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[ ABSTRACT ] Aim To screen the early and advanced atherosclerosis differential genes associated with cuproptosis
by bioinformatic methods, and analyze their mechanisms of action, and predict potential biomarkers. Methods The

information related to early and advanced atherosclerosis ( GSE28829 and GSE43292 data sets) was downloaded from GEO
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database and standardized. 19 cuproptosis genes were obtained from the literature.  Difference analysis, enrichment a-
immune cell infiltration and screening core genes

Results

nalysis, consensus clustering algorithm, principal component analysis,
were used to find their action mechanisms and potential biomarkers. Finally, 10 differential genes related to
cuproptosis were screened.  The correlation analysis of differential genes related to cuproptosis showed a strong positive
correlation between GLS and DBT (r=0.78, P<0.001), while NLRP3 showed a strong negative correlation with DBT and
GLS (r=-0.62, P<0.001). GO enrichment analysis of differential genes related to cuproptosis was mainly related to
and KEGG analysis showed that it was mainly enriched in platinum resist-

The PPI network analysis and MCODE were

copper ion transport and copper homeostasis,
ance, mineral absorption and central carbon metabolic pathway in cancer.
used to screen core genes.  The results of immune cell infiltration showed that M2 macrophages, MO macrophages, resting
CD4 memory T cells, and CD8"T cells were dominant ( P<0.05).
immune cells and cuproptosis showed that in the early stage of atherosclerosis, GLS was strongly positively correlated with
activated NK cells (r=0.52, P<0.001), FDX1 and SLC31A1 was strongestly negatively correlated with CD8"T cells (r=
-0.51, P<0.001) ; in the advanced stage of atherosclerosis, FDX1 was strongestly positively correlated with MO macro-

phages (r=0.58, P<0.001) and FDX1 was strongestly negatively correlated with CD8"T cells (r=-0.55, P<0.001).

The correlation analysis of differential genes related to

Principal component analysis showed that two subtypes C1 and C2 could be clearly distinguished according to the expression
of cuproptosis-related differential genes. Conclusion The immune-related changes between cuproptosis and the devel-

opment of atherosclerosis may be the key to the diagnosis and treatment of early and advanced atherosclerosis, and the core

genes SLC31A1,
osclerosis.
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Figure 1. Differential expression and correlation analysis of CRG
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Figure 3. Immune cell infiltration and correlation analysis

A Consensus matrix k=2 B C Cluster #1C151C2
° 0.6 :
1.0
* . S04
. s
o1 S
"2 05{ . g
- w
o . 0.2 .
o . t ' .
o ] . H .
of = ﬁ i ** i [F EP i
0 “ o dede uu” “ Wl
* Cluster oq}\aoq}\aoq}\ac?}\roc?}\c?}\roc?}\gcP\\e%(?\c;\gcf’\ao\6 QZ&?DQ@Z@% \\6(P\\ cP\\ Q}\ é& ®
-05 - C1 QR @A AK KA G <‘<‘.®\eac°°
@ ) SR AT I S SR RIS EF & L 5
c2 S RE L LTS D W O F S
- - * . LR GO0 Ol P TN SEE S0
. SRS (& RO
4 0 ) S
D Cluster #3C1 3 C2
067 « & w we o w s e Cluster 3 2“5:9'
FDX1 o mc2
_ 04 CDKN2A [ 1
S 0
8 g NLRP3 ;
g _
02 I SLC31A1 | o
.. b
M .* #4 &‘ #" MTFA -3
o] Wy Lndinaditie o ¥ 4 S
%@\\eo'z}\ro o'z}f@\\:&\?: ‘z’f Q}f P go{ue\\:_@\\i;\@e Q@% Q@a &ec’\e&\e 2P \6§ & GLS
o ‘\ S (\
O S PP I S év\\&"(\é&é&c}ée S e"' O
&&Q\Q@ ooe@o@@ ,,,@@,,, 82’\9\% & DBT
Q/ &
A &&0\7’@6 PUC I IRONS @”’\@@Q@%\
<~‘ <~‘(<<,\\ FF &
e"’ s

A 4 k=2 B} consensus matrix #A[&]; B S PCA /34T /R IFIERL ; C D 4 DE-CRG 43 Bl G 55

4. DE-CRG

i

AT R AR AR B AR MO A4 R

AT GBE AN A, W 028 C1L 40 3E €2, # + 5 P<0.001, * 4 P<0.01, # 34 P<0.05;
E b G e AL 22 S PR 2 (AR R IE R ERE S b i 208 S RSB IE R FE AR i P IRk
Figure 4. Subtypes of DE-CRG



CN 43-1262/R W E kG L2 2023 4E55 31 455 11 1) 943

RIS 4

As S0 i I s o R p T IR & R
As BEHen] % J S e 30 HLAR R RS PEBER . As 119
RIRHL AR B T DUIR BRI | A L R
P JAE 2 7 5 Sk T2 14 4% e 0 a5, AL B e A L
WA, EEW B RATE | B A AL S0
HAT G CRG 54 W] As AH G 5T (R, H
CRG 7 As F IR YRR, T 520 2] As /Y
FHIEAHT

RREMMESE As EERMER B As Z [
M2 IR, FPEANIIRNE 0 wos | 30 As BEBR
E5REI0) As BEBRIR I G008 40 A BT AR AL, Herh A
PG NK 22 .CD8™T 4 ig \ MO F Wit 4 Jifd . M2 I
10 T LA 20 2 Y R S v o T MR W A4
BT As BEH e R AG T4 AE ), T 40 B A s
A5 ML R OIS PR R S 5 R R E MR S
HAAEN S 5T As BB B, R T HEE
B FHUEIT TS As A i B AR R W TR G 32
SRR A AN M, PR 20 it ) R R 2 IR AR
R BRI 5 As 1 % 24 K R E I B
W 240 J6 ] A 9 R E S I, Ly /b 2 BEAR T 6 2A
AR 20 B 1T A R v S E AN B o T e ke A Y
M7 W 20 A AE T FIRSE A O E S CDS™ T 4l e Y
M FEPENE A G M4 B = i, 36 AL 0 9 Rz 40 g
TE IS PORG BRE B2 26 BfF 53 F ICAM-1/VCAM-1 )33k
Boshtiz AR 2 i 22 BO0E 53 A0 B S RCEE T 40
it s A A A A0 i, HAth G5 40 G0 NKC 4
A4 5T . Nour-Eldine 25 & 3, 7 ApoE ™~
JINEUH AT asialo-GM-1 HLACK: NK 400 R, As ik
75 1) 9 5 /0 Wiinkels 25724 % B2 TL-2 il ik
Y NK 405572 3] ApoE ™ Rag2 ™ 112rg ™~ /NERAA
P TR E As AR HRIRFEAZ OB B, B IE, NK 41
MIAR AT BEJ& DE-CRG JRYT As I SCHE e 4i il

AHFEHAT T GO Fl KEGG & £ 43 1 3k 45 i
As [ DE-CRG ¥ #F /B I %, 2 585 THiE .
] B AR A L R A KL o S5 R A T AR 2 DI O
WPt ST, S 5 e R IR,
LA TG A2 A B, LA B 4% TG B0 R, 60 45 i
AR As FIfh 2B AT B & B 72 51K
NG AR, IR R As BEBIE A2
LR JE RS T b 1), 2 5 T RIE  ROS
B AR T As £ 2R AIAZ O X 3 B B B A 2R
BRI REREAT , T B LZORIAR DNA $5 D508 /0 Al
FEW/ D 3, IR DI RE B A% 5 As 2 (8] 25 D) A
B2 R AR SE A BT A0 3

H M2 A0 035 S R 4 T kAR Y Th
(1R v 11 AR DD BT R s T RO € 25 TR N
DI Re BRI0489 B DI 6E | B Wk 40 i A b 5 0k
FERIATT As,

A 5T MCODE 3#E47 4% 0> 35 R B4 0 1k |
PEH ATP7B ATP7A SLC31A1 Fl MTF1 iX 4 FhEE[A
fER As B9 DE-CRG MW TEAR &Y, Wiz P Al
ATP fif§, Bl ATP7A (ATP7B, F F BE &K B 7 %8 1%
b S, 2 200 A 4 B R RS T A T I S T 1]
e LSRR R E HEEM, ATPTB £
T R b F A 2B A T R SR A O, 1l i
TR A MR AL As Y& AR ATPTA J2—Fh
Pl e X Yetafk B 20 S B 75 Bl As W
Aprf  ATPT A 7EE BEA M & 2238, ATPTA A9
ATRAR 55 THP-1 W 41 i o 4K %% B s 26 1 0 45
B2 T R E A IR Y AR R B,
FEAR As B3] ATPTA 5 M2 B WEZ I 3635, A
FRIEAHGYE (r=0.46,P<0.01) , 5 30k — 2,
SRR AR5 A SLC31AT ( UFR CTR1) 2 41 it 45k
B Y 3 B 42, ATPTA A1 SLC31A1 38 it e 2 2R
SR 2% 1 4 A S I S 7 G ) 9 17 400 B P A 5
A= R B, Horb SLC31A1-ATP7A-Racl 38 %%
SRR A I RN 145 - LA M 3T R | 76 1l 45 46
Vi I T8 BT A= R TR AIG As A & AP MTFI
EEE A BURFE W T, SEE T E2 MR
F 2(NF-E2 related factor 2 ,NRF2) FL[w] 4% il 4 J& i
FEAJE ST, oA P B 4 50 3% 5 42 & AT ROS 1)
BEPE T WBE As BYTE B & JEDY . ATP7A
ATP7B SLC31A1 Fl MTF1 X 4 Ff 5E A28 1k 14 43 #7
R B As B2 S5 IRTT IR I B EE

25 LT AR ST 19 2 B 45 R X T IR S At T
1 As HEE Ty 1 Y SE A ST A — S E M E,
BIRMWAEYIEBEME RIS As AHCHHIBET
25 LR RS AEAR R, (EATY 5 S S AF 5T i) AR LA
FHAILHI

[ BE 30k ]

[1] CHANGHJ, LIN F Y, LEE S E, et al. Coronary atherosclerotic
precursors of acute coronary syndromes[J]. J Am Coll Cardiol,
2018, 71(22): 2511-2522.

[2] KRUKME, GAGE A D, JOSEPHN T, et al. Mortality due to low-
quality health systems in the universal health coverage era: a system-
atic analysis of amenable deaths in 137 countries [ J ]. Lancet,
2018, 392(10160) ; 2203-2212.

[3] SHIH, JIANG Y, YANG Y, et al. Copper metabolism in Saccharo-
myces cerevisiae; an update[ J]. Biometals, 2021, 34(1) ; 3-14.

[4] WANG Y, ZHANG L, ZHOU F. Cuproptosis; a new form of pro-
grammed cell death[ J]. Cell Mol Immunol, 2022, 19(8) ; 867-868.



944

ISSN 1007-3949 Chin J Arterioscler, Vol. 31 ,No. 11,2023

[5] TSVETKOV P, COY S, PETROVA B, et al. Copper induces cell
death by targeting lipoylated TCA cycle proteins [ J ]. Science,
2022, 375(6586) : 1254-1261.

BAGHERI B, AKBARI N, TABIBAN S, et al. Serum level of cop-

—
=)}
[

per in patients with coronary artery disease[ J]. Niger Med J, 2015,
56(1) . 39-42.
[7] ZHANG J, CAO J, ZHANG H, et al. Plasma copper and the risk of
first stroke in hypertensive patients: a nested case-control study[ J].
Am J Clin Nutr, 2019, 110(1) . 212-220.
JIANG Y, WANG L P, DONG X H, et al. Trace amounts of copper

—
oo
[

in drinking water aggravate cerebral ischemic injury via impairing
endothelial progenitor cells in mice[ J]. CNS Neurosci Ther, 2015,
21(8); 677-680.

ZHU Y, XIAN X, WANG Z, et al. Research progress on the rela-

—
=)
[

tionship between atherosclerosis and inflammation[ J]. Biomolecules,
2018, 8(3) : 80.

[10] GISTERA A, HANSSON G K. The immunology of atherosclerosis
[J]. Nat Rev Nephrol, 2017, 13(6) : 368-380.

[11] WOLF D, LEY K. Immunity and inflammation in atherosclerosis
[J]. Circ Res, 2019, 124(2) ; 315-327.

[12] KOELWYN G J, CORR E M, ERBAY E, et al. Regulation of mac-
rophage immunometabolism in atherosclerosis [ J ]. Nat Immunol,
2018, 19(6) ; 526-537.

[13] TABARES-GUEVARA J H, VILLA-PULGARIN J A, HERNAN-
DEZ J C. Atherosclerosis: immunopathogenesis and strategies for
immunotherapy[ J]. Immunotherapy, 2021, 13(14) . 1231-1244.

(147 BTM, 8 &, DRk, & SAERRLE A B e thum 530
PkoBRERE AL A FIT IR (1], R E BBk k2 A, 2022, 30
(5):437-441.

BI Q Y, FENG L, MA Q X, et al. Research progress on the associa-

tion of inflammatory factors in the pathogenesis of autoimmune diseases

and atherosclerosis[ J]. Chin J Arterioscler, 2022, 30(5) ; 437-441.
[15

[

BUSINARO R. Neuroimmunology of the atherosclerotic plaque: a

morphological approach[ J]. J Neuroimmune Pharmacol, 2013, 8

(1):15-27.

[16] 230, 2 . T 20 MO AE 3 Kok A A 1o it 86 b ) 1

FUHE[T]. PEBAFFIGE, 2023, 43(4) : 1003-1006.

LI W H, LI X. Research progress of T cells in atherosclerosis cardi-

ovascular disease[ J]. Chin J Gerontol, 2023, 43(4) ; 1003-1006.

TABAS I, LICHTMAN A H. Monocyte-macrophages and T cells in

atherosclerosis[ J]. Immunity, 2017, 47(4) : 621-634.

[18 ] HERRERO-FERNANDEZ B, GOMEZ-BRIS R, SOMOVILLA-
CRESPO B, et al. Immunobiology of atherosclerosis: a complex
net of interactions[ J]. Int J Mol Sci, 2019, 20(21) ; 5293.

[19] GANJALI S, GOTTO AM JR, RUSCICA M, et al. Monocyte-to-

[17

[

HDL-cholesterol ratio as a prognostic marker in cardiovascular dis-
eases[ J|. J Cell Physiol, 2018, 233(12) ; 9237-9246.

[20] #% 58, FOEE, 1k B, % MEgmRE. S8/ F e am i i 25
e kOB REREAL R B ILEI (], i Sl Bk A A A4 A
2023, 31(3): 199-204.

YANG Y, YAN M J, XU K, et al. Metabolic reprogramming: a
novel mechanism of monocyte/macrophage trained immunity in ath-

erosclerosis[ J]. Chin J Arterioscler, 2023, 31(3) : 199-204.

[21] POTTEAUX S, GAUTIER E L, HUTCHISON S B, et al. Sup-
pressed monocyte recruitment drives macrophage removal from ath-
erosclerotic plaques of ApoE ™™ mice during disease regression[ J].
J Clin Invest, 2011, 121(5) : 2025-2036.

[22] LIUZZO G, PEDICINO D, VINCI R, et al. CD8 lymphocytes and

[an

plaque erosion: a new piece in the jigsaw[ J]. Eur Heart J, 2020,
41(37) : 3561-3563.
NOUR-ELDINE W, JOFFRE J, ZIBARA K, et al. Genetic deple-

—
[Ne]
w

[

tion or hyperresponsiveness of natural killer cells do not affect ath-
erosclerosis development[ J]. Circ Res, 2018, 122(1) . 47-57.

[24] WINKELS H, LEY K. Natural killer cells at ease: atherosclerosis

[l

is not affected by genetic depletion or hyperactivation of natural kil-
ler cells[ J]. Circ Res, 2018, 122(1): 6-7.

[25] FUKAI T, USHIO-FUKAI M, KAPLAN J H. Copper transporters

[

and copper chaperones: roles in cardiovascular physiology and disease
[J]. Am J Physiol Cell Physiol, 2018, 315(2) : C186-C201.

[26] EL-HAJJAR L, HINDIEH J, ANDRAOS R, et al. Myeloperoxidase-
oxidized LDL activates human aortic endothelial cells through the
LOX-1 scavenger receptor[ J]. Int J Mol Sci, 2022, 23(5) ; 2837.

[27] ALEVRIADOU B R, SHANMUGHAPRIYA S, PATEL A, et al.

[

Mitochondrial Ca®* transport in the endothelium: regulation by ions,
redox signalling and mechanical forces[ J]. J R Soc Interface, 2017,
14(137) ; 20170672.

[28] PENG W, CAI G, XIA Y, et al. Mitochondrial dysfunction in ath-
erosclerosis[ J]. DNA Cell Biol, 2019, 38(7) : 597-606.

[29] Fv58T, BRITED, K 4. SR Sah Ik RERifL )],
KL, 2023, 31 (4) : 312-321.
QIAO W N, CHEN H'Y, ZHANG Y. Oxidative stress and athero-
sclerosis[ J]. Chin J Arterioscler, 2023, 31(4): 312-321.

[30] VAN DEN BOSSCHE J, BAARDMAN J, OTTO N A, et al. Mito-
chondrial dysfunction prevents repolarization of inflammatory mac-
rophages[ J]. Cell Rep, 2016, 17(3) : 684-696.

[31] BLADES B, AYTON S, HUNG Y H, et al. Copper and lipid me-

[

tabolism : a reciprocal relationship[ J]. Biochim Biophys Acta Gen
Subj, 2021, 1865(11): 129979.

[32] QIN Z, KONANIAH E S, NELTNER B, et al. Participation of
ATP7A in macrophage mediated oxidation of LDL[ J]. J Lipid
Res, 2010, 51(6) . 1471-1477.

[33] KIM H W, CHAN Q, AFTON S E, et al. Human macrophage
ATP7A is localized in the trans-Golgi apparatus, controls intracel-
lular copper levels, and mediates macrophage responses to dermal
wounds[ J]. Inflammation, 2012, 35(1) ; 167-175.

[34] ASHINO T, SUDHAHAR V, URAO N, et al. Unexpected role of

[N

the copper transporter ATP7A in PDGF-induced vascular smooth
muscle cell migration[ J]. Circ Res, 2010, 107(6) ; 787-799.

[35] DAS A, ASH D, FOUDA A Y, et al. Cysteine oxidation of copper

[

transporter CTR1 drives VEGFR2 signalling and angiogenesis| J].
Nat Cell Biol, 2022, 24(1) : 35-50.

[36] FUJIE T, SEGAWA Y, YOSHIDA E, et al. Induction of metallo-

[

thionein isoforms by copper diethyldithiocarbamate in cultured vas-
cular endothelial cells[ J]. J Toxicol Sci, 2016, 41(2) ; 225-232.
(HECHwEE SCEI)



