CD36fIAMPKY3)%is %) Fif, I 5B-5 Eig
FACR I INARDC, [RI FEAG 4 B e 5 2 BUR I 1Y)
5.

Chao%5"I/E i BRNRAA1[¥) /)N B 5256 7 R B,
/NRTAR WA TGHIH i A5 & &3, HEm AL+
Z AR e L BRI AR R g D, B 7L
GRAR  [FEJE L CoAR YR AR R . [FIRE, HEW
WL i 2 1 B T 2k 1, $2 R NR4AA TR
J5 . WUAH DT R FOG . thah, A
PRI L f g a s AL . I SE ALY B B-SE AL . P
T2 it S il 4 B 5] T4 (pyruvate dehydrogenase
kinase isozyme 4, Pdk4)& A D>, HE/RNR4ATHE
S/ BRI B I DT R SE A 32 B4 3 L T B 40 A4 s
Jk/b o H AT FNRAA A LR AR B B 70 4%

V177,772

PPARy ¥ SREBPIc ¥
Leptfst &

Vo750 A |

MCE t

EERE 1

AR ZiA2 & UCP3 ¥
AMPK y3 ¥ R ffZER &

PSS o4

A, s HETIIREFN S, NRAATEA A i it
AT AE AR AT (R BERE MR, b LI r B o 4 35 AR
(E2).

4 RE

AL SZARNRAATLERFIE . JlE T LA A5 25 B BR
PP 2 Z SRR R, T 4ER LA
PENERRS . RSP ARAEZEM. B, X T
NRAA L FHLAHE IR AL KIS 7€ 1
ERE, EAEA RS H A X T A,
ERLREIIREMBUT E AR, & — 2 n8f
FRANBE T . FE5 R IR TUH, A HINRAATAL SR
SRR D R PR B R IA ST . B A RS E
BPBRETT%, RARENRAALRAE L] 25
mL ARAENRAA UGS AR ACH AL, Bt #L
AU T RS HARRERS, ZfRT2DM, JIE
JE. NAFLDAEME PR L1297 1B B

(& £ X #]

[1]  Zhao Y, Bruemmer D. NR4A orphan nuclear receptors:
transcriptional regulators of gene expression in metabo-
lism and vascular biology. Arterioscler Thromb Vasc Biol,
2010, 30: 1535-41

[2] Duszka K, Bogner-Strauss JG, Hackl H, et al. Nrdal is
required for fasting-induced down-regulation of Ppary2 in
white adipose tissue. Mol Endocrinol, 2013, 27: 135-49

[3] Pearen MA, Muscat GEO. Minireview: nuclear hormone
receptor 4a signaling: implications for metabolic disease.
Mol Endocrinol, 2010, 24: 1891-903

[4] Pei D, Zhang C, Quan Y, et al. Identification of potential
type 11 diabetes in a Chinese population with a sensitive
decision tree approach. J Diabetes Res, 2019, 2019:
4248218

V7772 |

e

SREBPlc ¥
PPARy {0
LDLR {7
HMGCR L

V774 |

_A—

AMPK@&@% {

&2 NR4AA1XTHLIRAE B SR E1E



A

KRR, %

NRAA 2 2 GERE AR 737 HL

457

[14]

[15]

(18]

[19]

Jung YS, Lee HS, Cho HR, et al. Dual targeting of Nur77
and AMPKa by isoalantolactone inhibits adipogenesis in
vitro and decreases body fat mass in vivo. Int J Obes
(Lond), 2019, 43: 952-62

Milbrandt J. Nerve growth factor induces a gene homolo-
gous to the glucocorticoid receptor gene. Neuron, 1988, 1:
183-8

Reynolds MS, Hancock CR, Ray JD, et al. B-cell deletion
of Nrdal and Nr4a3 nuclear receptors impedes mitochon-
drial respiration and insulin secretion. Am J Physiol Endo-
crinol Metab, 2016, 311: E186-201

Huang Q, Xue J, Zou R, et al. NR4A1 is associated with
chronic low-grade inflammation in patients with type 2 di-
abetes. Exp Ther Med, 2014, 8: 1648-54

Tessem JS, Moss LG, Chao LC, et al. Nkx6.1 regulates
islet B-cell proliferation via Nr4al and Nr4a3 nuclear
receptors. Proc Natl Acad Sci USA, 2014, 111: 5242-7
Zhan 'Y, Chen Y, Zhang Q, et al. The orphan nuclear receptor
Nur77 regulates LKB1 localization and activates AMPK.
Nat Chem Biol, 2012, 8: 897-904

Miao L, Yang Y, Liu Y, et al. Glycerol kinase interacts
with nuclear receptor Nr4al and regulates glucose metab-
olism in the liver. FASEB J, 2019, 33: 6736-47

FuY, Luo L, Luo N, et al. NR4A orphan nuclear receptors
modulate insulin action and the glucose transport system:
potential role in insulin resistance. J Biol Chem, 2007,
282:31525-33

Gray SL, Dalla Nora E, Grosse J, et al. Leptin deficiency
unmasks the deleterious effects of impaired peroxisome
proliferator-activated receptor y function (P4651 PPARY)
in mice. Diabetes, 2006, 55: 2669-77

Chao LC, Wroblewski K, Zhang Z, et al. Insulin resistance
and altered systemic glucose metabolism in mice lacking
Nur77. Diabetes, 2009, 58: 2788-96

Ardid-Ruiz A, Ibars M, Mena P, et al. Potential involve-
ment of peripheral leptin/STAT3 signaling in the effects of
resveratrol and its metabolites on reducing body fat accu-
mulation. Nutrients, 2018, 10: 1-16

Chen Y, Wu R, Chen HZ, et al. Enhancement of hypotha-
lamic STAT3 acetylation by nuclear receptor Nur77
dictates leptin sensitivity. Diabetes, 2015, 64: 2069-81
Tontonoz P, Cortez-Toledo O, Wroblewski K, et al. The
orphan nuclear receptor Nur77 is a determinant of myofiber
size and muscle mass in mice. Mol Cell Biol, 2015, 35:
1125-38

Pols TWH, Ottenhoff R, Vos M, et al. Nur77 modulates
hepatic lipid metabolism through suppression of SREBP1c
activity. Biochem Biophys Res Commun, 2008, 366: 910-6
Mohankumar K, Lee J, Wu CS, et al. Bis-indole-derived
Nr4al ligands and metformin exhibit Nr4al-dependent
glucose metabolism and uptake in C2C12 cells. Endocri-
nology, 2018, 159: 1950-63

Valera A, Pujol A, Pelegrin M, et al. Transgenic mice
overexpressing phosphoenolpyruvate carboxykinase
develop non-insulin-dependent diabetes mellitus. Proc
Natl Acad Sci USA, 1994, 91: 9151-4

Maxwell MA, Cleasby ME, Harding A, et al. Nur77

(22]

(23]

(24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

[32]

[33]

[34]

[33]

[36]

[37]

regulates lipolysis in skeletal muscle cells: evidence for
cross-talk between the f-adrenergic and an orphan nuclear
hormone receptor pathway. J Biol Chem, 2005, 280:
12573-84

Kovalovsky D, Refojo D, Liberman AC, et al. Activation
and induction of NUR77/NURRI in corticotrophs by
CRH/cAMP: involvement of calcium, protein kinase a,
and MAPK pathways. Mol Endocrinol, 2002, 16: 1638-51

Pei L, Waki H, Vaitheesvaran B, et al. NR4A orphan
nuclear receptors are transcriptional regulators of hepatic
glucose metabolism. Nat Med, 2006, 12: 1048-55

Hardie DG, Hawley SA. AMP-activated protein kinase:
the energy charge hypothesis revisited. BioEssays, 2001,
23:1112-9

Shaw RJ, Lamia KA, Vasquez D, et al. The kinase LKB1
mediates glucose homeostasis in liver and therapeutic
effects of metformin. Science, 2005, 310: 1642-6

Xie Z, Dong Y, Scholz R, et al. Phosphorylation of LKB1
at serine 428 by protein kinase C-{ is required for met-
formin-enhanced activation of the AMP-activated protein
kinase in endothelial cells. Circulation, 2008, 117: 952-62

Kimball SR, Siegfried BA, Jefferson LS. Glucagon
represses signaling through the mammalian target of rapa-
mycin in rat liver by activating AMP-activated protein
kinase. J Biol Chem, 2004, 279: 54103-9

Ming Y, Yin Y, Sun Z. Interaction of nuclear receptor
subfamily 4 group a member 1 (Nrdal) and liver linase bl
(LKBI1) mitigates type 2 diabetes mellitus by activating
monophosphate-activated protein kinase (AMPK)/sirtuin
1 (SIRT1) axis and inhibiting nuclear factor-kappa B (NF-«xB)
activation. Med Sci Monit, 2020, 26: €920278

Kurakula K, Koenis DS, Tiel CM van, et al. NR4A nuclear
receptors are orphans but not lonesome. Biochim Biophys
Acta, 2014, 1843: 2543-55

Hwang SL, Kwon O, Lee SJ, et al. B-cell translocation
gene-2 increases hepatic gluconeogenesis via induction of
CREB. Biochem Biophys Res Commun, 2012, 427: 801-5
Matsuda S, Rouault JP, Magaud JP, et al. In search of a
function for the TIS21/PC3/BTG1/TOB family. FEBS
Lett, 2001, 497: 67-72

Kim YD, Kim SG, Hwang SL, et al. B-cell translocation
gene 2 regulates hepatic glucose homeostasis via induction
of orphan nuclear receptor Nur77 in diabetic mouse
model. Diabetes, 2014, 63: 1870-80

Smith U, Kahn BB. Adipose tissue regulates insulin sensi-
tivity: role of adipogenesis, de novo lipogenesis and novel
lipids. J Intern Med, 2016, 280: 465-75

Takada I, Kouzmenko AP, Kato S. Wnt and PPARy signaling
in osteoblastogenesis and adipogenesis. Nat Rev Rheumatol,
2009, 5: 442-7

Hong SW, Lee J, Cho JH, et al. Pioglitazone attenuates
palmitate-induced inflammation and endoplasmic reticulum
stress in pancreatic f-cells. Endocrinol Metab (Seoul),
2018, 33: 105-13

Tontonoz P, Spiegelman BM. Fat and beyond: the diverse
biology of PPARy. Annu Rev Biochem, 2008, 77: 289-312
Mishra BK, Banerjee BD, Agrawal V, et al. Association of



458

G gEEd

33%:

[39]

[46]

[47]

[48]

[51]

[52]

(53]

[54]

PPARYy gene expression with postprandial hypertriglyceri-
daemia and risk of type 2 diabetes mellitus. Endocrine,
2020, 68: 549-56

Cho KJ, Shim JH, Cho MC, et al. Signaling pathways
implicated in a-melanocyte stimulating hormone-induced
lipolysis in 3T3-L1 adipocytes. J Cell Biochem, 2005, 96:
869-78

Zhou JY, Poudel A, Welchko R, et al. Liraglutide improves
insulin sensitivity in high fat diet induced diabetic mice
through multiple pathways. Eur J Pharmacol, 2019, 861:
172594

Smith WL, Langenbach R. Why there are two cyclooxy-
genase isozymes. J Clin Invest, 2001, 107: 1491-5

Sharma R, Kumari M, Prakash P, et al. Phosphoenolpyru-
vate carboxykinase in urine exosomes reflect impairment
in renal gluconeogenesis in early insulin resistance and
diabetes. Am J Physiol Renal Physiol, 2020, 318: F720-31
Wang SCM, Myers SA, Eriksson NA, et al. Nrd4al siRNA
expression attenuates a-MSH regulated gene expression in
3T3-L1 adipocytes. Mol Endocrinol, 2011, 25: 291-306
Garg A. Acquired and inherited lipodystrophies. N Engl J
Med, 2004, 350: 1220-34

Bielczyk-Maczynska E. White adipocyte plasticity in
physiology and disease. Cells, 2019, 8: 1507

Zhang Y, Federation AJ, Kim S, et al. Targeting nuclear
receptor NR4A1-dependent adipocyte progenitor quies-
cence promotes metabolic adaptation to obesity. J Clin
Invest, 2018, 128: 4898-911

Peterson KF, Shulman GI. Etiology of insulin resistance.
Am J Med, 2006, 119: S10-6

Shojaee-Moradie F, Baynes KC, Pentecost C, et al. Exercise
training reduces fatty acid availability and improves the
insulin sensitivity of glucose metabolism. Diabetologia,
2007, 50: 404-13

Mey JT, Solomon TPJ, Kirwan JP, et al. Skeletal muscle
Nur77 and NORI1 insulin responsiveness is blunted in
obesity and type 2 diabetes but improved after exercise
training. Physiol Rep, 2019, 7: 14042

Chao LC, Wroblewski K, Ilkayeva OR, et al. Skeletal
muscle Nur77 expression enhances oxidative metabolism
and substrate utilization. J Lipid Res, 2012, 53: 2610-9
Kawasaki E, Hokari F, Sasaki M, et al. Role of local muscle
contractile activity in the exercise-induced increase in
NR4A receptor mRNA expression. J Appl Physiol (1985),
2009, 106: 1826-31

Chao LC, Zhang Z, Pei L, et al. Nur77 coordinately regu-
lates expression of genes linked to glucose metabolism in
skeletal muscle. Mol Endocrinol, 2007, 21: 2152-63
Smith GI, Shankaran M, Yoshino M, et al. Insulin resis-
tance drives hepatic de novo lipogenesis in nonalcoholic
fatty liver disease. J Clin Invest, 2020, 130: 1453-60
Zhang B, Zhang C, Zhang X, et al. Atorvastatin promotes
AMPK signaling to protect against high fat diet-induced
non-alcoholic fatty liver in golden hamsters. Exp Ther
Med, 2020, 19: 2133-42

Miao L, Su F, Yang Y, et al. Glycerol kinase enhances
hepatic lipid metabolism by repressing nuclear receptor

[61]

[63]

[65]

[69]

[70]

subfamily 4 group Al in the nucleus. Biochem Cell Biol,
2020, 98: 370-7

Hu YW, Zhang P, Yang JY, et al. Nur77 decreases athero-
sclerosis progression in apoE” mice fed a high-fat/
high-cholesterol diet. PLoS One, 2014, 9: 87313

Yang X, Lu X, Lombes M, et al. The G/G, switch gene 2
regulates adipose lipolysis through association with
adipose triglyceride lipase. Cell Metab, 2010, 11: 194-205
Zhao N, Li X, Feng Y, et al. The nuclear orphan receptor
Nur77 alleviates palmitate-induced fat accumulation by
down-regulating G,S, in HepG2 cells. Sci Rep, 2018, 8:
4809

Ke R, Xu Q, Li C, et al. Mechanisms of AMPK in the
maintenance of ATP balance during energy metabolism.
Cell Biol Int, 2018, 42: 384-92

Schindler M, Pendzialek M, Grybel KJ, et al. Adiponectin
stimulates lipid metabolism via AMPK in rabbit blasto-
cysts. Hum Reprod, 2017, 32: 1382-92

LiY, Xu S, Mihaylova MM, et al. AMPK phosphorylates
and inhibits SREBP activity to attenuate hepatic steatosis
and atherosclerosis in diet-induced insulin-resistant mice.
Cell Metab, 2011, 13: 376-88

Abdou HS, Bergeron F, Tremblay JJ. A cell-autonomous
molecular cascade initiated by AMP-activated protein
kinase represses steroidogenesis. Mol Cell Biol, 2014, 34:
4257-71

Zhou F, Bai M, Zhang Y, et al. Berberine-induced activa-
tion of AMPK increases hepatic FGF21 expression via
NUR77. Biochem Biophys Res Commun, 2018, 495:
1936-41

Xie X, Song X, Yuan S, et al. Histone acetylation
regulates orphan nuclear receptor NR4A1 expression in
hypercholesterolaemia. Clin Sci (Lond), 2015, 129: 1151-
61

Zhang P, Hu Y, Yang J, et al. The orphan nuclear receptor
Nur77 regulates hepatic cholesterol metabolism through
the suppression of LDLR and HMGCR expression. Mol
Med Rep, 2012, 5: 1541-7

Fumoto T, Yamaguchi T, Hirose F, et al. Orphan nuclear
receptor Nur77 accelerates the initial phase of adipocyte
differentiation in 3T3-L1 cells by promoting mitotic clonal
expansion. J Biochem, 2007, 141: 181-92

Tong Q, Dalgin G, Xu H, et al. Function of GATA
transcription factors in preadipocyte-adipocyte transition.
Science, 2000, 290: 134-8

Tai TAC, Jennermann C, Brown KK, et al. Activation of
the nuclear receptor peroxisome proliferator-activated
receptor y promotes brown adipocyte differentiation. J
Med Chem, 1996, 271: 29909-14

Puigserver P, Wu Z, Park CW, et al. A cold-inducible
coactivator of nuclear receptors linked to adaptive thermo-
genesis. Cell, 1998, 92: 829-39

Chao LC, Bensinger SJ, Villanueva CJ, et al. Inhibition of
adipocyte differentiation by Nur77, Nurrl, and Norl. Mol
Endocrinol, 2008, 22: 2596-608

Zhao S, Kusminski CM, Elmquist JK, et al. Leptin: less is
more. Diabetes, 2020, 69: 823-9



A

KRR, %

NRAA 2 2 GERE AR 737 HL

459

[71]

[72]

(73]

Qin DD, Yang YF, Pu ZQ, et al. NR4A1 retards adipocyte
differentiation or maturation via enhancing GATA2 and
p53 expression. J Cell Mol Med, 2018, 22: 4709-20

Zhao BX, Chen HZ, Du XD, et al. Orphan receptor TR3
enhances p53 transactivation and represses DNA double-
strand break repair in hepatoma cells under ionizing radia-
tion. Mol Endocrinol, 2011, 25: 1337-50

Lee SJ, Kim SH, Park KM, et al. Increased obesity resis-

[74]

tance and insulin sensitivity in mice lacking the isocitrate
dehydrogenase 2 gene. Free Radic Biol Med, 2016, 99:
179-88

Lessard SJ, Rivas DA, Chen ZP, et al. Impaired skeletal
muscle B-adrenergic activation and lipolysis are associated
with whole-body insulin resistance in rats bred for low
intrinsic exercise capacity. Endocrinology, 2009, 150:
4883-91



