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/> NF-kB pS0 Fl1 NF-kB p65 B A, H-FEAR p-NF-kB p65 (Ser536) /K-, HA ] NF-xB 1% 1L 1E
(P<0.05) ; DA XF TLR4 i % % A B & 30 /£ F (P>0. 05) , {H BE 3 il p-IKKa/B (Ser176/180) i 1k (P<
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Disuccinate artemisinin mitigates LPS-induced macrophage inflammatory

responses by protecting mitochondria and inhibiting the cGAS-STING pathway
7ZHU Ting, WANG Pan, BAO Chenzhen, CEN Yanyan, PAN Xichun Department of Pharmacology, College of
Pharmacy and Laboratory Medicine, Army Medical University (Third Military Medical University), Chongqing, China

[Abstract] Objective Endotoxemia is a common high-risk subtype of sepsis, primarily caused by
lipopolysaccharide (LPS) released from Gram-negative bacteria. Macrophages, essential components of the
innate immune system, represent one of the most critical defense cells within the immune system once LPS
breaches physical barriers; LPS can activate macrophages and induce a severe inflammatory response.
Mitochondria, vital organelles regulating cellular metabolism and inflammatory responses, undergo structural
and functional damage that further exacerbates the inflammatory activation of macrophages. This study aims to
investigate the inhibitory effects of a novel artemisinin derivative, disuccinate artemisinin (DA), on
macrophage mitochondrial damage and inflammatory responses induced by low-concentration LPS, as well as
the interrelationships between these effects and the preliminary mechanisms of action. Methods Low-
concentration LPS (20 ng/mL) was used to induce mitochondrial damage and inflammatory cytokine expression
in the mouse monocyte/macrophage cell line RAW?264. 7. Cell toxicity of DA at concentrations of 0, 1, 2, 4, 8,
16, 32, and 64 pg/mL was assessed using CCK-8 assay (n=6); qPCR was employed to monitor the dynamic
changes in mRNA levels of TNF-a, IL-6 and IL-18 in RAW?264. 7 cells at 0, 1/12, 1/6, 1/3, 0.5, 1,2, 4, 8, 24,
and 48 h after stimulation with 20 ng/mL LPS (n=3 or 4). qPCR was further performed to assess the effects of
5, 10, and 20 pg/mL DA on the expression of the aforementioned genes in RAW264. 7 cells stimulated with
20 ng/mL LPS (n=3 or 4). RAW264.7 cells were divided into the control group (medium), 20 pwg/mL DA
group, 20 ng/mL LPS group, LPS+DA (5 pg/mL) group, LPS+DA (10 pg/mL) group, and LPS+DA (20 pg/mlL.)
group. Western blotting was applied to detect the expression of nuclear factor kappa B p65 (NF-kB p65), NF-«xB
p50, and NF-kB inhibitor alpha (IkB-a) in cytoplasmic and nuclear proteins (n=3). RAW264. 7 cells were
divided into a control group (medium), a 10 wg/mL DA group, a 20 ng/mL LPS group, and an LPS+DA
(10 wg/mL) group. Western blotting was applied to detect the expression of Toll-like receptor 4 (TLR4)
pathway proteins in total cell lysates (n=3). RAW264. 7 cells were divided into a control group (medium), a
20 ng/mL LPS group, and an LPS+DA (10 pg/mL) group. Western blotting, fluorescence imaging, and qPCR
were utilized to detect the expression of p-NF-kB p65 (Ser536), inhibitor of kB kinase a (IKKa), inhibitor of
kB kinase B (IKK), p-IKKa/B (Ser176/180) and ¢cGAS-STING pathway proteins in total cell lysates (n=3).
The mitochondrial morphology, membrane potential (n=5), and reactive oxygen species (ROS) (n=4) were
observed. Free mitochondrial DNA and chromosomal DNA in the cytoplasm were also detected (n=4).
Results The IC,, value of DA was 13.2 wg/mL for the proliferation of RAW264.7 cells. Peak TNF-«
expression occurred at 1 h after LPS stimulation (P<0. 05), that of IL-6 at 24 h (P<0. 05), and that of IL-183 at
4 h (P<0.05). DA sustainably downregulated the expression of these LPS-induced genes. Compared with
20 ng/mL LPS, DA also downregulated the expression of TNF-a, IL-6, and IL-183 genes in a concentration-
dependent manner (P<0. 05), with an optimal concentration of 10 pg/mL (<IC,;). Western blotting showed
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that, compared with 20 ng/mlL LPS, DA concentration-dependently inhibited LPS-induced IkB-a degradation,
reduced the nuclear translocation of NF-kB p50 and NF-kB p65, and decreased p-NF-kB p65(Ser536) levels,
thereby inhibiting the activation of NF-kB (P<0. 05). DA exerted no significant effect on the TLR4 pathway
(P>0. 05), but it did inhibit the activation of p-IKKa/B (Ser176/180) (P<0. 05). Mitochondrial damage assays
demonstrated that, compared to 20 ng/ml. LPS, DA inhibited LPS-induced mitochondrial fragmentation,

membrane potential decline, ROS production, and mitochondrial DNA release (P<0.05), thereby
downregulating cGAS, p-STING (Ser366), p-TBK1 (Ser172), and p-IRF3 (Ser396) (P<0. 05), thereby inhibiting
the activation of the cGAS-STING pathway. Conclusion DA mitigates mitochondrial damage induced by

low-concentration LPS in macrophages, thereby inhibiting the activation of ¢cGAS-STING pathway to alleviate

mitochondria-related inflammatory responses. DA is considered an anti-inflammatory candidate drug with

mitochondrial protective properties.
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HENE A ZE AN G 2 M PIR S | 2 IR B R S e SR A A
LB SRR . LPS 2 B R FEU e
TR B PR, DRSS LPS 25 A R L,

IR A I A0 G0 5 W 0 Y 25 3 ek 2 A Toll A 52
& 4 (toll-like receptor 4, TLR4) Fl jfi 3¢ 5% /& NLRP3
(nod-like receptor family protein 3, NLRP3) 8 ] LPS,
TLR4 iR 5] LPS J& , 8 % i 70 1k [ ¥ 88 (myeloid
differentiation factor 88, MyD88) FEr TIR 45 44 188 T 38
Ei5 F 43k 431 (tir domain-containing adaptor inducing
interferon B, TRIF) , DT 1 % IR 7~ kB (nuclear factor
kB, NF-kB) #1 T4 & 875 A T 3 (interferon regulatory
factor 3, IRF3) , e ZC UG R AE Bl F TNF-a | 1L-6 . IL-1B
RT3 R R 2365 0 AR U B LPS o Al 3%
NLRP3, 53 NLRP3 3¢ ity 2 AE/IMA | H TG AL B R 2
SRR 1 59U 1L-18 Il LL-18 il (A H O Rt 21
SR ORI LPS 3% TLR4 I & NLRP3 3 % , 3 ]
BORGJAE N 7B 2R A e R, PR ok R
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BFFE 7, LPS o 2> 5 0 gk 40 i 25 S 5 240 M
A BRI A, AT 5 BOEARAR By g 25T 5 (Rl 45
AT R 22 ) B AL CAGM) T [ L PN SN S2 451 Fg
ZL , B A BRI W) 0T AN LA AR T 1 4R (reactive
oxygen species, ROS) £ F7 & DNA 25 it Jw 21 g 2% o,
P SRR 5C A 8 1, 41 cGAS-STING Al NLRP3
AL/ AT A, 2 BB RN IRF3 H NF-kB i
b B AR 58 R ¥R TR, 28 A0 R R P B T G ] T AR

T2 BRI RM, bRk R0 5 | i B 2ok A e
S5 I FIAAH AT T AT I A4 S5 S A L ) e L
BUMRTEAE K A R R, R R AE A LE M BERE PR v TN 22 2%
BRI RSN RE

ABFFERTA BT & T — D & RATEY
—— 5 15 W B EE (disuccinate artemisinin, DA) . A<
FEPLR AR MR B LPS 75 5 E M 240 i 58 14 S o, 38 ot {2
RIEKFIAKEM , TLR4 NF-kB Fl cGAS-STING 3 175
PRI, RS 1 D 45— R 9 250 7 58, ¥R 1T DA
3 o YRR I 0 UL ) A i 47 00 ) e A A G 5
PESCSEIVEFH A B8 1) SRR 5 A B oy 1) 7 ¥ e
BRAE 25 R b 25

1 HE5F®

1.1 ki

/N BB BB I A D B RAW264. 7 (T H 36
ATCC 0 ) B85 77 3 A5 10% B 4F 135 1) DMEM =
BB 352 3 (1 B 26 B Gibeo A | ) , 7E CO, 15 35 46
(5%C0,) 37 “CHE R BEFF . 4 i fill 5 B 35 3] 70%~
80% Ji , ELAE T 20 M AL A5 5% | 328 AR HE S i) X6
BUE RN T R e SR 525
1.2 CCK-8 %3

W A2 K IE IS A RAW264. 7 Jin A 5] 96 FL R H (5%
10° /L), BARFL0. 1 mL, DA AR BETA 0,
4l B >98% , %5 T DMSO, 1] DMEM 75 0 15 5% He 4 B o
fii FH (DMS0<0. 1%) . 41 L 5¢ 4= Wi BE J5 L A DA (0.,
1.2.4.8.16.32 164 pg/mL)AbFRA0 M, 4F4H 5 FL .
QR FR 24 h g BBRIEFRAE, MA 0.1 mL & 10%
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CCK-8(I4 [ 1138 = KA Wy H A A A FRA =) 58T
ff 55 IR I, AR EEE T 1~4 h WS (8 A8 A e o 2 1k i
6]) , FEBEEAR S %2 [ 0D (450) ] H3T51C, 40

1.3 qPCR#&%

B AR IE RS RAW264. 7 IIAE] 12 FLH (1x10°4/
FL), BAF T mLo WEEJS A DA R LPS Zb# 40t , H:
T DA HEZERUEBESETT 1 h LA SRJ5 A 20 ng/mL LPS
(1 F 52 [ Sigma 28 /], KM FF B 055 BS R U ) 4b B
Y. OXFFIFRE R LL, JEMA 10 pg/mL DA 4b
FH1h, HMALPSZ#0.5.10.20.,30.60.120,240,
1 440 F14 880 min, 2 7% J5 F RNAiso Plus(JJ [ H 7
TaKaRa A F])FEEUE RNA L, HL 1 Mg,‘._fj RNA, H] Primescript
RT I & (0 [ H 78 TaKaRa 23 7)) ¥4 5 4 ¢ DNA , %
F SYBR green PCR Mix (114 | 52 [& Bio-rad 2 ] ) #17
qPCRAGI , 52645 R 27 g it 4 R . @xt T
AR RS, 3 A IR (medium) 41 .20 peg/mL DA
2H .20 ng/mL LPS 2 Fl1 LPS+DA #4H (5 pg/mL. 10 pg/mL
120 pg/mlL) , LPS A JG AL B 1 h 5l 4 h, J5 £2 52560 T
HEBROCR LA . 519 CE T AYE RO 751
AT, FESIMIR N TNF-a( 3519 : 5/ -CAGGT-
TCTGTCCCTTTCACTCACT-3" ; FiiF5(4): 5'-GTTCA-
GTAGACAGAAGAGCGTGGT-3" ) \IL-6 ( L iiF 51 ¥ -
5'-ACCACGGCCTTCCCTACTT-3" ; FiiF 514 : 5'-CA-
TTTCCACGATTTCCCAGA-3" ) | IL-18 ( L {iF 51 4 -
5'-CTCAACTGTGAAATGCCACC-3"; NS 14: 5/ -GA-
GTGATACTGCCTGCCTGA-3" ) . B-actin ( L #5149 -
5'-GAGACCTTCAACACCCCAGC-3"; FiF5 14 5 -AT-
GTCACGCACGATTTCCC-3" ).

1.4 Western blotting 7|

B KRS RAW264. 7 /i A2 6 LA (2x10°4/
fL), BAFL2 mL. WEEJS A DA F1LPS &b 2 21
20 Ry X% IR (medium) 2 , 20 wg/mL DA 241, 20 ng/mL
LPS ZH 1 LPS+DA 4H (5 pg/mL .10 wg/mL % 20 weg/mL) .
DA #2771 1 h JiIn A, #RJ5 I A LPS AbBE 1 h 5l 4h, R FH 1P
o1 e 24 (W 3R s RAE W E AR A A BR A
A SRR SR A A A R ORI & (Il A
Vg 35 5 R A AR IR0 AT B2 w) ) 43 ) i B2 i o 2
FRZ R . 25 M e B 200 weg B 1, R FH Western
blotting i& 7l & (14 F 138 = RAEYE AR BA A PRA
A R S A 1 TLR4 38 % 19 TLR4 . MyD88 . TRIF .
IRAK4 , TRAF6 ) 3 ik , cGAS-STING il % i cGAS.
STING . p-STING (Ser366) | TBK1 . p-TBK1 (Ser172) .
IRF3 . p-IRF3 (Ser396) (1 [ 36 [# Cell Signaling 23 v )
ik, NF-«B i B 09 310 il [N «B ¥ i o (inhibitor of

kB kinase o, IKKa) il Kl - kB i B (inhibitor of
kB kinase B, IKKB) . p-IKKa/B (Ser176/180) 3 ik ; it
A, TE 4 L5 A 1 AR AR e 43 0 A DU NF-k B p65 . p-
NF-kB p65(Ser536) \NF-kB p50 Fl Ik B-a %35 (iR
A [ 2 [H Cell Signaling 23 7)) o 20 Jifd Ji = 26 1
K DL 3K 78 2 11 90 (heat shock protein 90, HSP90) Ay
N2, #% H L Histone H3 NS (W H FilFEE <R A
W AR A BRA T o SLHE5 R R 2# &K
4% (Bio-rad) H A% 437

1.5 ZEARERE

WA K HE S () RAW264. 7 A B 2L B FE L (1. 5%
10°AAL) , BAARFL T mL. WEEEJS A 10 pg/mL DA &b
FRANME 1 h, SRS A 20 ng/mL LPS AL BRANL 4 h, LPS
Kb B ZE BRAT 20 min, 23 53100 A 200 nmol/L MitoTracker
Red CMXRos (114 [ 3¢ FEFE Bk €A H]) \JC-1(1:2 000 F
B0 A B S REYFARBMARAT) 5 pmol/L
MitoSOX red (g H 32 [E MCE 2~ &1 ) A B 20 g 20 min , 2
VRN LT BT I AET 6 DMEM 15 95 58, 7 OG5 4=
BB (Zeiss) ™ HEATIE 40 IS KAZ I3 B -

1.6 ZA4R DNA #)

W5 A K E Y RAW264. 7 1A B T, 40 i 1% 37
(1x10" /L), BAKFL 10 mL, W BEJ5 A A 10 wg/mL
DA XL FRANAE 1 h, A1 A 20 ng/mL LPS ZbBRZH A 4 h.,
Ab 52 ER )5, PBS (0. 01 mol/L; pH{E 4 7. 2~7. 4) ik
AR 1~2 U, PRSI A0TSR 50 20, o O
. — R EET 0.5 mL NaOH(50 wmol/L) Ht,
& B 30 min ¥ i DNA, R J5 i A 50 L Tris-HCI
(1 mol/L; pH=8. 0) H* F1 2 fife W , 24 56 WL J5 4 °C .
10 050xg 50> 15 min MU V& , BIA 4 45 57 DNA $2 H
W — A EE T 0.5 mL % 150 mmol/LL NaCl .
50 mmol/L. HEPES F1 20 wg/mL ¥ Hb % 5 2% v ¥ (pH=
7. 4)HIEF 10 min, SRJ5ELE B0 3K (4 °C, 3 min/IK |
980xg) , K b IH WAL B30 (4 °C, 17 000%g . 10 min),
P32 T A0 A SRR N P I I 75 S 1) 440 o 2 O
YRR DNA KA . PCR 7 ZE1R) 1. 3, FF 54K
WM Cytb ( EE51 %) . 5" -GCTTTCCACTTCATCTTA-
CCATTTA-3" ; Fi#E51#9 . 5'-TGTTGGGTTGTTTGAT-
CCTG-3") \HK2(_L¥i51%9) : 5'-GCCAGCCTCTCCTGA-
TTTTAGTGT-3" ; FliE514: 5'-GG-GAACACAAAAG-
ACCTCTTCTGG-3" ) , B-actin 51 ¥ WNHTFT & . &7,
Cyth G145 B ik B2 W8 HK2 25 B b 47 5 — 1k b BR LA
it G PR Ay A0 RS B 2 5 1 | Al ) 2B b AR DN A A 1582 .
1.7 %itEriE

& Ml GraphPad Prism 9. 0 #4745 1140 #7 , 31 & 9%
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B s 75, PIALTE] FUBOR I SE FEAS ¢ K 5, 2 4
FEBCR B R T5 25 0 B it A7 73 Mo P<0. 05 2 22 5%
BAG

2 #R

2.1 DAREARBEMALIE RAW264. 7 28 1038 74

AR ETH A A E S R A, B
DA(K 1A) ., J¥I T4 DA & % RAW264. 7 BLA
B, AW R CCK-8 S5 ULEEAS [A] Vi B DA X 241
RELHEGE I s2 e . 455 R (] 1B) , DA YR B I #E 1
2.4 18 we/mLAT5 0 peg/mLAH LG 2% 57 (P>0. 05) , &
FNIZH TG FE Y DA X RAW264. 7 40035 1 JC 50 3 {H
YA FRANHE A DA WA E] 16 pe/mL 5, RAW264. 7
YRS S IF AR Z B, 5 0 pe/mL A L EA B3
255 (P<0.05) ; DA ¥ B ik — 2042 15 21 32 Fl 64 pug/mL
Ji 2 B W 40 i EE 1 (P<0. 01) o a5, DA 1Y
1C,fE 4 13. 2 pg/mL IC, B4 21. 7 weg/mL.
2.2 DA#pH LPS #3469 B 2m it K 52 B F & A

AHFFE E Se R qPCR, .1 DA XF LPS Jir 8 H w5
Y B S E H TR IR RS2 . SEEG T S8R 10 pg/mL
W EE 1 DA (<IC,) , B WLEL XS 20 ng/mL LPS i 7
RAW264. 7 241 it fit % Hl + 3% 35 1Y 5%t (0~48 h) .
qPCR &5 R R, Wi % LPS 15 3 A M ZE K, TNF - IL-6
FIL-1B B mRNA Rk H 5 b I )5 T e,
TNF-o KGR ] 4 1 b JL-6 KW ] S 24 h JL-1B 1)
IR ] 9 4 h; 10 we/mL DA FAYR 4525 Ab 35, o] LA
RS0l LPS 15 5 19 13k 3 A~ & I F mRNA ik
(FE2A) o ZEE R4, DA AT 52tk T 8 LPS i 5
BIAE R R F TNF - IL-6 T IL-18 33K .

FEF Ok, R 5,10 #1120 we/mL B DA W5 H X

> Y i
g&;/‘x“ < ) o J
4 K -
V% “ &? Koy %—Z
< ¢ A
DA A

20 ng/mL LPS % 5 RAW264. 7 41 i 48 [H 7 F ik ()52
M), PRI DA 2 A EA F K bt A E o FEAREB
53, TNF-a | IL-18 FI IL-6 &35 W R s (8] 65,43 51k LPS
AEFEZRAL)S 1 ho4 h 14 h, qPCR 455 8w , B H DA
WRERR BT I 5 W 40 MY TNF -0 IL-6 11 IL-1B8 ) mRNA
LK (P<0.05, K 2A) s SHTIALE R —3, LPS 3% il
R 3R R R 3R IR AN [k BE DA AR AT L
5 pg/mL DA Xf LPS i5 5 i 42 & IR 7 335 70 i 2 T i
fEH (P>0. 05,18 2B) ,{H 10 wg/mL DA 120 pg/mL DA
VAl 2 2% 0 LPS 5 3 iy 412 4 X - 3R 3k (P<0. 05, K]
2B) o H17F20 wg/mL DA FfFARFR I H B aR A 04 T
JE LS FE 10 we/mLAE R DA Al FHMR

2.3 DA #4] LPS -5 E * 2n i NF-xB i %75 1%

LPS I DA AL 3 RAW264. 7 1 h i , $2 BUI 3 5
FRZ AR 1, SR ] B 75 B 52 50 UL 8¢ DA S 75 38 3 5% 1)
LPS 75 3 NF-«B i #% 1% b L #AE o 52580 53 51 % H
HSP90 Fil Histone H3 /A 21 M it 85 I AL SR I N 2.
20 i o AR R &5 R 8 7R (K1 3A U B) : DA XJ NF-«B
p65 Fl [kB-a 3k TG BH 852 1 (P>0. 05) , {54 B ik 2>
NF-kB p50(P<0. 05) ; 51E % (medium) A L , 20 ng/mL
LPS Bl n] & 25 ek 2 41 il i NF-k B p65 1 NF-«kB p50 If:
%5 IkB-a [ fi# (P<0. 05) ;5,10 F1120 wg/mL DA 4b 3
AT 50 S M 400 5 R NF-k B p65 T NF-kB p50 4k
52 B 1E H K SE I3 IkB-a FEf# (P<0. 05, & 3B) . #%
PRI 25 R (81 3A.C) : 20 pg/mL DA 53534 in
Y HIAZ Hh NF-k B p50 7K F (P<0. 05) , {H 3 20 41 Jifd 1%
i1 NF-kB p65 7K F (P<0. 05) ;20 ng/mL LPS i & 1
A g% o NF-kB p65 FINF-kB p50 7K F-(P<0. 05)35.10
H120 wg/mL DA Kb A] 50 i R b 400 1 40 f A% NF-xB
p65 FI NF-kB p50 ik (P<0. 05) ; ZE4H A% i, AR

P<0.000 1
60— P=0.002 2

P=0.018 1

40
1C1p=13.2 pg/mL

20

Inhibition ratio/%

O T T T T T
0 1 2 4 8 16 32 64
DA/(ug/mL)

A: chemical structure of DA ; B: effect of DA (1, 2, 4, 8, 16, 32 and 64 pg/mL) on the proliferation of RAW264. 7 cells

1 DARERBIEIIE I RAW264. 7 A FEIE5E

Figure 1 Disuccinate artemisinin (DA ) promotes the proliferation of RAW264. 7 cells in a concentration-dependent manner
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Figure 6 DA inhibits LPS-induced activation of the cGAS-STING pathway in macrophages
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