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Woks . 20234F4 170 FHBER: 20234F5H9H; & A HM: 202345 H17H
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BH: EESWEEHLARIENEE EFFKFKE (aortic dissection, AD)H FRBERILT-ERN . FHik:
Limmaffiik IE % £ 31 Bk AD E 3 Bk (8] ) 2 7 RI&HE: F (differentially expressed genes, DEGs). :F 4
1518 (gene ontology, GO)FI F#RZE: I M1FE K 4H 5 #}4F (Kyoto Encyclopedia of Genes and Genomes,
KEGG) B &£/ #r H Wi DEGsFEAD H {1 Th BE AR i 72 . DEGs 58kt 12 # % & FH (ferroptosis-related
genes, FRGs)$(#E FEFerrDBEUAZ 418 3|22 7 RIE K SE T-#E < Z H (differentially expressed ferrop-
tosis-related genes, DEFRGs). #ZEAD/MRIER, IFET4MDEFRGs. 3 : IE¥ EkEARNADE
B BKFEA R FFE774 N DEGs. DEGs 5EEEM: . 4T 450 RAERR B %K. DEGs 5 FerrDBEIEFERL
£ 17N DEFRGs. S HWEAD/MRIER, #—P X% T DEFRGsH HRT4 B R, B4 AT H
EZ AR ¥EH, Mammalian Target of Rapamycin (MTOR). figfiiz# & H2, Lipocalin-2 (LCN2). DNA
#5555 3% % E T4, DNA damage-inducing transcription factor 4 (DDIT4)F1#k B4 R ik iR el ,
Lymphoid-specific helicase (HELLS). 2:#*"MTOR. LCN27EAD/) R Ezhfk+ L, DDIT4#EAD/PMRE
Bk T ATMHELLSTEAD/D R ES KA IEH £ K LR Gk SRILT-RADKEH LA D KK
B2 —, —DEFRGSHET AT HIEKFE TR MADIIBEE . IX—RILEIRAHIAR T ADHIBURHL
A5 FEE R
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Abstract

Objective: To identify the key ferroptosis genes in aortic dissection (AD) by bioinformatics analy-
sis combined with tissue validation. Methods: Limma screened differentially expressed genes
(DEGs) between normal aorta and AD aorta. Gene ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analysis were used to predict the potential functions and meta-
bolic processes of DEGs in AD. Differentially expressed ferroptosis-related genes (DEFRGs) were
determined by intersection of DEGs and FerrDB, which is a database of ferroptosis-related genes
(FRGs). AD mouse models were constructed to validate the first four DEFRGs. Results: The analysis
indicated that there were 774 DEGs between normal aortic samples and AD aortic samples. DEGs
were related to enzyme activity, cell substructure and glucose and lipid metabolism. Seventeen
DEFRGs were obtained by intersectional analysis of DEGs and FerrDB database. By constructing an
AD mouse model, we further identified the top four key genes in DEFRGs. They are Mammalian
Target of Rapamycin (MTOR), Lipocalin-2 (LCN2) and DNA damage inducing transcription factor 4
(DDIT4) and Lymphoid-specific helicase (HELLS). Among them, MTOR and LCN2 were up-regulated
in AD mouse aorta, DDIT4 was down-regulated in AD mouse aorta, while HELLS had no change
between AD mouse aorta and normal aorta. Conclusion: These results suggested that ferroptosis is
one of the essential pathological processes in AD and that several DEFRGs affect the progression of
AD by mediating cell ferroptosis. This finding provides deeper insights into the pathogenesis and
molecular targets of AD.
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1. 518

AD 55 L B B ik 45 A 1F (acute aortic syndrome, AAS), T AAS ) 85%~95% [1], i
KA IR R A B G EE[2] . AD B RIR Z 29 8R4 15 441/100,000 A [3]. J4F Kbl 4 & i A&
o R A5 AR 3 L 3 I, LR 6 W S T v [ 4] AR AR T3 AR R 48, AD 1T 43 A Bk B B A B AD (Type
A AD, TAAD)WIIRTRAC R fe i, AN AR K B2 Wil 2 $dn ([5]. 7 B AU EZh kI 2 (Type BAD,
TBAD) K AR T G Bk T 42 24 IR R A, QR AE 28 B S i i At 24 v K38 n HL &% R [6]. 2, AD
Pl fa, W2 TR RIBHLSI LR 27 .

FROR R 22 FE4E R AR AU T . AR T NN 2 R AR A% ThRE# S 5 T AD IIRAEKRE.
Bilhn, 255 NRBVERIET 307 liproxstatin-1 I T AD /MR ESIK P B IET SRS 4-F 3 T I3 05 F0
PR AR, [FIRS 3C B B IR AR T 3 3 ik e AR Ak 4T 4 W 2L [7] . Clément &5 AAIE ST WL4H A
(smooth muscle cells, SMCs) H WAl ¢ 25 1 ATG5 Bk 238 n AD K AR R M A FERE[8]. [FIRT BE &%
NI FE R WM H] SMC 2T R B R 240% AD [9]. Horf, Bl RILIZIET7E AD KA Ht B E F (7]
[10]0 BRFETZE—Fh LUK 35 MR VS AE AR T PERBE[11] A R 7T & B0 L 0 T AR AE )2 IR JE T I
Fo B, mHEEESE SMC ZAET AR B A540[12]. 55— 78 K B BRDA770 Rt il kAt
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Hmxt AD RIFGRIEAI[10]. MZAEEE NI it — b3 e A £ 3k SMCs (human aortic smooth
muscle cells, HASMCs){JBkAET- AT L2 /i AD [7]. AT ILAEFERSET R ONTRYY AD A RIS . 14558
DEFRGs #] 2y AD #2412 Witk A= Wb il sl TR 5

AT FAE I 45 4 FE DK 362 42 4 B 1 (Gene Expression Omnibus, GEO)H ()43 £ GSE98770 11 FRGs
¥ FerrDB ikt 774 4~ DEGs Ml 17 4~ DEFRGs. BfJjm, AT EIEKFEH#4T GO M KEGG &%
ST FJEFRATIE AD /B BRI IE 5 3 3 ik 38 T AT 4 > DEGs.

2. 5 HZE
2.1, BiEKIR

GSE98770 [¥) mRNA ik ik H T GPL14550, 17 6 170 5 1t i 3 3 ks 11 TAAD Hg 1)k
JETFE BN AR 5 B R AR SRR ) AE S JZ T £ S kN R

2.2. DEGs #1 DEFRGs B4

Limma &P ) SR AR (1) 22 S5 RA IRk 771k [13] . ASCERA R AR Limma (ARAS 3.40.6)
AT DEGs 7341, VLR IEH R34S AD T3 kFE AR (1) DEGs. HA&1fi &, LAllogFC|>2 Fil P A
< 0.05 fF 7t 2 F AL R R M bRiE, (R R #AFH11 “ggplot2” ik 1Ll M FerrDB #f 2 3515
FRGs, Ji5 DEGs #1323k 13 DEFRGs.

23. BERE&ESHT

N TS AD E SR IE R sk 2 (7] DEGs FIFEEAY % ThEE, KA R &9 1) clusterProfiler 347
7 GO 5 KEGG 43 #t-

2.4. AD /MR AR /R E BB AR Y

Vi 3 JEIEE 1) CHTBL/6J M /N B (Hh B e L) o B R 45 T Fr e R & SO G & R S — i )5
INSRBEREAL A AR (11 /). IEH 4 AD ZH. AD ZH/N 5B v 5 I 555K 3 11 (Angll, 6 mg/kg/12h,
b E i R R) A B LT G (BAPN, 0.33 g/kg/24h, mf [E i), 1E 5 4/ RIE IS eGSR 0 A 2 3
Ko 14 RIGH/INRBEAT 22 5R50, B BNk IR it A7 7E-80 °C RIMIRIR UK FE P& 7 Al 51 B 8 T 4% %
EHBE LS AL TR IISE IR BRI AT BRI B ERE s e B2 o Fi it

2.5. RNA $#2E# qRT-PCR

4 Kz-111-fp e i (IR A B A ([ 75 5 ZE 405 7R ) IF B 4 21048 B TRIZOL 57 (h [ 75 15 B R ) 12
B RNA. cDNA PR30 S5 FE MR il 3 i (m T o o V45 P ) S (4L 11 15 W3R A7 1) I A] SYBR gPCR ¥R
H(H E R R IEMERE), RNAE 95°C FIZ4T 30 2, 95°CigfT 5 #F, 60°Cig{T 30 #IF>40 NMEK. Al
SO KR R N AN S8 R AR P, IR 20 PRI R T S T H i -3-
T 12 i U B (glyceraldehyde-3-phosphate dehydrogenase, GAPDH)H/E A2 . qRT-PCR it F I 51 40tn 4 1 F
7INo

2.6. BFARZEEPLI (Hematoxylin & Eosin, H&E)3ta

K T 1) E BN RKEEAS ] BRAEE D) Fr o Fl H&E He sk 7 i (rh [ DR T4 56 ) #2 M 1l ps S X 7 S kAT
Qe , A DR BB (H A A 50 Olympus) a3k (4 -
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Table 1. Primers used for qRT-PCR
% 1. qRT-PCR Fr NS4

3149 FF(5'—3")
mus-MTOR-forward GCTCACTGGTCGGGATTTCTCT
mus-MTOR-reverse TGTAGCACTGGCAGAGGTTCTC
mus-LCN2-forward AATGTCACCTCCATCCTGGTCA
mus-LCN2-reverse GGCCACTTGCACATTGTAGCTC
mus-DDIT4-forward CGGAGGAAGACTCCTCATACCTG
mus-DDIT4-reverse AGGTTGGCACACAGGTGCTC
mus-Hells-forward TGGTCAGACAAAGCCAGTTGT

mus-Hells-reverse ACCCAGACTGACCACCTTTGA

2.7. GtFESH

GraphPad Prism 8.3.0 #1470 #r i A R AR A JEL AR Hictle o T+ Bt DL Braebr itk 72200 . WAL 28 A RE A
FLBCR F AERCRT t 1856 P < 0.05 5 &M E .

3. &R
3.1. #aE DEGs

PAIAE GSEQ8770 R IL T AD EBNIKEEAF IE W BN IKEEA ] F71E 774 4~ DEGs, HA1f 468 1~ I
PEHIER, 306 N TFiEEER. DEGs LB uE 1 iR,

4.0 4 Regulated
! : v Down-regulated
A Up-regulated

N w w
wv o wv
1 1 1

-log10(pvalue)
N
<)
1

1.0

0.5

0.0+

log2(FoldChange)
Figure 1. Volcano plot of DEGs between AD aorta and healthy aorta
& 1. AD EzhBkFIE R T 3hRKIE DEGs B LLIE

3.2. &% DEGs WEEE £

BATHAT T GO F1 KEGG EHE 4T LA T fiff DEGs MM RINEEM S 5115 58 . GO &HES T,
DEGs 7£ 431 ZheZ il (molecular function, MF) & £ 48 T 1 B RR BVE 14 « NAD 455 . MK BG4 (1]
2(A))- DEGs TEAH L p 53 25 71l (cell component, CC) == 2 & 48 T-4H I 2% . [X = | w51 R E A4 g 7Rk 4k 7 = (14
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2(B)). DEGs A:#id F225 5 (biological process, BP) =2 & 4 T B 88 KRG A KA N 2 HAH I AR FIRE i
EWE IR (K 2(C)). 12 KEGG &5, K4 DEGs 5N t 0 1 ML o B8 1 8 ot A ™ 4
TEMEER A S (K 2(D)), IZZR SRS AD H AT BEAT I HE I8 BE A B0 »

PHOSPHOPROTEIN_PHOSPHATASE_ACTIVITY - ) ORGANELLE_SUBCOMPARTMENT -| [ ]
NAD_BINDING [ ] GOLGI_APPARATUS -|
EXOPEPTIDASE_ACTIVITY [ ) GOLGI_APPARATUS_SUBCOMPARTMENT -| o
METALLOCARBOXYPEPTIDASE_ACTIVITY ° RESPIRATORY_CHAIN_COMPLEX{ @
CARBONATE_DEHYDRATASE_ACTIVITY | RESPIRASOME

RIBOSOMAL_SMALL_SUBUNIT_BINDING [ ]

-log10(pvalue) NADH_DEHYDROGENASE_COMPLEX -
18
VOLTAGE_GATED_ANION_CHANNEL_ACTMITY @ 20 PERICENTRIOLAR_MATERIAL-| @
22
ISOCITRATE_DEHYDROGENASE_ACTIVITY - 24 PERINUCLEOLAR_COMPARTMENT |
26 -
28
PORIN_ACTIVITY - 30 MITOTIC_SPINDLE_ASTRAL_MICROTUBULE-{ @

INTERLEUKIN_1_RECEPTOR_ACTIVITY 4 @

ALVEOLAR_LAMELLAR_BODY -4 @

T T T T

T T T T

0010 0015 0020 0.02: 0.00 0.05 0.10 0.15
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GeneRatio
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T
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Figure 2. GO and KEGG enrichment analysis of 774 DEGs. (A) Bubble plot of GO enriched MF categories; (B) Bubble plot
of GO enriched CC categories; (C) Bubble plot of GO-enriched BP categories; (D) Chordograms of KEGG enrichment

[& 2. 774 1~ DEGs # GO #1 KEGG EE&E57#. (A) GO B MF £ SiRE; (B) GO B4 CC £HIHISiAE; (C) GO
=% BP £ SiEE; (D) KEGG E5&HIZE

3.3. #a7E DEFRGs

BEAAE AR A BRIE T2 8E T AD MIRERRE. AT /MM FRGs 25 1 AD R EEERE, FRATX
DEGs 5 FRGs Uz #5545 17 4> DEFRGs, H+45 9 /> 1 DEFRGs, 8 > N il DEFRGs 114 3, # 2 flizn.

DEGs FerrDb

757

Figure 3. Venn diagram showing the intersection of genes between DEGs from GSE98770 and FRGs from FerrDB
B 3. #EERRT GSE98770 i DEGs 5 FerrDB Y FRGs Z Bl ERE M3 &
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Table 2. Seventeen DEFRGs identified in AD aortic samples compared to healthy aortic samples

% 2. S5 @RERKFE AL, AD EEIBKAEARFLEE R 17 4 DEFRGs

HH Log FC L34 PE WEEIEH P H
ACVR1B 2.850375592 i 0.019440488 0.965717469
BCAT2 —2.608543047 T 0.048619016 0.965717469
CA9 —3.929346336 T 0.045761926 0.965717469
CDKN2A —4.321904937 T 0.025526545 0.965717469
CYP4F8 3.141281932 i 0.029120956 0.965717469
DAZAP1 2.510730852 A 0.034071267 0.965717469
DDIT4 —6.389734203 T 0.004856257 0.965717469
DDR2 —3.347429545 T 0.013636601 0.965717469
GABARAPL2 —3.416143016 iR 0.020171116 0.965717469
GPX4 3.906003637 i 0.018881765 0.965717469
HELLS 7.034464167 S 0.007149613 0.965717469
KDM6B 3.775296694 S 0.046501325 0.965717469
LCN2 4.941833404 i 0.012162798 0.965717469
MTOR 5.616498739 i 0.000826739 0.965717469
NGB 4.817942138 B 0.006465372 0.965717469
PDK4 —3.086370556 T 0.036464164 0.965717469
TFAM 3.018739388 i 0.027871524 0.965717469

3.4. ¥3%E AD NRAER

AT —AE AD EEIIKA LS P HIAIRE N DEFRGs, FATHME T AD #5/N RAEAL, Eshkoik
B Bon 5 I1E% Eah ik E, AD EahkH B IR (14 4(A). H&E 4eftiox AD T shfik 42 iH B4 o5,
FENK S B2, P42 (14] 4(B)). X ELELIE R T AD AZ A 2 58 B o

A B

NC AD NC AD

Figure 4. (A) Gross photographs of the aorta of mice between the two groups; (B) Aortic H&E staining of
mice between different treatment groups, bar = 200 um

E 4. (A) RAENREIERNBKARERF;(B) FRIALIBLAE/NEAIERK HRE R, EEHIR =200 um

3.5. I&F DEFRGs

N TP ERUE 2 R R IA ) DEFRGS 7E/N R E B ik (1) 2 = K18, K H qRT-PCR &I 1 /i 4 Mg ik
DEFRGs [#ik. 455H%M, MTOR A1 LCN2 7 AD /MR Eshfik A4 (& 5(A). B 5(B)), 1fii DDIT4 7£
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AD /IR E BNk T [ HELLS 72 AD /B 32 sl koNTIE 3 B ik 1A B 281k .

15+ MTOR 80 LEN2
! o }’L T *
i £ *% Z E o -
E L
Z 5107 %o
1= R E 7{2 40
o =~ g
8‘% 5 5% b
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gy | & 20
E- 03 - =
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Figure 5. (A) gRT-PCR detection of MTOR in mouse aortas among groups; (B) gRT-PCR was used to detect LCN2 in the
aorta of mice among groups; (C) gRT-PCR was used to detect LCNZ2 in the aorta of mice among groups; (D) qRT-PCR de-
tection of HELLS in mouse aortae across groups. ™P > 0.05, P < 0.05, P < 0.01

[& 5. (A) qRT-PCR &30 &¢B 8] /R EZh Bk B9 MTOR; (B) gRT-PCR #:&-4R18)/)\ iR £ &I Bk FAY LCN2; (C) gRT-PCR
& 4R iE)/NR EFHAK P HY LCN2; (D) gRT-PCR #M&-48 18]/ =3k i HELLS. "P > 0.05, "P < 0.05, “P < 0.01

4. g

AD 5 R%JE. 4HiE 4R LT (extracellular matrix, ECM)FEfE . AL LA K SMCs 1138 B4 4 4 A1 124
Ko XX L BEHLAAE ELAE ] DUESE AD B AE[14]. B, 80402 s i 28 i PR - R0 2 13 I i 245 79
FEAHI[15] P S SMCs W 4e a1 [16] A K 75 3 E Bk H IR A IR JH T-[17] 51 42 AD. BEAh, S RN A] 5]
FEBIIKINBEREAT[18]. SLIGHFFU R I, A Z(H,S) il 38 iy /b S AL RO A R 4| AD R [19].
okid, SxTRRAMLEL, H,S Fhm 1T AD 270N B 3 3h ik i SR A A 0 AT M R PR T T R — 4
A B . SMCs M LE RIS 48 B 6 A8 DA v B K 3 ST B8 AR Ol SMICs (1 3R A B 4 st 25 401 [20] . 5K 55
NAESEAR R IA 1) 22 24 (-1 3B 05 mTOR/S6K/S6 15 5 M % 1 15 SMCs 7 4 f1 ECM =5 98 11 S 50l
F Bk JZ (thoracic aortic dissection, TAD) [21]. EAR O BT FEIE 52 -5 S AL BRI 28 A 25 U AH S R FE T
25 7 AD By RE[10] [22], HIRATAERIET: 51K AD BIHLHIARA SR A R «

AW MF &£ 08 878 AD 5 A4/ 21 (interleukin-1, 1L-1)324&3E G 5%, 1L-1 T8 d B g
YHM I, AT R YM A T RO TR A E - 5123] [24]. EREE KRB IL-1p @i THE MMP-2 1 MMP-9
T 5| RS A LA 22 Je BN IKEE R 77 o038, B idE 1 TAD JER[25]. Tt IL-18 697 Al jk#s TAD. X
— RIS NI 74 R —8[26]. WAMIIET R 25 IL-18 N SR RAER N Fl0, 1R NIFSEA i
H R S AL Y (glutathione peroxidase, GPX4) 2k (1) T kL4l & A4E T8k FET: B IL-18 R s n[27]. %
b, 2R IL KIRBAT 225 AD i B S8R0 T VI G B, IERWE 7E R I AD B 1L-6
AP E[28]. H IL-6 AIENZWT AD KTl AD JA 97 K WG I il S A b ic . TR IL-6 [T 9R
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STl B R 22 AR AD. [ERY, 555 N RPN elabela il i 115 IL-6/{5 5 #% 557 3 (signal transducer and activator
of transcription 3, STAT3)/GPX4 15 ‘S IEB I H5 PLEkFET-[29]. LLAk, AWM BP &5 R AD 5%k
BeAL iz iA 5% . T ks i AT — PRI REAT — U7 2 BN B ERAN R, H e 51 0 B AU S 4 T
BUERAETC[22]. AN, OSSN B R B S AR RS R HI BRSE T2[30] [31]. B — U7 KIS fbRaG 2%
FEUERBR Z MM SMCs DifE. Eotn, Bh5E N3E7R 1 BB Z 8 BA SMCs 40 & B2 i {2k 8 ik
JREAEPE[32] 0 IR Z BT B E BN KA A VERT B 38 0 T AD 1R B8 XU [33]

TE/NREBIKFE S, FRATTEEIE T MTOR. DDIT4 Fil LCN2 5151745 R —8. B MTOR
FE B R A e IR EN K T [34], {H MTOR .5 AD A 3%[35]. Ebin, ZE% N RILESE MTOR E&64 1
(MTOR complex 1, MTORC1)£x{ig i SMCs 34 £k 1fif 5 ik 47 14 3= 2 ik o 548 14 R TAAD [36] 55— TR 5¢
7 T AR 2R T REl I H ) MTOR {5 5 % 8D 2 40 AT MMP-9 (17742, AT 411 TAAD BT R
[371WFFE N SA B Sl B /N R TAAD 41439 A5 MTORCL 15 5 2B S v ) =5 ELE AL B R (4 p-S6K Al p-S6
E. TR RIGITH TAAD /N p-S6K M1 p-S6 T, RIS TTAD JERK T Bk ik st
LPYUEWTR IR D BRI LT E R MMP-9 T DL A2 #E ECM R AR I A Mok 20 i A1 4 IR T /b o 1K
BE— B HEUE T MTOR {2 AD fEH . 58 N B 75 Bk R AR . AT TR 34 MTOR & 5% %
AT Ik KA, (AR AD. RIUERIEEAR Z M MTOR XF £z ks f/EH[38]. AR, BFE
B MTOR A2 RFERIE T #H5 N KIS 3 2525 4t AL (type 3 sirtuins, SIRT3)i i i it H BRIE 10 2
¥ (adenosine 5’-monophosphate-activated protein kinase, AMPK)-MTOR @25 1 k7740 M 2k 5E T
[39]. Zil, MTOR il itr-igiefest AD 13— DIRE . DDITA J&— M B OR 55 (1 ML U M
W ARERIET AL B A[40] . 2% N CHEW] T 1 DDIT4 A #kAET2[41]. 1B H AT AE 5T DDIT4 iz
AD RIS o 1EA— P S AR -, JE5F AN RN I LCN2 o] s8R Ek A T2 S A B sE T E I [42] .
A A A — 2 WA R DR 1, LON2 S o0 JRE 7 3 A B 2 o S e YR 2 S5 B ) 2 LA 1 771 [43] . HLH
AT M TCWE SR B LCN2 225 1% AD. %1 LCN2 7ER T TBRAE T KO IS Hh IR it KA AR A 0
] B AE AD 1R .

g b, BATRIH/NE AD EZNIKFEA Y E T —L 1) DEFRGSs. (HIR TG RBCEERIAMERE, HAT
TOIRAENN IR B BRAEAS B0 IR S FE [, R AR SRATS T S SR I R AR AR LUk — 25 %5 78 IX 2% DEFRGs. It4h,
2% AD HHREMTT K M 2 FRGs 1) %55E o el AD S ik 5 2 2 Wbric ) S B o7 #E s
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