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W - LA B

E g Z HESE T 3E NRF2/SLC7A11 h30 § Bl _E Bz 248 B £k 58 1= ¢ 8 ¥ B & 20 B
mEBmeREER[AEMmRG

xRN, E IR A EARM L, E R, E2SE hE AR GRS
KR, Jb 57 rb A R A 2 B S B o 2 e, b it

(FE] HMY SR R 2 #E K F 2(nuclear factor erythroid 2-related factor 2, NRF2)
PSR & BR — F R (dimethyl fumarate , DMF ) % g JEU AR 480 20 it £ 8 DR 374 T, S O 4 e IR A 2
P Bl 4140 T 977 7 S s 25 el . g1 (DSPF 4% 5~6 JR S k1 Wistar KR 20 H 4R B & 210~230 g, 7%
BEALECT 1253 (n=5) « U0 BRZH (G422 10 d IR TE 5 A BRER /K 5 8 T8 e AR IR ) AR AUl
A (GESE 10 d B2 15 7 3 A BEER K 5 B T RLUEER 5 000 m (9 I8 20 Hh 22 5% 48 h) DMF X B 41 (3% 42
10 d 5T DMF J5 8 T8 R PRI 1R IR SR ) A DMF T 20 (G 25 10 d RS DMF J & TR
AT REE 48 h) o Bl S IOK BRI 20 20 HE G4 (8 W45 A1 A8 AR I FA T It B 439 BRI 43, ELISA
I 58 5 PR~ For 0 LS8 4% 2 SRRE S I, B8 o S T Aar i i 2 236 4 4R (reactive oxygen species, ROS)ZK -, A Ui,
A3 G E A W H K (glutathione, GSH) . — % (malondialdehyde, MDA ) & 5 DL & 88 44k 1y 1 AL i
(super oxide dismutase , SOD) i 1 , Western blot Fl RT-qPCR #i: Il £k F¥. T~ 38 [ 25 14 7K 728 A0 00 o
@ NS4 Bz (human bronchial epithelial, BEAS-2B) £ fifd A1 g1 A Z& 41 & 1 #AA4% 20 i (tumor human
peripheral blood monocytes-1, THP-1) 1755 i FL W 21 Jfd T 5 S8 25 A AR AU R A T L5 55 48 h T 4
Xof JHE 2 20 S AR AL 42 I 40 0 40 MBS AR, SR FH YR AH €535 - B B J5T 335 7% (liquid chromatography-tandem
mass spectrometry , LC-MS/MS ) 4 480 %5 B ZH RIS 433 405 20 BEAS-2B 28 it 1) 2 (AR AR 1B 0, OF A=
W5 B2 oM it 22 R R . BEAS-2B AU TJE DMF 4524 24 h 5 5 THP-1 4 i 1L 1% 3%/l DMF Hi By
2H, K BEAS-2B 4 i 2R AL T AH SC 8 AR S F Wk 200 e i Ak S S TR 5 20 W AH G4 bR o 78 DMF T 1 i) ik
Aty A A e 3 Gk A R BRI K% 7 A B2 11 (solute carrier family 7 member 11, SLC7A11) 3 A, 46
BEAS-2B 4 il (1) £ 50 1 A0 ST bn S 0 4 M A F6 RN A& E R 1~ 23 WA AR DG H b o &5k D5 IREUId f
AR EE , DMF T B ZH il ZH 21 ROS K- F1 MDA 5 [ i (P<0. 05) , SOD I A1 GSH 5 T i (P<0. 05)
SLC7A11,GSH i3 & AL Wi 4 (glutathione peroxidase 4, GPX4) ik T (P<0. 05) , [a] B lid6 75 9143 I 4%
SiE R F F A KT B FEAR (P<0. 05) . (QBEAS-2B 4l i 2 11 20 2= 2 G 1 5 377 M EE P, e 8 613 4>
255 F8 H H (differentially expressed proteins , DEPs) , 045 302 4~ L& A 3114 TS H,9 158k
FET A G 22 5 3R IBHE TP SLCTA L 8 A B W o A o B ARG AUt 40 ) 240 S 2 oy, S5 AR 4RUMi 452 47
41 H , DMF 1515 4 BEAS-2B 41 i (1) SLCTA11 .GPX4 ik T (P<0. 05) , GSH /K- K SOD & P 7t i
I 200 ML PR B 81 28 4K L SRE PR T 7K 7 R [ (P<0. 05) o 7 DMF TR 24 S0t | )i SLCTA L1, 3
¥ 7 DMF %I BEAS-2B 411 s MDA % 12 (1 F# I (P<0. 05) , LA % SOD ¥4 Fit GSH 75 2t 19 745 (P<0. 05) , AL
B SLCTATL 7 GPX4 FRIKFEAL(P<0. 05) , FU M2 M1 B LU A AT B T8, 2000 ) JRAE IR 17K 1 35 7
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1 (P<0.05) . Mz, it ik SLCTA T YE— 21858 T DMF f94/EF , DMF #i B it 3 15 41 A 42 T DMF i B
2 BEAS-2B 41l it GSH 7K - . SOD I ¥ £l GPX4 23k i 2 T+ & (P<0. 05) , 1fii MDA & & i 3 %Ik (P<
0.05) ; [Al B3 235 SLCTA 1 #— 2 G2 T RE 0, 1L-1 . 1L-6 .\ TNF-a 36 15 7K F i 2 A% (P<0. 05) .
58 DMF @i FiH NRF2/SLCTALL BlBGEAR S ALLAT b R 40 Bk S0 T, 8458 15 W 20 JH A A IR 245 510
R ARAE L, T e AR AR ALL R FE AR P

(SRR | SRR A I 4 s BRAE T 5 AR S W4 s NRF2/SLC7A 11
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Dimethyl fumarate alleviates high-altitude hypoxic acute lung injury by activating
the NRF2/SLC7A11 axis to inhibit pulmonary epithelial ferroptosis and regulate

macrophage polarization
LIU Ting"?, GUO Haoran'?, WANG Liye'”, HAO Zhiyun'’, WANG Chengbin', WANG Chi', LI Mianyang'

'"Department of Laboratory Medicine, First Medical Center, Chinese PLA General Hospital, Beijing; ‘Graduate
Institute, Chinese PLA Medical School, Beijing, China

2

[Abstract] Objective To investigate the protective effects of dimethyl fumarate (DMF), an agonist of
nuclear factor erythroid 2-related factor 2 (NRF2), against acute lung injury (ALI) induced by high-altitude
hypoxia, in order to found a basis for developing novel preventive strategies against hypoxic pulmonary injury.
Methods (D Twenty SPF-grade male Wistar rats (5 to 6 weeks old, 210 to 230 g) were randomly divided into
(n=5): normoxic control (intraperitoneal injection of normal saline for 10 consecutive days followed by being
placed in a normobaric normoxia chamber), hypoxic lung injury (intraperitoneal injection of normal saline for
10 consecutive days followed by being exposed to a hypobaric hypoxic chamber simulating 5 000 m altitude for
48 h), DMF control (intraperitoneal injection of DMF for 10 consecutive days followed by being placed in a
normobaric normoxic chamber), and DMF prophylaxis (DMF preconditioning for 10 d followed by hypobaric
hypoxic modelling) groups. HE staining was used to observe the histopathological changes in lung tissues to
pathologically score the lung injury. ELISA was employed to detect the inflammatory factors to assess
inflammatory responses, immunofluorescence assay was utilized to measure the generation of reactive oxygen
species (ROS), and spectrophotometry was performed to determine the glutathione (GSH) and malondialdehyde
(MDA) levels, as well as superoxide dismutase (SOD) activity. Western blotting and real-time polymerase
chain reaction (RT-qPCR) were applied to analyze ferroptosis-related pathway proteins at protein and mRNA
levels. (@ Hypoxic lung injury cellular model and normoxic control model were established by co-culturing
human bronchial epithelial (BEAS-2B) cells and TNF-a-activated human peripheral blood monocyte (THP-1)-
derived macrophages under hypoxic and normoxic conditions for 48 h. Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) was used to compare the protein profiles in BEAS-2B cells between normoxic
control and hypoxic injury groups. Bioinformatics analysis was carried out to identify the key differentially
expressed proteins (DEPs). A hypoxic injury prophylaxis group was established by BEAS-2B cells being
pretreated with DMF for 24 h and then co-cultured with THP-1 cells. Then the ferroptosis markers, macrophage
polarization phenotypes, and inflammatory cytokines were detected in BEAS-2B cells. @) Additionally,
solute carrier family 7 member 11 (SLC7A11) gene was knocked down under DMF intervention to assess
ferroptosis markers and macrophage-related inflammatory responses. Results (1 Compared to the hypoxic
injury group, the DMF prophylaxis group exhibited significantly decreased pulmonary ROS level and MDA
content (P<0. 05), increased SOD activity and GSH level (P<0. 05), elevated expression levels of SLC7A11
and glutathione peroxidase 4 (GPX4) (P<0.05), along with markedly reduced lung injury score and
inflammatory cytokine levels (P<0. 05). (2 Proteomic analysis identified 5 377 proteins and 613 DEPs (302
up-regulated, 311 down-regulated) in BEAS-2B cells, and among 9 ferroptosis-related DEPs, SLC7A11
exhibited the most significant alteration. In the cellular hypoxic ALI model, compared to the hypoxic injury
group, DMF prophylaxis up-regulated SLC7A11 and GPX4 expression (P<0.05), increased GSH level and
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SOD activity, decreased the M1 macrophage ratio and inflammatory factor levels (P<0.05). 3 SLC7A11
knockdown reversed DMF’ s effects by increasing MDA level (P <0. 05), decreasing SOD activity and GSH
level (P<0.05), suppressing GPX4 expression (P<0.05), and elevating M1 macrophage proportion and
enhancing inflammatory cytokine secretion (P<0. 05). Conversely, overexpression of SLC7A11 enhanced the
protective effects of DMF. Compared with the hypoxia-DMF group, the hypoxia-DMF-overexpression group
showed significantly increased GSH level, SOD activity, and GPX4 expression (P<0. 05), along with a marked
decrease in MDA content (P<0. 05) in BEAS-2B cells. Meanwhile, SLC7A11 overexpression further alleviated
the inflammatory response, as indicated by significantly reduced expression of IL-1B, IL-6 and TNF-a (P<
0.05). Conclusion DMF attenuates high-altitude hypoxic ALI by suppressing ferroptosis in pulmonary
epithelial cells via up-regulating the NRF2/SLC7A11 axis, modulating macrophage polarization, and

mitigating inflammatory response, and thus, exerts a protective effect against hypoxic pulmonary injury.
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NRF2/SLC7A11

high-altitude hypoxia; lung injury; ferroptosis; inflammatory response; macrophage;
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3 AR IR 2 500 m B DA BByl DX, HOR O PR3
BEAE M. BT R RGN T e S EL Y
T 1 PR 3 I 65 P 0 PR M M e i At Kz g iR
Wee, S PR R B IRE ik, D2 o B v i A1 4 S By 2
VEMFZH S 0055 0 W S RE R RS2, 126 JEUARG 40 475 L
MR SRAE SR RRAE L | 5 16 e R 1 A8 P B 2
FIMEIR' S R it 190 ] 8 g 15 535 /4 i ) o D
VL 1) 97 N e e s AL T =R L ) M 0
AE AT 14 e 2 9 P A Lo AL ) £ T 1 24
Yo TEARSAIREET , RAE AN T E Ay 8] Bt 5 | % it
FRAAE SN, BRAT BIF 5 3 Y i D AR U4 403 1) A s L
K B g8 i G S I AR 5 i = 4
Bl E T TR B R . AR AT R
IRIETHE 5 SR (ISR 5475 (acute lung injury , ALL) Ht
FAH B S, A BR BT T R s R IR 4R ALL SE
SR SR BRAE T 1 183 JEUAIR 40 ALL e i) 4 53
THLHSATERE A Rtk — 2L IRABISE

¥ F E2 #H 5¢ B 2 (nuclear factor erythroid 2-
related factor 2, NRF2)/F 2 JCBH PR s ii 1 [, Hi 32
B Re R TE A AL N HOIR S T 5 EL S 1 i 1
X35 14 BT S8 Ak 5 TG (antioxidant response element,
ARE) 546, TR it AL B AL, JF7E 2 o 3
RET 2 5EIET M MEE" . BFFOIES:, NRF2-ARE
SE W IE AT S R R ARV BB S5 T U 11
(solute carrier family 7 member 11,SLC7A11) AeH
RK i S8 Ak W B 4 (glutathione peroxidase 4, GPX4) 7E N
%) B BT AT PR 0 3R 3k, A R AR ot S A 1)
AR 15 PR R 0T 04 2 AL, H abe AT A A Y S Ak ST
#7  AUES WR , Bl S A 1 RE 83 1 FE I NRF2

(1) 32 TR 7K A HE A B T 1 & A= 5 461 a7 o WL s i ke
S AR O LA B P B 28 R R R AR D) REZE AL
FHUE M4 (reactive oxygen species, ROS) 42 , #1ii
1o 251 )z )W (Fenton reaction) 1 ] NRF2 J& 1 , S 25|
RRHIET L BRI, 1 v R R PR B T A AR A5
AU NRF2 X ERAE T AW e IR 4R FHATS A 1 Tl ]

SLCTALAE i R S8 X By X EE T R W7 5L | L 3E
2% e H BK (glutathione , GSH) A #8i i) GPX4 38 [ 1 Bk A
i AR, b7 1k B AR M AR B AR AR B R
AR IE T R A . DA IR, SRR AT
BRIETI0 &4 5 SLCTAL L 778 B Bk &R (IR SR A g
T SLCTA LT B9 s K E T s st T A
NRF2/SLCTAL G 525 T 2R BRSO T kst
TR WA T A O B B O B R o R R A
DA KA P 200 LT 5, A WLt o - 3
WAL | 6 NRF2/SLCTA11/GPX4 38 % 7] I 4%
WL I A BRBE T4 07 , A2 RO BE S REIK S 5 T
fig Z ¥ (lipopolysaccharide,, LPS) ¥ Ji7 i& & i - 157 1
VS0 2 VER 405 b, NRF2 #9356 AL AT F 3 SLC7AT1
FE3K A M e b Rz A B R FE TS L KT, U
TERBCTAE SRE T 15 AV AEVE R BT IR T
NRF2 &A1 H55 SLCTA 11 560 A S5 F 1 (human
bronchial epithelial, BEAS-2B) 4l Jfg £k 5L 1= , 37 1111 9 £
105 A4 AR A PR A K A 5 19 AR E GRBK S 1, A AL
HWF AT A =

B O — HEE( dimethyl fumarate , DMF )2 H Al ¢
JR I B NRF2 #0371 . BFS8IESE , DMF 76 4 1
FUAAR S 56 v 2 0] 005 NRF2 3 5% , 245 4 107 1 AT 4 1k
NRF2 % 82 52 AL, 3800 NREF2 46 8 s 3% v, DTG
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I NRF2 5K A5 W5 S S0 L S i
% (chronic obstructive pulmonary disease, COPD) & &
i 2HL 20 NRF2 $ S8 A0 575 A0 30 255 I8 2 23R il 25 SUHEAR
COPD 48 AL IS B A5 O BE 11 FIE ™ . 8% NRF2 1 %%
RE L PR SR B AL T | 28 ik il 350 4 i 9 /0> il 36 240
BEgE T2 HAh, NRF2 #2371 (CDDO-Me ,CDDO-Im)
A 3 BT NRF2 3 X6 /0 B2 Bt 4 A 76 7= A 5 3
PP, FABE P R 3 2od 3G N2 A A | iz 4
i 32 A AL R 5 . R, DMF (AR 2 FDA it
WEAE AT 52 R 2 e PERE A 1 — 28 11 IR 254,
HIE TS RE IR i SRR 2451405 9 E R WA A R 9T o
AT T HE T 52 00 2 10 0 £ 28 BT A A A 7 LA
S8 ALL 20y 450 8 0 400 i 3 15 55 B ) | R 5k R iE
NRF2/SLCTA 11 #li7E i R AU A B AE T A E
JfitE— 20 i B NRF2 3430751 DMF X 5 J5 A1 40 ALLI £
PER, s AR A ALLER B SR LT A8 ZE TR 7 48

1 #R5FE

1.1 S¥EsHhhsmie

20 H SPF e Wistar K BL (445 i 210~230 g,
5~6 JEI I ) H A A R R B s S 5 v O R [ T IE
5 : SCXK-(JUN)2012-0004] . FifA sh¥) TR (24«
1)°C AHXHREE (50+5)% .12 h/12 h B REFE IR 2514 F i
NLPEIRI 3R 3~5 o AR SEIG 7 58 20 fff 4 R 5 Bt R 2448
PR 5124 (S2021-623-01) . Al | B2 41 itd BEAS-
2B Z M A ZE A JE I A A% 40 i (tumor human peripheral
blood monocytes-1, THP-1) £ Wy [ 5873 3 375 58 A i B
A BR 2y A, Y i 8 5 B & 2 F 5 (short tandem
repeats , STR) %3 .
1.2 %7k
1.2.1 S Rsrdl 4% 20 HOK R REHLECT
T N 44 (n=5) - E 0 B4 ARE it 4552 . DMF
XTHELH AT DME T4 . rA 4R FGESE 10 d AR H 1R
i s B R T 24540« i SRk TR 2 R 4 it i 03 2 7 55
A FER UK s DMF X} BE ZH A1 DMF 555 41 7 5 DMF (_F 7
MCE A F] ,4 mgrkg) o AR 24 h 5, 45 4200 FEZH
FDMF X B A BB T8 S0 MF IR H 1 55 48 h Ik
AU 451 40 25 0 DMF LB 28 K B TR 4044 5 000 m
IR R AR E e Hh 52 5% 48 he B LIME 3 0. 5 m/s
FhRE RO AR . i8N AR R E T 10%~13%,
FFA R EEARRE . SC AR R A oK AR,
Fits N B 2 36 2 A L B AR R AE (202) °C 1B AR FRAE
509%~60%. fIRERTE 48 him K AN IR 20 TR
RS . WIS E WA B9 A L5 (AR R

R 2L 2090 B HE IEAS T 300 I G PRI ) o S 90 50 A ke
FRRBE £l A 53 R H R B4 W — 3, K BRas 3
NGB, W 7 RIS 5 86 B G224 (150 mg/kg) 5K
Jit B SR A LA R LR v o
1.2.2 kb3 a4 BEAS-2B 4 il FiE I
YA THP-135-F 108 ) 430 7 41 -8 800 BRZH (P Rp
ML RS B T A T LR 5% 48 h) \DMF X}
T ZH (DMF+% LR 9% 48 h) K48l 453403 20 (79 o 4
J % % 5 TR FR A6 T 5 9% 48 h) \DMF Fi By
41 (DMF Fi4h ¥ BEAS-2B 41 /it 24 h J5 5 F W5 20 1G4
L1548 h) .DMF H R @l 2H 1 (oligol ik BEAS-2B
A SLCTALL J5 , 45T DMF Fikb B 24 h, i J5 5 B
AR S 3L RS 57 48 h) . DMF #i By i AR 4 2 Coligo2 M ik
BEAS-2B 40 s SLCTALL J5 , 457 DMF T4k B 24 h, Fifi
Ji 5 B W 4n iR A L5 3% 48 h) il DMF #i B i #e ik 40
(737235 BEAS-2B 41 Jifd SLCTA11 J& , 45T DMF il b Bt
24 h, B J5 5 B A M AR 3L B 57 48 h) o SLC7A1L
oligo1/oligo2 SLCTA 11 A BRI F 75 FELR A F]

K H 100 wL PMA ( 12 MCE A F] , 10 pg/mL) &b
FETHP-1 4 24 b, fft AR Ak R I BE RS 1) MO 7Y g
YA Sk ST AR SMIR AU A AL, R AR B
OB RS FER Y O3 B B 2= 1% (COARFF 5%) o Bt
K H Transwell e85 35 R g8 AT (R LB 57 - FF BEAS-
2B A AN TS LRI Z 8 PMA 55530 i MO 7Y
E A0 i & T Transwell %, 7F 19%0, . 5%CO. 514
LB FF 48 h, S BRI AR A G454 . P20 pmDME
AL B BEAS-2B 4 il 24 h, 574505 i 1% 5% 5L 5 B
Folv &4 1L A SRR A8 45 8 R 4 i 2R 3% 5% 48 h AR
DMF %} B ZH A1 DMF 5 5 4. .

K siRNA 08 BEAS-2B 41l it SLC7A11 %35,
20 4 B NG B¥ 24 b 5, 8 GP-Transfect-Mate %% Y4 izt
5 IR 28 7)) B4 5P siIRNA-SLCTA 11 #1754
Y kgt 6 h 5 R o8 e R AL Bl S A 20 wmol/L
DMF ZbBE 24 h, P55 MO B! S BELNAE 190, .5%C0.55
P R85 5% 48 b, VB DMF By sl 4l 7 75 225050

K FH it 2235 okt #5 BEAS-2B 4l il 1 SLC7A11
235, 4i 9 B HOW BE 24 b, fd FH lipomaster 3000
Transfection Reagent (Wi MEREA B ) AT UL 5504 6 h
Ji B 5 A R BES INA 20 pumol/L DMF Zb¥H 24 b,
T 5 MO %I W40 M 7E 1902 . 5%CO0, 5141 F 5% 57
48 h,1£h DMF 10 B o F 8 2 A7 J5 2L 50 5
1.2.3 JHSURH g AR E R A
R BRI I T 5 1 B 2 (150 mg/kg) AbFE BT 41 21,
PR B LT 4% 2 R W B [ e, S8R E
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A — R R W Ak A B S A3 S U L AT HE
Y0 WL 5L 45 20 il 20 8L B 2 AR AL I 2R A7 B A5 1E 43 o
WG HE G (8,25 5L | 55 20 3 B 5~8 > WL BT 2547 il 462 45
Smith P43« £ X Jili 7K i Jili o6 1] Joi 8 E il A ik 5 35
RS 1, 4 TR A , 3 28 58 B L 3 a4 O 283
Bl <25% i1 1 4%, 25%~<50% it 2 43, 50%~<75% 11
34y, =75% 11 443 ) , B AT B A AL BF 0 4 19 34 (E
VE R iZ 2R It 0 A B AL b o
1.2.4 skl KRERITHSEEARZ KGR
Rl g0, IR I ROS R S ME DO E (H A
Sigma /A H] ) ,37 ‘CHEEHFF 30 min, B )5 28 PBS IR UE
3R (K S min) , M5 TR N DAPIAZ QL &2 4% , & il
BEEAL B 10 min, [7]3% PBS 9% 3 WG B T4 A, 2%
FHE BB A T [, 20 16U g
1.2.5 GSHE®EWE %3 A K GSH & m kil
FIULIH B THAE . KR SRR LW AVHE S
4 °C#E 10 min, T4 ‘CLL 14 000Xg 50535 10 min,
WA FE WO T AL GSH KRN . X F BEAS-2B 41 it i
TE L IAER B BR VA VR R A KR S A R S
37 “COK Yl URAIG P A 3 2 YR LA S R 7053 B4, 7E 4 °C
N LA 14 000Xg 55> 10 min & B 75 7 GSH A6l k¢
A B GSH BEVE AR 11 R0 B V5 WA B s o (O 32
i :10.0.5.0.2.0.1.0.0. 5 wmol/L ) il 45 #75 i i £ v
Wo KA R EWF AFLIA 10 pLAEA Sibn ik
i, TSN 150 wL S TAEWE , ZRWFE 5 min J51EA
50 wL 0. 5 mg/mL NADPH I . 14 I 25 min )5 ,
K AR AT 412 nm 3 K0 E OEEE [ D (412) 1E .
PR o4 ot A B W 8 5 WROYE B ) 6T G R v [l 1
TR PR A B GSH & i
1.2.6 [ (malondialdehyde , MDA ) & il &

Fi 58 75 K MDA 57 s 4G I3 700 56 B 5 R A7 45 1
KE A FREL 20 mg K BRUAT BT LLZUREAS | 28 90 008 VR Ry 1R
J&i L A 500 L R % 9 Bt 48046 7] ( Antioxidant) ¥
k2L S)HR A B, PP ARSI IR B WA 4 CA& T L
10 000Xg 50> 5 min, WAE 200 WL Fis/E MR REAS
Bt 5 R it AR A A B A PR W AR 77 T
(MDA ) R0 &, 7™ A0 i 3 7 4 4 o g A S
A R IR T LG AR E
1.2.7 @AM YEALES (super oxide dismutase, SOD)
TR E 4R 2 K SOD I A I a8 750 154 1 45 ik
7484 o O BRI 20 ZRREAS 28 WSR2 VR A 1 i )
LVATH A I A AR (2% 60 W, ik e ] B
0.5 s)Z4f# 15 min, ffJ5 10 000xg .4 “CE.L> 10 min, 3£

WL 38 WA R IAREAS . X T2 I REAS | Uir 85 40 g I
TEJG 2422 000xg .4 CAKIE B 0> 10 min, 2Bk 35, PBS
THUE2 K o M DTVE 2888 75 i 6 A B (S8 T %
100 W, ik ] B& 5 s, 542 10 min) , 10 000xg .4 “CES.L»
15 min, Y BRI . PEA FEZR 19 SOD ¥ M
K B AR AT A A B A B WA 77 1 SOD A il 3
HR AR A 3 R BRI E HE AT HR A

1.2.8 i = 40 J AR RS 5 41 B CD86 Al CD206 %
KTE L WAV DAL ER IR RIS

T 5 [ 574 JC B PBS (1 mL/100 g /K &, & EDTA/
BSA) , H & 2~3 W, A5 I IO A AR IOK B S <A it
HIHE PR (bronchoalveolar lavage fluid, BALF) , 57 B[V &5
O B AR BN M L TE , FH PBS i 45 B 40 B, A
5 pL CD86 5 CD206 % 4T A EIE & 15 min, 5
1 500 r/min # #R B0 5 min, 77 B3, FA 1 mL PBS %
13k, B4 3K, 2K FHSE[E BD FACS Aria I 2937 2 40 /g
PGHATHENEAT T -

1.2.9 CCKS /il 25 4%+ 4 f 1% g g
BEAS-2B 41 it i B 2 804/, LA 100 wL/ALF % 96 £L
Herpr, 100 pL/ALEEFRHEAE 25 I fL. BEAS-2B 4l
BE24 h 5 W B R0 IR 58 2 5555 S50 B 1 DMF,
HWeBE /3515 0.2.5.5. 0.10. 0.20. 0.40. 0.80. 0 wmol/L,
BEAWRPBEBCE SAREIAL . HF 96 FLAR I RT3 57 46 v 4k
ZEE 5% 48 h J5 R CCK8 i LA 10 wL/AL A 96 fLAR ,
PR I F2 A8 th Ak S2 85 5% 2 b, B AR AR U 450 nm
(W S B2 [ D (450) A o A0S 7= (D (450) 50—
D(450)..,015)X100/(D(450) 42555 —D(450) 1) o
1.2.10  VEAHEIE- PRI (liquid chromatography-
tandem mass spectrometry, LC-MS/MS) 5347 BEAS-2B
YN B 1 B A 2 50 TR FH EASY-nLC1200 49Kk R 48 5
Orbitrapéﬁ%{ﬁﬁﬁﬂ/ﬂ Exploris480 JFE{Y (ThermoScientific,
SanJose,CA), EEAH KA (data-dependent acquisition,
DDA )R 75 min B BE VRN, ZHOR B A0 S H
JE 2.2 kV, FHEIE R 350~1 500 m/z; kM2 HE K -45 V 8§,
-65 VARG FERE BE . MS1 5 MS2 40 HER 0 51i% Ky
60 000 A1 15 000, IH—1k FI 31} 47 #% i (automatic gain
control, AGC) HFRE 735124 300% 1 75% . MS1 fix K
AR 50 ms, MS2 fie K AT H] 22 mso [ B 1
FERE 1. 6 m/z, A — LAl AE i 27 % .

1.2.11 AWFERASN S b
% FH Proteome Discoverer /4 (Thermo Fisher,v2. 2) [
Sequest HT 52 i Mt J5L 46 B4l , I3l 43 UniProt A 284K
PEE VAT AR B S 7 o IR 5 H 3R 38 BUE 48 Perseus 3K
A S it U — R 50 2 48t % T 2 A A 6 A A 3
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TS 5 1R & B E (false discovery rate, FDR)<1% H ik
Benl A BEVE 23 >40 1 R 0 Ve bn e, [) I HEBR 7R AL — 52
B v AR FE>80% M HE BT, 22 v R IK R Y T 1B
WA IE S5 PAE (q) <0. 05 % 2% 5 4% %4 (fold change,
FC)>1. 5 8<0. 67 FARMESEAT XU ¢ K 56 o 41X 2L 1]
i 1 19 22 5 42 35 8 H (differentially expressed proteins,
DEPs) , A| H Oebiotech = F & (https://cloud.
oebiotech. cn) 2 il #ET | 1l &5 i fe /s — 3 F 51 43
B (partial least squares discriminant analysis, PLS-DA)
It S JE T 3 AR AR S (gene ontology, GO) A=)
o 43 R T AR A P 5 PR 4 7 A4
(Kyoto encyclopedia of genes and genomes, KEGG) [
T

1.2.12 S RNAJREUHIRT-gPCR K RUMiZH 4R
AREWAMET , 5 RLAH G IR A IS, A
HREA 22 B O R DUVE J [ 12 A o SR F RNA 2
0 & HE LR RNA, £ F Nanodrop 43 6 )6 BE 11 %2
RNARIE . BifJe fdle S sl B 455 i cDNA,
IR BE IS 1) cDNA F=#¥) T Tagq Pro Universal SYBR
qPCR Master Mix [ WK R . 511+ S%
NCBI %4 J# (https : //www. ncbi. nlm. nih. gov/) Y5 5% )
KEFER P, I H A AR TR (BT ) IRy A R
Al GG, TG ROV AR SE IR E B PCR R 48 B8R
1.2.13  Western blot £ lll & [ % ik /K K ER it
HA PR 5 AMREA 730 2 2L AL B, 4 C oA
I 12 000xg 50> 20 min FRHX 7 o R BCA SL AT
AW E RIS — LR, & 10% 5 12%SDS-
PAGE LUK/ BS 55 = PVDF . 5% BEAE W5 3t14] 1 h,
J6 5 A NRF2, SLC7A11, GPX4 FTHI  IL-1,1L-6,
TNF-a } B-actin—4t (4 “CHFE 1 0 FATHRP Fric Pt
(ZEHRBDEEE 1 h) . ECLAL2A &t B85 it B
HAR Z 50 R EUR A8 Image J 0T BAREE 115
B-actin W2 24 I BEAHL, THE AN ek it

1.2.14  ELISAKGEMEREANII BRI IAEN T ik
FLWE M R: 7% FIE W, 4 “CHRAFT 12 000%g #5.0> 15 min
FERANMLAE R o IR Ak ELISA 320500 &, b s v i
AR A 23 531 A T4 B BT A 19 96 FL AR, 37 CIF &
90 min. PBSEHJE A MR bric il ik, 37 C
¥ H 60 min, FE VLA IF A BE R R MR -HRP 2 &
Yy ,37 “ChEE SN 30 mine VEHSE ATA TMB )1 1
HEAT A0 SO0, 2 TR EIE 15 min, FR S IMAZ R’
Zeak . BIZ0 T 450 nm PRI E WOLEE [ D (450) ]
{1, ARGE BRI M LT IL-18 . IL-6 . TNF- 55 4 AE P -
FRIARS R JEE , BT A AR 3 2 AL A

1.3 %itF o4

Bt A 4o i1 s 38 1 GraphPad Prism 9. 0. 0 343
AL S o pr S5 R AT E R R X 2. 51
AT T B DA wes oo , 240 [B] 3 S48 i b4
KR Z )7 2253 H7 (One-way ANOVA ), 2H 8] /5 4 Lt
B LA Tukey 35 J5 45 56 5 R 41 8] 22 55 9FA >R FH XU
Student’s t }35, LA P<0. 05 HZERAH G5 X,

2 R
2.1 DMF L3 NRF2 #7 4] 2 JRAK A 45 45 K R 28
Wk T K A

45T NRF2 4 3 71 DMF W82 2 75 G 3 i 5 S A%
AU AR BT 1 K AR DU IE NRF2 XFERFE T (1)
WEVERH . 7E45 T DMF J5 , DMF T3 B 20 K Uit 20 21
GSH /K- . SOD i P AR TR AUl 473 41 3% . 3 b 7t
(P<0.05, 8 1A .B), T MDA 7 & #1 ROS /K FAH#% T
AR AR 453 453 20 [ A1 (P<0. 05, 81 1C..D) , #&7% DMF i i
L NRF2 19 238 D 2 0 AR 458 405 4 K BRU 2 2L i g
Fiad E ALK o BRIEZA, 45T DMF J5 , 5 KA i
YiZHAH EE , DMF F Bl 20 NRF2 F15 ,SLC7A 11 .GPX4 %
KBl 2 T8 (P<0. 05, K] 1E) , mRNA 7KF 5 2 117K
AR — 3 (P<0. 05, K 1E) . 3% #& 7~ DMF i o b
NRF2 1235 , oA AU 40 K BRI 20 20 i LAk
PR NI ECT =Y =N it fipN Wi AL T T e
2.2 DMF L3 NRF2 & &K 25 560 SR 45 K

AL K E R R

KB 2T HE Ye 25 RALR 45T DMF 5, DMF
T 7 2L AR A T v D AR S 468 40 2L i 5 40 i R A T %
fife , il 5405 DF 43 i 35 R AR (P<0. 05, &1 2A) o 41,
DMF b PR )5 , DMF $3i 55 2 AH 2 T v Ji I 42Ut 47 2H K
BT 20 20 A A2 48 R 7~ TL-6 . TNF-o 35 3k I 3 F A (P<
0. 05,1 2B) , S REVE M CD86™M 1 744 [ g 241 ifd Lt
5] 53 E K&K (P<0. 05, 8 2C) , T CD206"™M2 %I [ 5 41
i b 151 4 2 T (P<0. 05, 81 2C) o BRILZ 4N, DMF %45
25 A 1L T MR I I iNOS 3k iy T = FD
M2 7 4 I Arg-1 335 9 B I (P<0. 05, K1 2D) .
FEUSEUA T T AR, 3RATT & BRI 3 0 rh R sE T
()& 4 T RRAE T I S, BRAE T 8 3 e 1 ()
sk, A1 42 M 5475 4 SR 52 07 A ok 3 U % 3k 1 s 10 4 4k
FET ] G i AR S i #5305 2 9 e i o 455 1 7% DMF
A bR NRF2 238 K B2 Uk P8 T, AT 4 il =5
Jir AP AR 453 40 9 E SV
2.3 DMF L8 NRF2 4% BEAS-2B 28 e 2k 5t =

KA 2 J5 , BEAS-2B 20 i 55 0 20 i 1 3% 144
Wi s ) 2 < S O T o (161 3A) 53 35 CCK8 S5 B fiff
& DMF Y5638 25 259 5 0 20 wmol/L(&1 3B) . i oe
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A~C; Histogram of GSH level, SOD activity and MDA content in lung tissues from the Control, Control-DMF, ALI and ALI-DMF
groups; D: Representative fluorescence images showing ROS expression in lung tissues from each group. E, F: Protein and mRNA
expression levels of NRF2, SLC7A11 and GPX4 in lung tissues from each group. DMF: Dimethyl fumarate; ALL: Acute lung injury;
GSH: Glutathione; MDA: Malondialdehyde; SOD: Superoxide dismutase; ROS: Reactive oxygen species; NREF2: Nuclear factor
erythroid 2-related factor 2; SLC7A11: Solute carrier family 7 member 11; GPX4: Glutathione peroxidase 4
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Figure 1 DMF attenuates ferroptosis in lung tissue of rats with high-altitude hypoxia-induced lung injury via
up-regulation of NRF2 (n=5,x+s)
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A Histopathological changes (HE staining) and lung injury scores in lung tissues from the Control, Control-DMF, ALI and ALI-

DMF groups; B: Protein and mRNA expression levels of inflammatory cytokines IL-6 and TNF-a in lung tissues from each group;

C: Macrophage polarization in bronchoalveolar lavage fluid from the normoxic control, hypoxia-induced lung injury, and DMF

prophylaxis groups; D: mRNA expression of macrophage polarization markers Arg-1 and iNOS in lung tissues from each group
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Figure 2 DMF alleviates inflammatory response in lung tissue of rats with high-altitude hypoxia-induced

acute lung injury via upregulation of NRF2 (n=5,%+s)
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A: Viability of BEAS-2B and THP-1 cells after hypoxic exposure; B: Effects of different concentrations of DMF on BEAS-2B cell

viability; C: Expression of NRF2 in BEAS-2B cells from the Control,

Control-DMF, Hypoxia and Hypoxia-DMF groups;

D~F: Histograms of GSH level (D), SOD activity (E), and MDA content (F) in BEAS-2B cells from each group; G: Western
blotting results of NRF2, SLC7A11, FTH1, and GPX4 in BEAS-2B cells from each group
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Figure 3 DMTF alleviates ferroptosis in BEAS-2B cells via upregulation of NRF2 (n=5,%+s)

(A3HZTFTR)
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H: Protein and mRNA expression levels of NRF2, SLC7A11, FTH1, and GPX4 in BEAS-2B cells from each group
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Figure 3(continued)
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A: Protein and mRNA expression levels of IL-1 and 1L-6 in macrophages under hypoxic lung injury conditions after NRF2

upregulation; B: Secretions of IL-1, IL-6 and TNF-a in macrophage culture supernatant under hypoxic lung injury conditions

after NRF2 upregulation
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Figure 4 DMF alleviates macrophage-mediated inflammatory response in hypoxic lung injury via

upregulation of NRF2(n=5,%+s)
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