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Research progress on the abnormal metabolism of macrophages in
rheumatoid arthritis pathogenesis
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Abstract: Macrophages play an important role in the pathogenesis of rheumatoid arthritis (RA). Previously,
studies have shown that changes in the metabolism of glucose, choline, amino acids and lipids in macrophages of
patients with RA can lead to the accumulation of metabolic intermediates which can act as inflammatory signaling
molecules to aggravate the inflammation and cause complications. Therefore, a full understanding of the metabolic
process of macrophages in RA patients will lay the foundation for macrophage-targeted therapy of RA. In this
review, not only the role of macrophage abnormal metabolism in the pathogenesis of RA but also the research
progress on macrophage-targeted drugs in RA treatment will be discussed.
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(synovial macrophages, SM) & 515 ¥ i 11 |5 105 41 g,
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(tumor necrosis factor-a, TNF-a) B A {2 % 1F M. 7
RA TR E A i 2, 75 2 2 ae i K1 H I e,
S SO T B AU SR B TR 1 B 2 Dy i T A L 5%
KA 2 S R AR AR U S, b 51 A AT AR R R R
HIR SRR R, 25 RARIL IR . AL
BT E RN TE RA 1 58 AR M LA K BA 4% B kg 41
FE I 25 7E RAVR T HH IR
1 EEAMEFEKRSEERATHEAR

AR SR, 2 AR E R 0 R ) R 5]
TR R AR 7= 1) 52 25 e R s sl AR e il — L2
TIRARUHE A E kL. TR R, RABRFE XTE
Wi H H 3 2, 5 B0 M T AR RN, 51 A A
A, 5 R R AR YR UR, R R E R
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11 BEEFERS R AR R AR R TR R R 4
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RA & # K77 SM K &R IB KA T T B 7 -1a (hypoxia
inducible factor 1o, HIF-1er), T {8 B & 2 515 i i A
o HIF-1a (1R IE o HIF-Lo A H B2 A 1) 28 2290 45 70 1,
HIF-1a 5 RA LA B T8 T ARRE B P Al A 422 et
UMK . RA ST B b A AR S0 58 23 IO B8 1 15k
UL % ¥ B 3 (phosphoinositide 3-kinase, PI3K)/AKT/
HIF-1a 3l ¥, 755 HIF-1o R X0, B35 SM A1 E
W 24 o 73 Wi If 8 P9 B 2B 4K [R] F- (vascular endothelial
growth factor, VEGF), M {i 12F & A= f, i = v e 18
Ao R SR B AN HIF-Loc B0 8 2 B #4814 1 (glu-
cose-transporter-1, GULTL), 42 i3k 1 4 ffa Xt 757 7257 4 $ck
E0 R 19 A8 308 B 3 I, S B0E R A4 I I0ORH G M AR
(reactive oxygen species, ROS) /=4, IL-18 F1 TNF-a 3
%, XL R AR ] B HIF-1a 3R IE, 3 —22 5]
FEC TR M A8 SR AN i A0, PIBK . 2 R TR A 2R
% EF (mitogen-activated protein kinase, MAPK) 145
W 2 O R A B T (Ca2*/Calmodulin-dependent
kinase 11, CaMK 1) i #%#f ] i 4% HIF-1o 7% P, PISK 4]
il 71 LY 294002 T4 UIE W fiE 2 35 PR AIC RA B8 25 T VA ik
4 L A1 THP-1 Bl 40 Ak b HIF-10 323K, FEAIK B MR 40
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Figure 1 Metabolism of macrophages in rheumatoid arthritis (RA) patients. After glucose is transported into cells through GULT1, most

of it is converted to pyruvate by glycolysis, then part of pyruvate

is converted to lactate and the other part is converted to acetyl-CoA to

participate in blocking TCA. Choline uptake and amino acids metabolism are enhanced. The synthesis and decomposition of fatty acid accel-

erated, then the generated acetyl-CoA participates in TCA, leading to the accumulation of succinate, citrate, etc., which further aggravates

the inflammatory response. The red arrows represent changes in M1 macrophages, and the green represent changes in M2 macrophages.

GLUT1: Glucose transporter I; IDH: Isocitrate dehydrogenase; SDH: Succinate dehydrogenase; CTL1: Choline transporter-like 1; Chok:

Choline kinase; iNOS: Inducible nitric oxide synthase; Arg: Arginase; BCAT1: Branched-chain aminotransferases 1; ACC: Acetyl-CoA

carboxylase; FAS: Fatty acid synthases; PPP: Pentose phosphate pathway; OXPHOS: Oxidative phosphorylation
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MIEFE %5 2 1 T R R, HIF-La 2 D] R B3k 1) 9%
TP /N BRI I R 2 s R I B R ek b, T
e R R R A RN R A L LR AR R A A A
6 20 i -0 B AL B (a-enolase, ENOT) ik 14 .
ENOL 72 B I fif 18 420 1ol 12 H e % A Dy s et =X 7 T TR )
AL, PR TR 5 IR R 5 5 581 R AL (collagen
induced arthritis, CLA) /)N BRI ¥ ) W 48 it 2 1 )
PLENOLFLIAAA B 2454, 1l i p38MAPK Il NF-xB i %
B AT = A TNF-as -1/, IFN-p £ 51 iR 3%
E, (prostaglandin E,, PGE,)™. % i 51 & I RA &
VB TR AT i A DR R I A I T R TR VT M2
(pyruvate kinase M2, PKM2), B & 5 I 41 ffg 5 %6 45 0
TR 3G 0, PKM2 — SR A0 3E N 40 A%, 6 1R Ak 3 ¢
[Kl-¥- STATS, i 5 L 41 Jf A6 o M1 LR 48 i, 73 W%
IL-6 i1 IL-18, 25 RA [ #L & g4,

WL R B, RA B3 W ML E 4 i TCA TG IR
2P, S b R i &L (isocitrate dehydrogenase, IDH)
TETERRAG, FEATRIR AR IR N . AT IR 8
L2 A T4 NOWROS FI PG — Ff s B A Ji, {233k M1
IR 240 R 7t 28 P A PR R 19 R BRI A A 48 R+,
KA HIF-10 FAE S, B FBTR I RA B E TR
R 3% 7 R i &L B8 (succinate dehydrogenase, SDH) 3 P
RS EPRRR AN . RA BE S S A IR
PEToll FESZARBCAA, JR S B0, S SO0H TR AR 1
R N BRFH R G I, R 2 HIF-1a 051k, 155 B
SNG4 1L-18; [R5 53 3% 30 R R 21 e 4
bh, 5 LIS 52 & SUCNRL/GPRI1 &5 &5, it — 35 i ik
IL-18774, INEE JORE Mo CIAZN RS BRFR
KPS /N B T KRR FE A oG . FEBUE T 2 56T
#% (antigen-induced arthritis, ALA) /)N B Y ey 5 [ fl
Bk SUCNRL /)N B 56 717 it B 42 P55 B S g A el
1.2 BB JIH B0 4 A FE A% I AR 2 1k IR e 1) i
A, I R E e s AR TR W OF el IR B (choline
kinase, Chok) 4R ¥, % 1t Jy % JIg 1%t IH ik . Beckmann
S04 T RA B E AT HLBH 2514412 /& (organic cation
transporter, OCT). Il 5% %% iz {& £ (choline transporter-
like, CTL) Z Ji% F& 02 A /& 2 A1 77 BB 4% 32 44 (high-
affinity choline transporter, ChT1) DA b 2 2. Bt HE Bl 4%
iz 1 (vesicular acetylcholine transporter, VACht) %5 £
B 22 O A 3 A N OGO T I AN A B ) R
k. WFFLEM, OCT1.OCT3 M CTL1~5 & FH7E A%
T R R TR A RIS, H RA-SM H R R ik
CTLL. FFCRIL, RA 3 W i b S i e o & ) 1
I RA HR Ak 1 WG 200 i ot LB AR5 R IR S R g, 6t
JIER 15 B 5%, Chok B BR AL AR BRk, 7 AR AR, 5] B i5 =

I i AR A PR A A D] 2028 Chok xof JIE i 1) £
B\ Bl 5 B R A0 28 00 B 22 7 K/BXN /) B AR Y
H, Chok 1] 71 MIN58b B IS /N Bl 5 ™15 ¥ W o B8 g A1
IL-18 B 7K T, Y DG 1Y 98 i AR R, (R4
6 1% 5 5 I 41 g (bone marrow-derived macrophage,
BMDM) i 583 B, 4 Bk sk Chok 52 2| #i1l J5 , & &
BRI AT, ATP £ FSC it 7% 14 F0 20 Al ) ATP BEAIR, B
S VT IR TR VE A B N, (R B R A 22 o Y,
] 5k 4 i 7 A 1L-18120,

1.3 |EBRKH ADEBRAMNZEAREGKRMERA,
R OB S S E B A . TR, RAE
Wk 44T 75 2 22 IR AR P 2R 2 DR IR SR 1T 1L-18 1
520, vy I B AU TS T 9T AR A A I e AR A M2
B A0 ) — MRS E . TCATER R JLE=20 22—
e ok A A ME LS. RS 2 R 2 RA B 20 o AX i
R IEIR, K AR (arginase, Arg) F1— &AL R &
(nitric oxide synthase, NOS) (], RA g3 Il
T Arg B R RIE M TE E R ML B WA AR S it &
% NOS, I I ks & . 7= 4 NO, NO i & J i Sk 8 jin
LW A an R B - AR IR, M2 L4 A 2 K
BRI Arg DU SRR, SRR 2 RINTTE, HF
BT E W 40 i 3 5 A S A RN ARS8, RATE I &
LR R IR #58 fR FE IR (L-amino acid transporter 1,
LAT1), RA 35 4 J&] I B2 k% 4 M R 441 i A LATL
TR ET ), NS RIER AR NI, LAT L i
FLA W) R R E A E AR 175 10 e 2
e 3E RA FRLAZ 240 it A 5006 40 it 4 34 IL-18 R TNF-a281,
Papathanassiu ZE24H CIA /N AR YA BMDM K 31, =2
% #£ % ¥ 1 (branched-chain aminotransferases, BCAT1)
I S S B IR o) R AR T IR, BCAT L4055 ERG 240
A AR 5 Wk 4 i AP S 2 0 W T2 Ao 2, U ) 8 R R
T MR, pekdR CIA T R [ B2 .

1.4 FERRARHEE  WAT S I R AN SE 56 == 0 JE R W,
RA B 41 i g 5 A U 7 8 5 51 2 0 ML 787 2 0 T 50 ik
PRERE A0S, RA SB35 B K FF A AL PR R m 2 VAR A
JRLLE B ik PN 6 J2 ) SR AR, T W 4 i A O T ) 2R AR
SRR . Kiss 5P I RA B3 LiE 1 1L-34
HH R T v, 5 250 4 kL e O, i e i
P38MAPK {5 i % 1] CD36 32k, it i2F 1 v 40 Ji 72
e Wen Z5ESI7E CLARR AL ks ) 31115 i 5 Wk 20 R A &1 )
AL 55 200 L L[ e 3, L 40 i P 375 3 K 32 44 CD36
TR AT FARABTT BT 5, /N BRLIE e AR
A E AR B IR B KT R, ATk T B A
J N HE T RALAI CD36 R IA . AR R A2 — 1Bl
A 5 o i R, dERr bR e &P . EVE 2 000
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o, XM ENAS AT, S EUR B R, JRITTER A
1k (fatty acid oxidation, FAQ) X |5 I 2 Jifd ££ TCA 75 ¥4
o 5 S50 BB, RA T ML LW 41 i Ig 1D 2 (fatty acid,
FA) & B3 e, M2 B 41 i FA 35 BUFT FAO il i,
{AAE RA T BARHLE A 75 T — 2wt 5t . W9k 9,
[L-4 70 1L-13 48 T = g 240 i 3o S04 0 il £ 8 B P 0
ARy SIS T 1B IRk, T BARL AR I BE B
FIEHEIN, Itk FAOUSI, FAO A= B (1) £ Bk 4 i A X
A MR [ P AR, AT 0 3k 5 A R A ) RS
2 A EREMERNZAYIERARTT RRIMER

H AT 6 97 RA 1) F E 25V 208 7 1 Bt A 2
(disease-modifying antirheumatic drug, DMARDS). £
PR 25 AF AR BT R 25 H R IR 254 . DMARDs 345 1%
4 DMARDs I £l 7], 42 i) JAK/STAT {5 5 1 % 1)
ZANGF T, IR R R T RA B IRTE
JTI, H H A A SR n) B A 25, A L2 AE
RAEAE R B R RS AT AR s i B AN ThRE . 1L 48
DMARDs AN —Z£547), 5 WL A2 H 2 08, a i 4 il
NF-xB 1 NLRP3/Caspase-1 i %, I il LI 41 g 48 %2 1
53Uk 2 A A ML IR -, - R 4 B R A, ek Ok
RNE SV BIR, & K2 5 RA B (1) ik 25T,

WF TR W], RA B8 1 IR 1t kL 4 i - g 4 i
A 7% H B K F (granulocyte-macrophage colony stimu-
lating factor, GM-CSF) Jx .52 &K1k Tt 55, GM-CSF i
T 0 B R 4 B TR SRR 4T M HE AR 9% A
e, H A GM-CSF 4017 (MOR103%9, MORAb0O02.
KB003 A namilumab®) L % $i GM-CSFRa [f] $T f4¢
(mavrilimumab) ¥ & 52 B 1 HH IR R K 5009, Xt 4% 4t
DMARDs i 5% ) 8 #5  RIF A B2 k. B
/& TNF-or IL-1 AT 1L-6 55472 58 200 i DX 11 3 2R U5
ZNHE . #E TNF-a (etanercept.infliximab.adalimumab.
certolizumab F1 golimumab) #2, IL-18 (canakinumab i

anakinra)“I#1 IL-6 (tocilizumab.sarilumab.clazakizumab
A ALX-006.L) 41 (it 441 1) 771, 388 ik 411 1) 5 Wk 240 o A £ A9
ML 3 200 i, {32 SR A2 200 PR R % P 5 200 P 0 125
A R RA T I o % I I8 i 41 ) 71 imatim bS]
1 mastinib e m DL i B 20 i 7 A2 TNF-a, 22 4
B RIE. R IR R, RA b E g0 v R i
1k IR °F- % 44 1 (CC chemokine receptor 1, CCR1), CCR1
5 Bt /1) CCX354-C fig Wi 717 5 A% 21 Jf A1 15 1 200 Ji 1)
JELH SRR, 80 96 M W 20 = i, 2 A 5% 1T A0E,
H BT CCX354-C 1E I /R b B A — 52 122 4 M R &L
PEE, /NGy JAK 0 1) 1) R A 78 T B Ak 3 i Y STAT
B 6 R T IO, o tofacitinib (JAKL/3 $101 i) 7511) (81 A
baricitinib (JAKL/2 il 1) E ] B Wik 2 i v 44 7 7
A2 IL-6 TNF-a 5512 %8 4 B X+, A RUBH W RA 48 JiE
Jh Wk [N . Peficitinib (JAK2 #11 #i] 71) 591, upadacitinib
(QAKL #8170 2 T I RBY. 5 tofacitinib 2 2
LU F WL 1 filgotinib 1F 76 32E 47 U I RS, B R
USIESRYEEAER

XFRARZY, AR ST E I F R Arg-1 77
A RS T SR ML G A0 L v e, TR 5 M2
W 241 B 1 T e, i) e 4 B 43 94 IL-18 IL-6 . TNF-a..
IL-8.PGE2 Fl {4 4 i -2 22 it RA ¢ 7 48 E LB ik
B3, TR AR A B S BN R TR T RAIE
TG Ay, 0 B 4T AR IL-1a IL-18- TNF-a AT IL-6
BEDR 24, 55 AR o 1 7 R L, 4 T A Ak A )
W 41 B 43 v TNF-o R IL-18, H A& Ti697 RAZE H
5 G PR 5
3 RHEERE

RA B ML & 2%, B Ak 5A B AF a7 2499 .
£ 4 DMARDSs 411 H1 04 S5 i 2018 HAS R SR, AR
WA FU R /N G - 40 1 55 B o — ) LA R R
IR 1 XUz, R AR 25 1oy B 2% HL 5 AR i U

Table 1 Potential therapeutic targets of macrophages metabolic pathway in RA. 2-DG: 2-Deoxyglucose; 3-BP: 3-Bromopyruvate; HIF-1a:

Hypoxia-inducible factor-1a; ME-2: Methoxyestradiol-2; CIA: Collagen-induced arthritis; AIA: Antigen-induced arthritis; ENO1: a-Enolase;

PKM 2: Pyruvate kinase M2; AA: Adjuvant arthritis; FLS: Fibroblast-like synovial cells; LAT1: L-Type amino acid transporter 1

Metabolic pathway Target Drug or compound Disease or animal model
Glucose metabolism GLUT168 CG-5, WZB-117, STF31, fasentin RA
Hexokinasel®! 2-DG, ionidamine, 3-BP RA
HIF-1aM57 Genistein, LY294002, KN95, ME-2, Hsp90 RA, CIA, AIA
ENO1E®! Anti-ENO1 antibody Systemic lupus erythematosus
PKM2059 Shikonin Atherosclerosis
SUCNRZ1[ BHGZ AA
Choline metabolism CTL16Y HC3 RA-FLS
Chok MN58b K/BxN
Amino acid metabolism BCAT1 ERG240 CIA
LAT1E2 BCH RA-FLS
Lipid metabolism CD36 Simvastatin CIA
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RAJCTTHT B 2k SRR A 1 22, 7E M8 PR S R bk
HERREEMEN . TER TR, BV R
RS 5 T RA [R5 BEALE AN A 2E &R, Je LA R
ALTRSM BRIk, e ) RA G5 6 o 5 40 L £
AU il B TR A (3 100°600), 2] IR 3% fb B 4
JEFRD Sr i A, i e e o) A R T 4 Y T e
KIGIT RAGE H B S e, B X S0 i AR R 20
M, AR AR BT RE o I A f KRR P Hh
TRIAEAR, R 25 A R RONE, DK SR ATE FE S G 2 S
TSR 5 2 (326 % 1 A 2 L A 2 2 2 4 L 245 90)
SRAALHT T IR0, PR, X B 4 S A AT TR
Bl T4 5k RAKCALE], 7870 1 RA E R 41 i 19
A4 ] O HE R AR VR T RA SR 8T 8 i

{EE STk FO R SRR B E RSN, 5 B % STk
BRI A B LA SCHTARR ) 5 AR 0+ s B M S0 1 J
AR A R R, LA RO S8 P37 A% 2K A8 205, SR A T H
M EZA TN, MEER S TR T AER SR, 4
PR A 3 #1152 9 ) e fie & AR

FIEEAEE: AR AR ORI N B TAE A 2R PR
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