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inﬁubn . EERTATEN mRNA Fo & & KX AW & F TN LI HIF-10/iNOS/VEGF 12 5
WHRAE AV FFOKRTT B TE2OMXM; KIEIIE AV & 48t 4 e HIF-1o 89 %F =
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Abstract: [Background] Influenza A virus (IAV) can activate multiple programmed cell death
pathways, which play important roles in the host defense system. Ferroptosis is a novel
non-apoptotic type of cell death and mainly mediated by iron-dependent lipid peroxidation.
[Objective] To explore the mechanism of IAV-induced ferroptosis via the HIF-10/iNOS/VEGF
signaling pathway. [Methods] Mouse lung epithelial (MLE-12) cells were infected with IAV to
establish a cell injury model, and the virus titer and inflammatory cytokine secretion were
examined. The fluorescence probe and colorimetric methods were used to measure the levels of
reactive oxygen species (ROS), superoxide dismutase (SOD), total iron ions, and ferrous ions.
Transmission electron microscopy was employed to observe the cell ultrastructure. The mRNA
and protein levels of cell ferroptosis markers were determined. Bioinformatics tools were used
to predict the potential mechanism of IAV-induced ferroptosis. Laser confocal microscopy was
employed to observe the effect of IAV on the expression of hypoxia-inducible factor-la
(HIF-1a) in cells, and the mRNA and protein levels of the proteins involved in the
HIF-10/iNOS/VEGF signaling pathway were determined. A HIF-la knockdown model was
established to explore the role of the HIF-10/iNOS/VEGF signaling pathway in IAV-induced
cell ferroptosis. [Results] The ferroptosis inhibitor reduced the virus titer and inflammatory
cytokine secretion of IAV-infected cells. Moreover, in lowered the levels of ROS, total iron
ions, and ferrous ion, increased the SOD activity, repaired mitochondrial damage, and reversed
the mRNA and protein levels of ferroptosis markers. Bioinformatics predicted that the
HIF-10/iNOS/VEGF signaling pathway was closely associated with IAV-induced ferroptosis.
IAV infection promoted the activation and nuclear translocation of HIF-la in cells and
up-regulated the mRNA and protein levels of HIF-la, vascular endothelial growth factor
(VEGF), and inducible nitric oxide synthase (iNOS). [Conclusion] IAV infection can induce
cell ferroptosis by activating the HIF-10/iNOS/VEGEF signaling pathway.
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HR R Rk B8R B BT T 14 4 (reactive oxygen
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i B Bk e B ] {4k A0 T 40 ol 700 AT LA g 2 BTG
MBI 0 2 SR R T 2 D BTG A
E B AEZ R B 4 (acyl-coa synthetase long
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ALY 4 (glutathione peroxidase 4, GPX4)E. 73|
BELS AR A 08 22 19 B R T 550, 45
H Ok E AL i (glutathione peroxidases, GPXs)
K FEAS R 20 57 B AN ZH 2 Rk 2>
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BEARTE EAMS I S ACSL4 [3RIA KA
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B4 S [ F(hypoxia inducible factor, HIF)
JE— SRR T R, AARE S HIF-B
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WigEHd, HIF-o WHE(HIF-1o, HIF-2a ¥, HIF-30)
A ARIA PR ITE MRS . TEBERIE T,
THRGRAK, HIF-a A2 26|, HIF-o I
S BN, 5 HIF-B IRk, FoF
RS G AR SE N B E DNA 255 X (4R
S TCH YA NI LR A T2 skt gk
X S 9 8 A DR of A8 oA B A A TR 1 (vascular
endothelial growth factor, VEGF)%Z% iy #5111, —
SEGEHE R W] ROS AT LA i Al 22 15 -4- 52 Ak il
(proline hydroxylase domain, PHD)#J i 14, MM
F4N HIF1-o RESENE, 4 Nrf2 mfiRmige i
HIF-1a, gt/ RARNERIET:, TS S/
e/ A, FBUNR R E SR

o B % e o A Y AN AR TR — A EE A
R, AWEHRGE, A T 7 (influenza A virus,
TAV)R L A A W SR8 . SRFEE I T A4
T 2 AR g st T, sk, G
TERIE T A I B SN IIBF L 2D, TAV 25
REA FERAC T M ATHAE . L, AR R
AV YL/ U b R 40 BBk BT T AR 10 v
FEAE RPN (B 1), DA DR B T S A p 4L
TR B IR YT S BB A A

1 MHET%

1.1 #R
1.1.1 #5&

IAV 520k (A/PR/8/34) H1 51 g U ¥ 2
BEAF Y 5 B 5 JOHE 2 M I I (specific pathogen
free, SPF) G &, Trm Wi i X & A IR A |
/NERUIT B B2 MLE-12 4, = R Bk Be 40 i %2 o
1.1.2  EFEFBRECH

W EE R B . A EE ARG 275 A [ BA
RIIAETES MLE-12 400G 553E . & 10%/h
A MLYE 1% 55 2 -5 55 R IR 5 W) RPMI-1640
FEmh R R
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113 EEZIXGTFILEE

RPMI-1640 4l g Al B 77 5 | 7585 R -5 %
RIRGWH 0.25%M8E A EFA R, DS # 5§
A RHECABRAE] ;. IR0, Gibeo 24 H];
Ferrostatin-1, Sigma-Aldrich A ] ; A2 -1
(interleukin 1B, IL-1p)EGEE 6052 W [t 72 (enzyme-
linked immunosorbent assay, ELISA)#; il 5
& . F 44 % -6 (interleukin 6, IL-6) ELISA
HURZ Wl NI LR & 2R w7 L DAl W | NS 1) |
B e o ok 0 5 7R 6 R 40 B ST AR Y 6 920 S i
g, DU SRR R AR RN B A R F
A ALY AL i (superoxide dismutase, SOD)K
M &, m At A Y AR ST T A FR S
TRIzol IR, HUMHB 5t AR W10 A PR A F
Wi SRR & POt & PCR A&, Higin
B FRZA H] 5 -actin FT1K . GPX4 Hifk . ACSL4
ik . HIF-lo $Tik . %58 — A A G B
(inducible nitric oxide synthase, iNOS)$HT /A F IfiL
BN Fz 4 K[ F(vascular endothelial growth factor,
VEGF)#itik, Abcam /4H]; SERTZEEE R PCR

(real-time quantitative polymerase chain reaction,

RT-qPCR)5| ¥ #1 HIF-1a-siRNA ¥4 T 49

Mechanism of [AV-induced ferroptosis in lung epithelial cells.

TR ABRA RGBT 47,6- —pKHE-2-7K
FLN5|WE(4',6-diamidino-2-phenylindole, DAPI)%
% P} B FRiC Y8 %€ 25 K (rthodamine  phalloidin,
TRITC), JEHRIERSEEREARAF; FHHIR
%j“ﬁ%%(ﬂuorescein isothiocyanate isomer, FITC)%
Sehric tlFEPie —Pr, Proteintech 24, CO,
M35 F246, Thermo Fisher Scientific 23] ; {5
BRI, Motic AR B & FERBOEILR &
W, Zeiss Aw]; SERFERE PCR AL, fh2F
KICHUGAUFT Synergy2 2 JIREREFR{Y, BioTek
o] ESTHEE, HAr(hEHABRA A
1.2 HREHENEE

FEIRAEREFRAA N 37 CIEIER S 10 H
J5 ¥ TAV HeRh MG IR PR N B 3R 40, 37 °C
fEIRAE R 5% 48 h WA IREEIE , M BERL
1:640 DL b2 HEI06 o K 5 PR W LK T A
PRERIKF FF 2 I8 YL 52 # (multiplicity of infection,
MOD=0.1 & T k44 H.
1.3 ZHAEE SR R iE 4

MLE-12 4iffi 5% 7€ 37 °C. 5% CO, K5 5746
e, TRANUEIE BRI 90%I, FH 0.25%
JBAR TR IR A AR AR 186 43 S X B EH (Con)
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155 A 21 (Model) FTER 8 T 0 i 7] (Fer-1) 4, B
Con 2041, Model 41 F1 Fer-1 241 Fi] TAV 8t ,
Fer-1 1R £ T- AT 12 h fdi ] 2 umol/L Fer-1 T
AR, BERS R AR DT 1AV T3 MLE-12
. ARPEARALL Z AT B AT TAED'™, ks
SR I RS . FRANEING RE S , e T
YEW TP 2 h 5 2400 b W s e F
WAREERG SR 8 he
1.4  ZABEITEGXFE 8 (cell counting kit-8,
CCKS8)JE 4 M A AR & 1%

RN SE 2 K2 90%H, fHiH 0.25%
JB R B VRO A T AL EE B, #eBiAL 5 000 A4
RN E 96 FL. A KX+ =RA 1.3, it
IZE AR CCK8 iFIMA 96 FLARNTE 37 °C.
5% CO, EEFEAEAREIE T 2 h, FBEHRUAE 450 nm
SRR FLRR R, T L AR 1
1.5 BHBENRMEBMEN

or 20 3 5E 22 15 SR 2 90%H 1 11 0.25%
[ B RO A T AL, FRAL 5% 10° A4
YRR 2 6 LAk, Zrdl KTy = 1.3, it
B0 25 R e SR A5 L AR LI P 1 ok 1R 1] 2 ¥k [
FE 2 ho 7EHT M B 20 uL 4RI , 2RI 3%
WAL R IR IR0 5 min, FHIEACWE T 6 e
W, BT 7EiE BB N WA
1.6 ELISA #4535 &$ IL-1p 0
IL-6 7K

For 20 3 5E 22 15 SR 2 90%H , 1 11 0.25%
AR A VA O AN AL R, FR AL 5x10° A
YRR 2 6 LAk, a5 =00 1.3 3t
IO 2E e AN s, AR B ELISA B &
VoA R IL-1B A1 IL-6 F 437K F- o
1.7 27-Z & R KX FZ CBR S
(2,7-dichlorofuorescin diacetate, DCFH-DA)
WHIRET AN ZMPE ROS B2

RN 5 2 R FR 2 90%K , 4 FH 0.25%
JB R B RO AN T AL R, FeAL 5%10° A

YR 6 Lk, 4l KT HUr IR 1.3, Ik
EAMMITT 2 h 7 FHAE X BEFL P A P A= B
X HEGRGR], ARG 1 h ZEA LA N A
3¢ ER%E DCFH-DA TAEW , 53548 IR H 1 h,
WeAE A i, A T BRI 2% vk 5 W (phosphate
buffered saline, PBS)H', 1 000 r/min #.{> 5 min
JEF LIS, TRREZRMEBE, R 2 K, &
OJE K E T PBS 1, A 96 FLEGFRIR H .
ORI 488 nm, K HHE KR 525 nm 1
PG AL
1.8 Lb&xEM SOD FiE. REkEFMIE
BETFIE

i L3S 58 2 5 TR 2 90% T , i FH 0.25%
AR A VA O A AL R, F AL 5x10° A
YR 2 6 fLik, 4l KT B RA 1.3,
JR R AL IR AR B B0, 1000 r/min B0
10 min PAFE 5 B RS SOD i M A6 I 5]
U B AR A3 2H 40 P ) SOD 4 o A 4 4 g
SVER e I N L A AR L e 3
TR0 7] B 00 B A5 AR 4% 2 400 it B Ak B T 1 2 R
L PN ST 5 1)
1.9 EEXMEEEEK N RT-qPCR)E
M ZAAE mRNA RIETE R

FoF 20 B3 78 28 K5 SR 2 90%H , 1 11 0.25%
AR BV O A AL R, Bl 5x10° A4
YR 6 Lk, Hdl KT HUr A 1.3, Ik
LM, T TRIzol 7L FRHUANAEL B RNA, #2 R0
B SR AU A0 1 pg RNA 055 5, cDNA,
FAZEE it PCRAF G4 1 o RT-qPCR S )i 14
Z : ¢cDNA Bt (1 pg/ul) 1 uL, 514%7(10 pmol/L)
£ 1 pL, 2xgPCR Mix 10 pL, KRR _ZME
(diethyl pyrocarbonate, DEPC)7K#M & 20 pL.
RT-qPCR JZ W £&44:95 °C 30 5;95 °C 10 's, 60 °C
20s, 72°C30s, 40 TG LA B-actin NS,
2T AN S AR X R GA B8 L2 1.
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Table 1 Primer information

Name Forward primer sequence (5'—3") Reverse primer sequence (5'—3") Product length (bp)
NP CCTGTGTGTATGGACCTGCC CTCTTGGGACCACCTTCGTC 234

GPX4 ATAAGAACGGCTGCGTGGTGAAG TAGAGATAGCACGGCAGGTCCTTC 82

ACSL4 TTGGCTACTTACCTTTGGCTCATGTG TACAATCACCCTTGCTTCCCTTCTTG 144

HIF-1a ACATCAAGTCAGCAACGTGGAAGG ACACTGAGGTTGGTTACTGTTGGTATC 83

iNOS ATCTTGGAGCGAGTTGTGGATTGTC TAGGTGAGGGCTTGGCTGAGTG 131

VEGF GGGCTCTTCTCGCTCCGTAGTAG CCCTCTCCTCTTCCTTCTCTTCCTC 137

B-actin ACGCCAACACAGTGCTGTCTG TGCTTGCTGATCCACATCTGCTG 101

1.10 Western blotting ;Z#& N 4AME QR
KIER

R 2 R IRZ 90%HT, i 0.25%
R, A VA RO AR A b F ek, #egFL 5% 10° 4
Mudedh 2 6 Lk, Al THir=m 1.3, WEdn
M, O 9% T (radio. immunoprecipitation
assay, RIPA) 2R P2 U I S 1, FH sk
2 (bicinchoninic acid, BCA)JXI%E & HMRE, HL
50 pg & IR T+ BRI ER - SR A TR
Bt I B K (sodium  dodecyl sulfate-polyacrylamide
gel electrophoresis, SDS-PAGE), Hi%%, =Rt
1 2 h 53 B ABBEE A —3L 4 °C I E L, —
Pt 37 °C ¥ F 1 h, HhamAk~~ & i (enhanced
chemiluminescence, ECL)J57EAL 2% & AR AL+
2 G (H H Tmaged A4 T UG A A
111 BeHBERNARERRNEE

T2 0 38 58 28 15 3R 2 90%H, 11 0.25%
JEREE P B O T fe R, #eBgAL 8 000 4>
e 2 6 fLtk, s LT A 1.3, ik
AL, 4%ZRHEEREZE 30 min, 0.5% Triton
X-100 23835 20 min, 1%2F 1037 18 11 (bovine
albumin, BSA)¥ ] 30 min.—#i 4 °C W HF 37% ,
THUEIRRFE | h, DAPI Y, TRITC %40
HARSE T, O R A WS T MR
112 SMERFESH

#iF GeneCards %4/ (https://www.genecards.
org/)F1 OMIM %4 /% (https://omim.org/) K 2% i

BEHM LR ; R FerrDb (48 £ (http://www.
zhounan.org/ferrdb/current/) 38 B2k 8 T~ 4F FH #8
Mo TR £ 4 B (http://bioinformatics.psb.
ugent.be/webtools/Venn/) 2 il it & F1 £k 58 - H
R 4ERE, LIRSS X H bR, KRH] R 3.6.3
clusterProfiler 340X} i R AL AR T e 19 52
OB AT R A AR 38 (gene ontology, GO)FI
HUERHE R 5 FE R 4H (Kyoto encyclopedia of genes
and genomes, KEGG)& % 43#7 .
113 YAREREET AR

HIF-1o-siRNA #8105 24 T TR (R
M A PR A, B XS B8 (Negative control,
NC) siRNA (IE X741/ : 5'-CCAGUUACGAU
UGUGAAGUUATT-3', [z ¥4 : 5-UAACU
UCACAAUCGUAACUGGTT-3"). HIF-1a-siRNA
(1E ¥ 34 : 5-UUCUCCGAACGUGUCACGU
TT-3', )X XJ¥41k: 5-ACGUGACACGUUCG
GAGAATT-3"). M4 E KFZ) 60% L5,
MRYEHE GG A 15, 5 HIF-1a-siRNA 1%
X HE RNA BERS S5 Qe B, g 24 h 5
Tzl .
114 ZiFESH

K SPSS 23.0 GEitsd gty b, it
T POR A bR e 22 R, MW REARSe T 22
FERG R, Jr22550F, ] One-way ANOVA ¥ 56 ,
It/ B & 22 F (least significant difference,
LSD)EHATHE M Z H LI J7 ZAFFE,
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JESEB RS, e Kruskal-Wallis H test bt SXTREAIAHEG, BRI A i B/, HLEF
RS, B Mann-Whitney U 7420 HERARMRE -, ARAE TS 1 T e (P<0.01), #iffi%

M. P<0.05 K2 A X . SHOBAAIL, Fer-1 SLA1ILIE HER
(P<0.01), AMIIESE N5EE (& 2A. 2B).
EHE :
2 EREAM 2.2 Fer-1 WK FZER NP HIRIER
2.1 Fer-1 MEMMSRAEMEEMER  RIERFREOZM
FA) g 240 RS Y 5 A S R T UL R 45 A1 40 iy SXTREAHE, BIEZHA4HMIN NP ) mRNA
A5, HE6H COKS IR B X 40 MG ERE TR . (P<0.0D) L B3 h R 7 IL-1B., 1L-6 3%
A Con Model Fer-1 B
120 -
fizid
g 80 e
z
3 40
Con Model Fer-1
N P K 500
a. 2500000 400
# r xx ’/ sese 450 H%

Rela

1>
Ny | el 5 1 B 51 =
Con Model Fer-1 Con Model Fer-1 Con Model Fer-1

2 Fer-1 %1 1AV BRIFSHMMBGMIEEIER A 1AV BYL 5 5 A A7 6% BT IE A A
AROIRA. B: AV Y5 A NG . C: YL TAV 5 45 41401 37 85 7 NP mRNA %3k, D: 1AV &
Y rl e HEA A IL-18 9430, E: TAV B a2 BEAIML IL-6 A 43 h. X HRZIAHLL, **: P<0.01; S5
RUZAAALL, #: P<0.05, ##: P<0.01

Figure 2 The repair effect of Fer-1 on cell damage induced by AV infection. A: Morphology and growth
state of the cells in each group under light microscope after IAV infection. B: Cell activity of each group after
IAV infection. C: The influenza virus NP protein gene expression in each group after IAV infection. D: IAV

infection can promote the secretion of cellular IL-1B. E: IAV infection can promote the secretion of cellular
IL-6. Compared with the control group, **: P<0.01; compared with the model group, #: P<0.05, ##: P<0.01.
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BIN(P<0.01); SHUAMLL, Fer-1 ZH40 P
NP /1 mRNA (P<0.01) 5% & 2 PER T 1L-18
(P<0.05). IL-6 3 FEL(P<0.01) (Kl 2C-2E).
2.3 Fer-1 ¥4 ROS BEAL. SOD 5EMHR
BERETFMISKEFEENEN

XA, BARIY] ROS ., KR T/
WARE o= (P<0.01) (B 3A. 3B), SOD
TEPERAR (P<0.01) (K] 3C); SHERIZHAH L , Fer-1
ZH ROS 18/ (P<0.01), SOD & M3 11 (P<0.05),
VRN 1 % B I (P<0.01)
2.4 1AV BRI 4 2 R S5 A B 22 M

wE 4 s, SXFIRAAEEL, BRI A0
ORI UROUZ I B v an , SRR s, 2ok ik
S DB 2, SAERIZHAR G, Fer-1 ZH 2002k
BRB G R RE, FEBH I H 40 B AR LAY 2ok 14
GERE . XAEE LRI TAV L e S 2o i
BRAET - LA TR A R
2.5 1AV BRE4HAE ACSL4 1 GPX4 B
mRNA FTiLTK

RT-qPCR Z5 3 /R (K 5A), S5XF A L,

3 1AV RREEHAE ROS B, SOD FEMHURMEBASSKEFMIKSFHSE

HERIZH AT S {2 AR L ACSL4 i mRNA 3%
iK(P<0.01), FEIRAIALH GPX4 i mRNA ik
(P<0.01), S5HEAIZAH EL , Fer-1 24N ACSL4
) mRNA ik i 2 AL (P<0.01), GPX4 1Y
mRNA ik B ZEH(P<0.01).

2.6 1AV BREHAEF GPX4 1 ACSL4

ERFTIEWT L
Western blotting 255 (K] 5B, 5O)&E/~, 5

XTREAA AR L, IR 2 AT i 2 {2 i 4 el b ACSLA4
) 1 35 (P<0.01), FEAR4H A GPX4 I
F£iK(P<0.01); SHIRILIAILL, Fer-1 414
ACSL4 [} [ # ik i % K (P<0.05), GPX4
I 2R 11 2R 38 10 2 39 1(P<0.05)
2.7 REREREIE S ERIE T HLH AT
WE 6A fiizn, FAGZRF] 99 4RI
T-Z A . GO & 00T s (K 6B),
FES 5 AN N A0 . itk
2NN AEAE Y R ARG, KEGG & £ it
iR WoR (K 6C), HEEE L IL-17 {558 1% .
C MUBEEE R 2 IR (5 538 . PD-L1 A PD-1

A: fHZ

PRENEAIA0NE ROS BEAL. B i FH o (0 12 AG: D 40 0 P9 VR AT A% B8 5 A 3 it € ol B 6 12 4G M0 40
I SOD ik, SXFRRAIAMLL, **: P<0.01; SEBIAMEL, #: P<0.05, ##: P<0.01

Figure 3 Cellular ROS release, SOD activity, and contents of total intracellular iron and ferrous ions after
IAV infection. A: Cellular ROS release was detected using the fluorescent probe method. B: Contents of
intracellular total iron and ferrous ions were detected using the colorimetric method. C: Contents of

intracellular SOD activity were detected using the colorimetric method. Compared with the control group, **:
P<0.01; compared with the model group, #: P<0.05, ##: P<0.01.
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4 BHBEERETEEMBPERARTS  EPAOF KRR LR 4
Figure 4 The mitochondrial morphology of IAV-infected cells in each group under the transmission electron
microscope. The red arrow in the picture indicates the cell mitochondria.
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MLE-12 4 s 1 GPX4 il ACSL4 ) mRNA Fik 520, B C: TAV &YXt MLE-12 41 i GPX4 Fil ACSL4
FEEFIEREW. SXTIAAHE, **: P<0.01; SR, #: P<0.05, ##: P<0.01

Figure 5 Effects of IAV infection on the mRNA and protein expressions of GPX4 and ACSL4 in MLE-12
cells. A: Effects of IAV infection on the mRNA expressions of GPX4 and ACSL4 in MLE-12 cells. B, C:

Effects of IAV infection on the protein expressions of GPX4 and ACSL4 in MLE-12 cells. Compared with the
control group, **: P<0.01; compared with the model group, #: P<0.05, ##: P<0.01.
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Figure 6 Prediction of the mechanism of influenza-induced ferroptosis. A: The intersection targets between
influenza and ferroptosis. B: GO enrichment analysis for the prediction of influenza-induced ferroptosis. C:
KEGG enrichment analysis for the prediction of influenza-induced ferroptosis. D: Network visualization of
KEGG enrichment analysis for the prediction of influenza-induced ferroptosis prediction.
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Figure 7 The potential mechanism of HIF-1a/iNOS/VEGF signaling pathway in IAV infection-induced
ferroptosis. A: TAV infection promoted HIF-1a activation and nuclear entry in MLE-12 cells. B: Effects of
IAV infection on the mRNA expressions of HIF-1a, iNOS and VEGF in the HIF-1a/iNOS/VEGF signaling

pathway in MLE-12 cells. C: Western blotting detected the expression of HIF-1a, iNOS and VEGF proteins
in cells. D: Quantitative analysis of relative protein expression. Compared with the control group, **: P<0.01.
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Figure 8 Knockdown of HIF-1a and changes in ROS release and contents of total iron and ferrous ions after
knockdown. A: Cellular HIF-1a protein expression levels after MLE-12 cells transfected with siRNA. B:
Cellular HIF-1o mRNA expression levels after MLE-12 cells transfected with siRNA. C: Knockdown of
HIF-1a inhibits the ROS release induced by IAV-infected cells. D: Knockdown of HIF-la reverses the
increase in the contents of total intracellular iron and ferrous ions in IAV-infected cells. +: Use this method to
intervene; —: No intervention using this method. Compared with the control group, **: P<0.01; compared with
the model group, ##: P<0.01.
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Figure 9 Effects of knockdown of HIF-1a on IAV-infected cells. A: Effects of knockdown of HIF-1a on the
mRNA expressions of GPX4, ACSL4 and HIF-10/iNOS/VEGF pathway elements in IAV-infected cells. B, C:
Effects of knockdown of HIF-la on the protein expressions of GPX4, ACSL4 and HIF-10/iNOS/VEGF
pathway elements in IAV-infected cells. Compared with the control group, *: P<0.05, **: P<0.01; compared
with the model group, #: P<0.05, ##: P<0.01.
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