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Research progress on the interaction mechanism of glucose and lipid
metabolism and intervention strategies in rheumatoid arthritis
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Abstract: Rheumatoid arthritis (RA), a chronic autoimmune disease, has a complex interaction with glucose
and lipid metabolism in pathological process. Glucose metabolism reprogramming disrupts the metabolic
homeostasis of the microenvironment and activates aerobic glycolysis to drive synovial proliferation and
inflammation; lipid metabolism dysfunction reshapes the inflammatory regulatory network through lipid-derived
mediators. The interplay between glucose and lipid metabolism jointly drives the "metabolism-inflammation"
vicious cycle, in which the metabolic hub role of acetyl coenzyme A, the bidirectional regulatory role of lactate, the
synergistic regulation of metabolic signals, and the organelle interaction between mitochondria and lipid droplets
collectively exacerbate the pathological progression of RA. This review systematically focuses on the abnormal
characteristics and interaction mechanisms of the two core pathways of glucose and lipid metabolism in RA,
proposes intervention strategies and research directions targeting metabolic homeostasis based on metabolic
targets, and provides important scientific references for the in-depth analysis of the pathological mechanism of RA
and the development of targeted metabolic intervention therapies.
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F XA FT & (rheumatoid arthritis, RA) F&— i L)
IR M NS 1 9RE A RFAE (1) B B S e e, H R
BLA I S o 2R G R U S R AR 0 OGTT JONE, e 24 3
HF R A e TR Y. RA AL G FLAL #1322 R A
T B & 5% [ NS AR 1 K. HUER % R E0H )
FE A T RS KR R A0 MY, R s iR B AR
(tumor necrosis factor, TNF). H 4l it /- & (interleukin,
1L)-6 55 2 Foft 240 Jifd K] -1, 4 82 41 20 % 1 8 0E 1) R A2 K
JEP, AR, AR R IR N RA B FCH A O
WA . — 71, 20E Kt JR &8 480 70 e T B A R & 7 oK
PR, A G 9% 4T PR B i “Warburg RS i ) B 1 A
A Sy — 7T, MRS AR 2R L P Y e 4 i ) B A
FIE, WOR SAE R 1 GRIRRE T8 W I ARy 4 7 48
Jfl R B AR AN 5 D RE AT M (0 A% O T A i, O R
P2 AN AT A A 5 20 i i AR IS, S e A i
VI 15 T4 FE B R AR - RREAH BR
I, R I A S O X ) Vi B % B A A B A
13 S e RS R ELES T4 B RE, AW Y BCEB Y
AP, 2 S 3 I W T A B g R RA s B AR
(1) 52 e B FLAZ FAL ), S A 38 4 e S A U O B o
(254, UL MOBE G X 2 g B2 AR A7 9 48 78 RA Z 0
HLA FIRE [F) ¥ 7 HEI 4R AL B AR 4R
1 BRIFERE
1.1 BERE S RAEIRE)

B AR D9 2 0 R B A B AR A% 0 i AR, R g
ERAMW X AL 2 OCEZ . WEA W& A0 145 5 4
W AT SRR AL L I SR R S B TR X OBE % 4% (pentose
phosphate pathway, PPP)™. A= FRZS R, 1E 5 41 g 1@
i 8 A B 1R Ak ¥ LB 4 O CO, AT H,0, I 77 A2 ATP.
1M RA W B IA 858 ) K& 1R 20 s Ve 1S JE 2 15 K
PEACUH S R ) B R 3R 2 —, RIME S R OE, 7
TE AR T T 4 5 S A AT R S SR FH B R A 1L e, B
“Warburg 2§ 8", PPP E N BEAC ! 1K) 73 Sl %, 78 4E
FRA AT Tl i A B 5 M 4 B 1T (nicotinamide adenine
dinucleotide phosphate, NADPH) 4 ¥} Jitd P %L 18 J5 £
Ao HRA ZIERIR S i 00 28 1t 48 ff I8 - od i
Pt PPP R 12 1 7] 2] % -6- 128 198 Mot St 1 v 12 - P I LA
i im &, 145 PPP 2E il NADPH [ 58 7152 B, HI 55 48
PR BE 77 1 3] B i ) A S A 473
1.2 BEREESSEENE
1.2.1 FREAFHEBIEEAR N EACHE R (0 5% 28 bE % i
A5 0 ATP 7= 2B J& B 2T 4E 8 41 2 (fibroblast-like
synoviocytes, FLS) HAUMH AL, X —id 72 5 RA Wi [
A 85 o S0 DR - M RS T B DT AR G FLS 1)
“Warburg X N7 AN 3 B0y 4l % i 24 458 1) & 25 1 o,

HE S S REA W EERE . AP, JAK/
STAT il B /™3 T RA K MLl o FLS B AR 25 4 72
5 RAE 2 18 52 A2 AR, AL AT e 2 i i A% A
F kB (nuclear factor kappa-B, NF-xB). it % 15 5 A T
(hypoxia inducible factor, HIF)-1c A fig Pt LS 3- 15 iy
IS 5 A LI T e SR 7 NF-xB AFE N 2 5E
S AZ L AR AL, R Ak 22 R HIF-1a 3R,
T 8 100 6 25 0 B 3 A R T fe Bl TR () R A, B3
$& 151 FLS A S00H I 05 M, 0 A2 FLLS 7 28 E B P4 B2
e P R ) T D Re TR R R, i R R R AR 1
FLS I H 5 9 R AR 28 68 77, 120 2 A L i) ok
FTECE I H, NN FECE IR R A . X PR 2R
2R 2 1) TV RV DAL T W T Ao 48 7= A2 1) R 1 AN ) ol =2
FE 720 R SR U D K O R e B B0 R A 48 hE
Rl 7 1A 5 20 Wt Ak, O i I8 B 1) H ] P24
PREF T R N- £ 19561 0 i vl 38 O-GleNAc B 2k 4t &
T U 42 i 5% (R F- ) DNA &5 & R 77, ki (i ik 2 i 45
K B (matrix metalloproteinase, MMP)-3 1 IL-6 %512
28 PR35 (R (1) i e R 30k X 8 RA I 42 28 P A=
K AR PERR B AR 5 2O IK B 7T
122 RIGMHA RA G40 BE R AL 2
LS B R . CDS™ T 41 o+ b B i 3 42 40
KR EINSEERES, QFFHEREZEED L
(glucose transporter 1, GLUT1). . ¥¥ ¥ % 2 (hexoki-
nase 2, HK2), [F] 5 B B 28 A J53 A0 4 B =5 P A 5,
TR JE N AN ST B AR, T CD4” T 4 g 5 46 1)
¥ # %KE 4 I B PPP i 4%, 3 i NADPH (148 ji I
FEE PE 4 (reactive oxygen species, ROS), 5% i f 44k
15 5 W0 T U 1R 1 4 R T 5T 440 i, AN T I RAL
RIE I o

HHEhTE T 4002 17 (T helper 17, Th17)/8 45 T 41
i (regulatory T, Treg) V-1 i il FH G & A i 22 5 %R i
AHR I RER AL . WEREAR P A8 1) Ae B AR = P e Tl
& Th17 20 H PR3 3G 58 S & R A 73 s oK 5 I 28 20 i 4]
TR K AH %, Treg 20 M I 3= ELAHM: T A A0 B IR 10
A ge I 1 B T R i R IA B XSk R R B 3
(forkhead box protein 3, Foxp3) & 4% 2 # il Th 5.
RA 18 G0 B B8 o, 58 9 40 i BH] - 41 TNF-as T 48 %
(interferon, IFN)-y %} Foxp3 3 i& i) T vl §& & Th17/
Treg fili K 7 51 K e 7 W W I A Z — . TNF-a 5
TNFR1 45 5 J& 3 NF-«B {5 5 22 ¢, 40 Foxp3 3£ [ A
5%, B AR Foxp3 5 H Rk 7K P, TFN-y 30 1) JAK-
STAT1 i& % T4t Foxp3 & (A i #H 15 )5 12 1 g 1k, A
HE Wz £-HAMIE ARG # . TNF-a5 IFN-y
By e 5 30 i) 5 80 3 )5 12 1 XU EE ML) T 38 Foxp3 KX,
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5% Th17/Treg %o VAT 5l 1) RS 1 2L . (ERER
(A2, JRE f P 558 Hp 1 A1 B A Treg 40 M 28 467 4
I B A, 5245, 0 b R S AL B R L e 0, i — 2D
55 G B H0 A D Re e bR AL 3 (AR Y BUE Treg 48
FRLGE Th17 200 P 460 1) 25 B 2 25 R B, TE A2 48 AR K
B G A 1 1E R B IE A

Bz 40 f AR R A 5 Dy RE R AL B AR G, 2 R
M1 Y 5 W 40 A 32 56 00 T2 i LG A2 B 122 S0 W13 X5 40
JR A R 7 SR T T A8 M2 R I 4 i 4 T SR Ak
TR AL b0 75 AR A LA 4E RE B 28 ThRe FI 4 24
FU, RA TR B it & 42 48 Rl 41 TNF-o IL-18 F1
IL-6 38 i 30 MAPK @ B (40 M 73 5 0 15 38 1/2 .
c-Jun 2 ik A b R P38 W) X B N 4 i 1) M1
RIMA, 51 = A T i AH OC ik DR k2 Ko 40 IR 1 1Y)
o BRI, X — o R A S R s s B
SIS A TR RE B A O BV A B A AL BE IR B R — &
P g Bk R . R MR AR B AT A IR R OE2
(prostaglandin E2, PGE2) 45& G & F BT 2 AR BOE 7+
R=RAEGEAN FHIE 5@ %, H4EFF MAPK i@
4 B 5 R R A R AU, B ML W 4T i A O
HEFFRIE . HWF AR, PGE2 76 1 7 ¥ ¢ 11 &
(adjuvant arthritis, AA) K B B W 40 J H 3 2 386 0,
PGE2 F #5243 5 S EP4 18 i i i, 184 o e i oG
it 11, 9 M AR AL S A AR SR 7R 58 4 9 IR
T 3 0 5757 28 /N BRBE A ) k) MAPK 38 6 7] N 1
IL-1581L-6 S5 42 2% [Kl TR 1A, 1035 BRARKE B K1, J&
I H BT RAGE MR fH b, B0 ) % AR A RS A
92 AR 22 THLIE B 1) R T TR B, A O RA RS #EVA
T PRI R
123 #EERBEY  BORE 2 T 58 AR )
TENES 0 FAERAFIHIEIER o Pt 2 AR B A
P EH % Sk PR O 5 Sk 2 0 3R ke A T 28 32 e 1 A=
%, VR ELE 4 L 9 =R R (tricarboxylic acid, TCA)
AR S M AR 4, e b X A, o 0 ) 98 3 20 B e 1«
@ FERE/NRIDE BN A R @ o 1] TCA T 5%
HATR it S G M, T TR 3% B 8 3 ZK S AT 1) ROS
ik A s, BH T 28 ORE /D RIS, @ BRI S
W A HERR G T I 18 1 KEAPT 28 [ 2 e & R ok
e, WOE N2 A F R PRG5BS REAR 4
V)2 00 ) 8 0 s 2T A T B Je J 5 5 A 9 1 8 KRR
FERY Hh | G HT A Y S A R R W JE a0 ) FLS 2 h 44 4
AT TR A MR 17 A A TS 1, 302 5 DR i D AR T A R
IiE [ NP2, 2024 4F (Nature) B 8 7 A I8 M AR RE R
X B R AE RA BE RN Pt A 20 2
PEN A IR LA RA AW b B8 T3 AR o7 P

W ff T v 5 B0 R K B R TBCHE AR T B R MR T 558
M 101 SR TR, LR R P B AU 3 RACIE 1 28 ER
FLER AR Bl T R 24 7= 1), 38 AT B G AR AR IR
TR FLS 12 28, 415 (1 7L B A 1 4 15 5 W5 4
Mof 26 /A . 7E RAMW IR B b, BRI ALIR = %
CD4" T 4 1) 25082 2 2, 38 1 38 0 48 R (8] 19 ot
BEAR U 2 AR 5 RA I 2R 80U ) 8 428 X 4%, 4% i [A]
FHF RO A, A A S I R O A S 1
BUZ AR 5 B OA B, A FEOCT K AEAT]
TWEPERIR o DR, B0 ) A RE IR LR A S B 7
IR R AREHE 5 5 B SR 2 AU 1 (1 X 1
5, A S RA R IT Al BT 58 ) “RUT - R 7R S
IR AR U AR
2 BEBREERIE
2.1 BERSSTRIEXEL

i A e ek A A R AT I % ol i ) 3 2 S
W, fERe LN RS R R 51 TR R HE
O AER . RA TIOR3 b 58 5 A5 5 i T TS 44
AU S0 BT — T 3 e W I AR AU, IR A AR
B0 Tg A 5 — D7 THE I 2 18 4 9 245 2 33 R 07 1R
B R ) A A, T A M P R O A . MR AR 3R
GL V5 & % ¥ iR 25 [ (high density lipoprotein, HDL)
PR, PR AR L [ el [ i d2 %6 . [A] I HDL $0 %8
AT 98 Th e 208, 0 R AR 5 3 4804k 5 98 RE R B R 2K
LS A A A IO B A, A R B R AR
FRAAS G T BCEC A 5T, 0 FRl) 4 925 240 i ) of S RE 1) S
WAL R SR, BT R JORE S PR R, IX
Folt P AU — 28 RE I 4 22 HLVE A RA (1098 M 3F e 42 it
IS i
22 BEREESSEENE
22,1 RRAHBIRMA  7ERA MR, &L 4k
T A 1 P A T 2 AL AN A2 B 1 9 (1903 M e, B
SR 2 R ARG M SRR BN . AR 7 IR T 38 UL
5 HIAYE FLS 1) 280 52 28 R A0 IR e 2 i 0
AMPK 15 518 % 1 #1 FLS N NF-«B & # {7, &% ~ 1
TNF-a.IL-6 2 MMP-1/MMP-3 ] &35 7K ~F-, i3k 11 401 1]
TR 98 0 S A B A0 o B A . SRR AR, R
BN AR —F e 28 15 7 R 7B, Rl i JAK/STAT
T8 PR 75 5 FLS 20 WA 4 PR -1~ S MMP-13, Jin Jail 4 Jifd &b
FE T PR AR AR . B TCR I, I S RS PR T A
Wi FLS [ 28 3R AL, o8 S0 M 501 48 (8| 451403,
PEORHE[A) FLS A AR @ B 1036 7 (B RN AT iR
TR AR U ) A 2 RN R B, S [EAR PR I E RA
SR E NIRRT WS R (free fatty acid,
FFA) j# it TLR4/NF-«B {5 5 b 771 & 4 i 14 75 T 1L-8
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FIMMP-3 %A, HI5R FLS (R 2816 7 — {2 BRI AR
[ =% B4 (leukotriene B4, LTB4) il it 45 & H 3244k, %
5 TNF-o/IL-18 H 77 i I 38 58 MMP-3 315, P[5 42 2
T TS 24 6 1% 38 R 280 . A 96 M B AR A an 8 AR DY
I TR AR 15(S)-F2 A0 — 1T VY 4% 2 v] Jd ik F 1 FLS
HMMP-2 &IA, F 3O WO R AT H 2R
%, 2 A AR Wi BR (polyunsaturated fatty acids,
PUFASs) W1 = 1) IR 1] 58 4+ P40 i COX-2 3 1,
U8 /b PGE2 A= i, MM FLS A2 L8 A= i g 715
XL IR, B 1) FLS AR A8 26 1T A i o 47 i AR
W= ARORE BRI SE IR . IR R 5 R
IhEeFE BURFAE B Mg oA 6 5 1, 9 FF RS g A
- 2 7 A8 BT IR IT SR G R A T B AR, 4
ST AE 1% P 1 6 7 R 715 545 3 07 1) R 3 I PR A
W& 7.

222 RIGUA RA H G 40 I IR AR R B
YE JRER IS B 5 5o s [ N R . B0 iR
N RA KT IR A% O S T T R, HARALIR &S
RS 5 B k. MI/M2 M40 i 7 7 5 e
FH i 7 D5 7RG 25 1 4%, 98 208 Ik JAK2/STAT3 i #% )2
HEM1 B A S TL-18 43 Wk, T R B 28 i AMPK i 3
M2 B 5 K, I 149 518 Treg 4H il 1Y) 4 7% 40 1) Dy B T 4
JRL S B V- 1 75 52 NG RS 5 8 . RA RO B8 RF 211
HE A T 20 M i MR AR U AR S S U, R e M R 4%
PI3K-Akt {5 5 18 2% 1) i B AL A2 01, @ 1 T i (5 5 gLk
N FL BN ) TR A 2R ¥R 2R 1 (mammalian target
of rapamycin, mTOR). X F 44 25 2 P I R A AL 1
Th1/Th17 48l 534k Jo Fe 98 i PR 5 43 Wb, 340 368 3 4101 1)
Foxp3 ¥ 53¢ [ 7 [ 3R 1A Fa e MR 11 95 Treg AL I RE, &
ST T 40 B OB P-4 5 3R 3l 98 RE R R B o F 9T
FEH, S /N BRI of PISK-Akt 3 R 5648 17 5 B R Ak
b A 3K A Treg 40 il % 58 52 BH, Th1/Th17 40 Mg EE 51 3%
I, A 3 TFN-p IL-17 19 433, 0B 28 5ERY. B SR 41
Jfl (dendritic cell, DC) 1 A ¥ #2 [H 4 F % 55 1& B4
MR, RSP B RE SIS EE. 38
JERE PR 38 1 W0E DC 2 1M 1Y) Toll B 324k, /2 {87 1 2 5%
WS 5@k s, EURSH 2 EE-1-8 % (sphingosine-
1-phosphate, S1P) 1A, SIP T 5 G & (B2 14
S5EWOE NS T IEEE, K3 DC IR B I T %
SE 10 TR 7RG, IR RA 98 RE 20 BBk S 82 B F B e 928
PO BLERRE o e R A BRLAE g 2 S YD O B 25 4
Ff, FERR AR RFAE X 3 3 Je B B 520 . RAJIEAR
W g R 5 5 ROS b & A B, I8 i 2 RS R B 0 %
i 4 40 PR O 1 1 A 4 B IV R A, R A H A e
PR B A1 B B B S B o S I AR NN B 45 4% O 1 i

I B S 0 B AR T, 38 PTG B B S R, 3 —
HRA R RRE A RHAG . H ik, B8 ) AR S
SE S R A R R R RIS TR, A
B9 RA A BURTT TERER AT

223 BEIRMENE RN T B & P i 8 2
RA“HRBH - RAE7 BTG A% O IRE) 7o AR RIEF
Jii (LTB4.PGE2. 15-HETE %) i T i 5 W i 41 ffg 184
B 9% 1 4 IR R L A R AR, TR B R 4 2B B (G
5, WX B RA R BRI & 150 /R B A BT (PRI EK
i R R IREA RS W H PR IE(S T, M85 RO0E
N, B AR - S B AR A o XX X e i 45 R A A5
JoE AR R 26 B 2 0 BRSO 2%, R 98 AR AR AR B A AN
T-PUAEAR . T EB TT AR 7, IR BT AR ) e o Rk 2
RA JEVE VA o7 7 1) R AL . 0 5- I8 S & B (5-
lipoxygenase, 5-LOX) 7% ¥ L i T 3% LTB4 i & 4
R, M0 I S AL B -2 (cyclooxygenase-2, COX-2) /15
1) PGE2 £ BRI N -5 3 6 1M 55 T i B #5240 O™, &
ot I AR T il 1) 4 7 (S-LOX 11l 71 5% B . COX -2
JEFEPEAD I ZE R A1) AR IR IR AT A R A
1) S 384 A R R AR D ) T Ak SR IR AR D IR T 4R
A AR =4, 388 e X0 L 4 g e S R, — T
HAR RN RIEAS 5 7 FIB0E IR 1 Toll #3248 )3 3115 5
UK, WHE RAEAH R EER R IE, 5 F IL-18.TNF-a.
IL-6 S5 98 4t f PRl 43 b, TBOK 56719 Jay i 98 o [ 8L 7
— 7 T, A A I N B I AT A 00 N B 4
A L B, 40 R R R VR IRE A S
&, E MMP (1) 258 A 1, B0 0T BOs ok 5
2ok, 5l KATHTE . ATt AR R E T R RES
SR RIRS HE T 725, 01 LTB4 2K 45 51 7 A1 PUFA 3030 77
S L HE NI PR TR 8 B B, 0SBt 2 1 o1 52 4k &
PEHEA B (R 3) AR R ETH IR FIAH B . X
e 3 J bR 5 RA VB IT MR — it 28 A5 =0 ) “ AR - %0
P57 2 Tl U A ) B AR, O SRV 1 RA SR AL TR

ik,
3 BRI EIEEMLE
3.1 ZEHEEEA

BEAC U 5 N8 AU E i AU X AL 2T 4T I8 A 7E 4T
AR 2 T RN 35 DR O 4 7 T AC 2R ELAE, B[R] SR B RA
RS TR g fE . AEFIRA T, %5 0 1 b i
filf & A2 B A N TR AR, Jo 3 1E ZRL AR v b 74 R TR ot
filg 5 G A AL N 2R A S A, 3E 1T HEN TCA T i
A fEHERE . RA RYEFAIE T, TNF-a.1L-6 55 % 14
Rl 51 e 28 Rk Dy e 2561, A I 1R I & I sl g v 7
A, B P I ot S R R R A SR, T A R TG
SN L A 25 TCA B, 1 i i 7L R
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It Sl A il LR I L A L, TR B SR e R T,
AR U I R B 0 20 £ Tk A e A DA 2R R 1 i %
R, AE LT A RACBEHEAL T T ARG A,
AR 7 W R B U, TR AR P AT i
A, SRR A TER WAL 2 TR 0] S 5 0 R A
s AE . RATE MR ZH 23 & R T Sl 6 A 05 40
HH OB R B, Ry 5w 1 R 4% Foxp3 28 5 8 1
5 CNS2 [X 1 H3K27 (1) Z Bk Ak A& 1, b Foxp3 &,
Y% R Treg 4H 0 19 G 22 00 11 3y B, 400t 2 0 2 Bk AL
RU, AR IR A1 2, B AR A ASIUAE 0 A W 2 T i i
OFE T AR -TCA G IR -5 IR A A7 B% 4% 552 DUBE IR TLIE, 38
T ok 2 W WL 1) L TR 4% S RE SN, A ) SRR
A % LA T3 RA AR i gm RE 4R 41 138 7
3.2 FLER

R G UK FURRA B A (0 2 R P W sl i AR
0k VR A A, A 99 ok A e A R A D
SR BE B AR B . SR, B E 4 4 R FLIR TE
RA 1) XU £ £, W Rl i A R T 2 % A 4% i 4%
3, SCREAE R € 3 B AR T e AR N B 0 B AL Y 2
B FE T . 7 RA FHER & 2t 2O I B, LR
Al G2 AR I Z R 81 H0 I AR AR, /b {2 2 M FFA
YRR TS [ 348 5 28 A S A AR DL 4 R A AR S,
RVERT AR M RLRE o B 5 93 R 0 J R A R 48,
TR 5% rp L R A P A A IR, 3 B AL R L
i HIF-1a {5 5 10 26 4E K5 WE 2 A% 703, T2 RO S M1
W5 Ak, mKF AR A R IR T 12 B A e ie R R Rk
S AR, J5 ¥ BEHEN TCA 163K 2 5 fig B A,
AT A e 7 i o SR A O R 78 T LR, Tl
B AR TS, o i A S ORI R B A . (B OR
TR, 18 1 L RRRAS AT B8 A2 51 K G 92 41 i T R 3%
L P 2 LA DR, AR o X % o DR A D 1) S
H & KB T 405 4k, HES) S R R . I AR XL
B I B A A0 LRV EE AR B A FH B ) A 4
J SR T B YV RE O, S 1 W AR ARE 75 X 15 2% 2RE I
JIIE AR B RACEE e AR R . DRI, B LR Y
BT ARG TG AL 2 FLARY M 5 BUW AR B B, BA
SCHLKT RA I B X P T T
33 ZeRA-BEiTE

R T o A A R AR 5 5 IR I A7 A R 2, HC T il s
) 2 4 L S S B 1 R AR S RA A i S
S TCIE IR A SRR T A B A R A R IR Ak T i 52
1, 51 R ROS WIS 8 BRI 41 i il i i 5 i v
Fil, H IR 77 T Rl 25 T P A% 0o, DA/ g U7 5 e R Ak
() B B2 B MR AR F, AT RUCHR AR R 10 SR 1T i 5 97
TRk g, KRB AR 3L T 3 — 20 5] R 4Rk FFA A

A Dy REBRRE, 2B AU 1) R T8 7K S g v T 1, 3K
15 A PN A A7 R R B R TS AT R N R kiR 2 5 Ak
I3 e AR AR - i T TR (%) 41 e 2 TR MR, B
FR RS B D eE 2k, 51 R IR s AR AN, B A B A I
T8 BRI i 107 TR e 3t 5 5 PN O IR R AR 2 A e 5 1
O, BX B JORE R RS A AR AR T, B AT R AR
W S R 2 A 2 L R R A PR ke 2R Rr
A — g ELAE BRI 2 Wl (PR A HILRE B A%
1244 2), T REFT il RA ARG IR IR, AR B ia T
PR IR .
3.4 HIF-1a/PPARy 55

T B P 3 A R 2 20 92 I T R R SR O B
HIF 72 RA Vi JIE 20 23 v of it S0 B 455 1 J97 14) DG B 1 15 A
o ORI 2 IR 4 SRR B A HIF U4 775 RA )
LT AR PR ARAE, 60 W TR SO0E I AR ORI R
W, HIF-1a 5 ik 5 A6 W) B 7K 35 585 W) 0TS 2 44y
(peroxisome proliferator activated receptor y, PPARy)
[F) ) 4 W R A 0 28 B 2R, NS B AR . HIF-1a
()47 SR S AN B B TR S )7 X 3 ) s R
JoE g A, B GLUTIHK2 25 1 B fif o 4 il 1) 22 54
K DL 5 W 2 A o R, S 4 B TE SR A S PF R SR AR
T ATP 45 o [F) I, HIF-1o8 i 22 00 3845 3041, S5 25
Hl 55 PPARy 9 ig A 151 1 42 Th Y. 1 HIF-1a/PPARy
{100 i [ 4 L SSORE A 0 R T A I 0 o Py 2K Ay
AR, BIUWE B A 77 A ) Fr 4 IR T vkl 1 PPARy MK 1)
2R AR - g HAF3E N TCA R 3K, 2 ifij il i ATP #745
PR AR B S A N R A B A, 3 — 5 (1 HE iR R & Al
JIE TR E AR, AR o AR 2L

Tiff 5T 2% B4, PPARy B3/ 55 &' #% 51| i 7] 1% % HIF-1a
OX ) AR i — 7 T8 B0E PPARy % S i 1,
A T g R A A2 B 1 IR TR 45 A B 1 B PR A AR T
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Figure 1 The interplay and regulatory mechanisms between intracellular glucose and lipid metabolism. After entering the cell, glucose is
converted to glucose-6-phosphate, which can either enter the PPP to generate nucleotides or undergo glycolysis to produce pyruvate.
Pyruvate enters the mitochondria and is converted into acetyl-CoA to participate in the TCA cycle. Citrate from the TCA cycle is transported
to the cytosol for fatty acid synthesis and stored in lipid droplets. Fatty acids also enter the mitochondria via acyl-CoA for metabolism. The
black lines represent glucose metabolism, and the blue lines represent lipid metabolism. PPP: Pentose phosphate pathway; TCA:
Tricarboxylic acid; NADPH: Nicotinamide adenine dinucleotide phosphate; ACLY: ATP-citrate lyase; ACOD1: Aconitate decarboxylase 1;

IRG1: Immune-responsive gene 1; SDH: Succinate dehydrogenase; ROS: Reactive oxygen species; CoA: Coenzyme A
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Figure 2 Complex interactions and metabolic regulatory mechanisms among immune cells and joint tissue cells in RA. Abnormal glucose
and lipid metabolism drives macrophage polarization toward the pro-inflammatory M1 phenotype, disrupting the regulatory T/T helper 17
balance axis. Fibroblast-like synoviocytes are activated by cytokines. These activated FLS and macrophages collectively secrete MMPs. CD4*
T cells produce NADPH through the PPP, and CD8* T cells upregulate molecules such as GLUT1. RA: Rheumatoid arthritis; GLUT1:
Glucose transporter 1; NF-xB: Nuclear factor kappa-B; HIF-1a: Hypoxia inducible factor-1a; PI3K: Phosphatidylinositol 3-kinase; MMP-3:
Matrix metalloproteinase-3; IL: Interleukin; TNF- a: Tumor necrosis factor- a; ERK1/2: Extracellular signal-regulated kinase 1/2; JNK:
Cellular Jun protein (c-Jun) N-terminal kinase; P38: P38 mitogen-activated protein kinase; IFN-y: Interferon-y; Foxp3: Forkhead box protein
3; HK2: Hexokinase 2
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Figure 3 Main signaling pathways and inhibitors related to RA. The MAPK signaling pathway, JAK/STAT signaling pathway, PPARy
signaling pathway, lactate/GPR81 signaling pathway, and Nrf2 signaling pathway are the main signaling pathways involved in the process of
RA. MAPK: Mitogen-activated protein kinase; ATF2: Activating transcription factor 2; c-Fos: Cellular fos protein; JAK: Janus kinase;
STAT: Signal transducer and activator of transcription; PPARy: Peroxisome proliferator activated receptor y; FAS: Fas protein; HSL:
Hormone-sensitive lipase; ACC: Acetyl coenzyme A carboxylase; ATGL: Adipose triglyceride lipase; AP-1: Activator protein 1; PGC-1la:
Peroxisome proliferator-activated receptor gamma coactivator la; GPR81: G protein-coupled receptor 81; YAP: Yes-associated protein;

Nrf2: Nuclear factor erythroid 2-related factor 2

Table 1 Intervention strategies targeting glucose and lipid metabolism in RA. DHFR: Dihydrofolate reductase; AMPK: AMP-activated
protein kinase; SIRT1: Silent information regulator 1; NLRP3: NOD-like receptor pyrin domain-containing protein 3; HDAC6: Histone
deacetylase 6; MCC950: CRID3 sodium salt; M808: Hydroxamic acid; BrPA: 3-Bromopyruvic acid

Drug/ Mouse (M) or .
Target Pharmacological effect Reference
Compound human (H) data

Methotrexate ~ DHFR M, H (phase IV) T cell proliferation is inhibited and the release of pro-inflammatory cytokines is reduced [57]

Tofacitinib, JAK M, H (phase IV) The JAK1/JAK3 pathway is inhibited, blocking cytokine signaling [58,59]

ruxolitinib

Eupalinolide B, AMPK M These drugs can regulate the AMPK signaling pathway and inhibit RA by inducing [60,61]

shikonin apoptosis and autophagy

Resveratrol SIRT1 M, H (phase II) The expression of inflammatory cytokines is inhibited, and glucose and lipid [62,63]
metabolism as well as mitochondrial function are regulated. It alleviates oxidative
stress-induced damage

MCC950 NLRP3 M, H (phase IT) Lipotoxic signals are inhibited, blocking the production of IL-1/ [64,65]

M808 HDAC6 M It reduces the release of MMPs and cytokines from RA-FLS [66]

Baicalein, Nrf2 M It can inhibit the release of inflammatory mediators and the proliferation of synovial [67]

ML385 cells

PF-06650833 IRAK4 M, H (phase II) Inhibition of IRAK4 reduces cytokine and MMP release in human RA-FLS. In vivo [68]
administration of PF-06650833 alleviates the severity of collagen-induced arthritis

3-0-MG GPR81 M It can inhibit the release of inflammatory cytokines [69]

SP600125 INK M SP600125 can alleviate joint swelling and bone destruction in mice with collagen- [70]
induced arthritis

Rosiglitazone  PPARy M, H (phase II) It regulates lipid metabolism and inhibits inflammatory pathways [71]

BrPA HK2 M BrPA alleviates RA by inhibiting cell proliferation and promoting cell apoptosis [72]
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