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Abstract This study aims to explore the effects and mechanisms of exogenous hydrogen sulfide donor-

NaHS (sodium hydrosulfide) on the function and metabolism of HPAECs (human pulmonary artery endothelial
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cells) induced by hypoxia. Cell identification was performed using immunofluorescence. The optimal concentration
of NaHS to inhibit hypoxia-induced HPAEC injury was determined using the CCK-8 assay. ELISA was used to
measure the levels of ET-1 (endothelin-1), NO (nitric oxide) and PGI, (prostacyclin I,) in HPAECs. Fluorescence
was used to detect Cu” concentration in each group of HPAEC. Western blot was used to detect copper transport
proteins CTR1, ATP7A, ATP7B and cuproptosis markers FDX1, LIAS, DLAT, DLAT Dimer, DLST. RT-qPCR was
used to detect the mRNA levels of FDXI, LIAS, DLAT and DLD. Immunofluorescence was used to observe the ex-
pression of FDX1 and DLAT. JC-1 mitochondrial membrane potential detection kit was usd for monitoring chang-
es in cellular mitochondrial embrane potential. ATP levels in cells were detected by chemiluminescence. ELISA
was used to detect the content of PDHA1 (pyruvate dehydrogenase E1 subunit alpha 1). Sulfosalicylic acid method
was used to measure CA (citric acid) content. The research results showed that theoptimal concentration of NaHS
to inhibit hypoxia-induced HPAEC injury was 200 pmol/L. Under hypoxic conditions, the concentration of the en-
dothelial cell-secreted mediator ET-1 increased, while the concentrations of NO and PGI, decreased. Intracellular
Cu" levels rose significantly, copper transporter 1 expression was markedly upregulated, and copper effluxproteins
ATP7A/B were significantly downregulated. The expression levels of cuproptosis markers FDX1, LIAS, DLAT, and
DLST were significantly reduced, while DLAT Dimer expression was significantly increased. The expression levels
of cuproptosis FDXI, LIAS, DLAT and DLD genes were all significantly downregulated. At the same time, mito-
chondrial function indicators JC-1 and ATP levels were significantly decreased, and tricarboxylic acid cycle indica-
tors PDHA1 and CA contents were significantly reduced. After adding NaHS (200 umol/L), the abnormal changes
in the above indicators were all reversed to varying degrees. The study results indicate that hypoxia can trigger cu-
proptosis in HPAECs, leading to mitochondrial dysfunction and metabolic disorders; NaHS can improve hypoxia-
induced HPAEC dysfunction and metabolic disorders by inhibiting cuproptosis.

Keywords  sodium hydrosulfide; pulmonary artery endothelial cells; cuproptosis; hypoxia; copper ion
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(0.9 mL PBS+50 pLili 2 1f1i%+50 pL Triton X-100),
W —#Hi (CD31. FDX1. DLATH: B L5135 N
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4% CCK-8 & Ut B O #R A , 55 75 450 nmi &K
A EEAL IR (D)YE -
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1.2.6 RbEHENEEF Cu'tyst g 6-FLAR I
ATAN MRS, F BRI TOCANZH I 200 ul 0.9%
NaClA RSB E EPE 1, 4 °C. 1 000 xg 0>
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K =198 A1l #R I — TAEM, B G B 2 A 1L
FTI 2 L EREFRAR R REFLID 20 pnLAFIIAEAS ,
A= TAEMEEFL100 pL, 355 = &FFL100 pL; FRAKS s,
37 °CH# & 10 min. 7£395 nmig & B, 480 nmA& 5
BRI AT T I R IAE, AF=Fyyse 0 nm—F e o
1.2.7 Western blot52 3 40 A 45 R J5 251N
N150 LA ER 24, 2400 58 R IR 4R, 2
JG4 °Cy 12 000 r/min® 0> 12 minWHL_EiEREH . DL
[FL40 pg EFFEATEREAEIK, HBEOSTEKR
/I FH PR PR YR RS AR [ B I, 3 R o i P i
5 AICE A 12~25 min. il— BT FDX 1 (Fi B Lo
1:3 000), —PiLIAS. DLAT. DLSTHICTRI(Ff
L4519 1:1500), — T ATP7TAR ATP7B(Fis e L iy
1:1 000) T4 "COKML I E . KA bilEE,
I ZH0(1:500)T37 °CHF A 1 h, (XG5 IR A7 5%
7 B e, F Image-Fijifi Pt 415 3047 404

1.2.8 RT-qPCREI: 4GB 4s R 5 LI
#)500 uL Trizol, F4H M| 7) &I M4 T EPE v, Bl
JE I 100 pLE A, 7873 liEfE 4 °C 12 000 r/min
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Table 1 Primer sequences
SR 4 7R FFH1(5'—3)
Game name Sequences (5'—3")
FDXI Forward: CGG TCG CTG AGC GTG TC
Reverse: AGC AGA GAA TCA CCAACT TTT CC
LIAS Forward: ATA TGC AGC CAA CAA GGC GT
Reverse: CCA AAG GGC CAC TTG CAG TA
DLAT Forward: CCT ACA CCT TCA GCA CCC TG
Reverse: ACC ATC TGG TCC TGT CCCTT
DLD Forward: TTG GCC AAG AGA GGC CAT TT
Reverse: TCC TCC AGG ACC AGAACC TA
p-actin Forward: AAG AAG GTG GTG AAG CAG GC

Reverse: TCC ACC ACC CTG TTG CTG TA

B0 12 min, BCETE, JEI0N 5 8 B IR &) B IRES
L (4 °C+ 12 000 r/min5 0> 12 min), 5 /5 B 3K
VR UTIE . 1N DEPC/KIA i RNAFF I e Fo B2, i
FH cDNAGE T AX 287547 PCRY 4 . K FH 220455
mRNA MG RIEE. 5175 LR,

129 @A e aibn QS AS R S,
KRG TR MG TR T, FE 8597 FH PBSIAR
VR LR, BRI mLAHAEES =R T mL JC-1 546
TAEM, FRE . A AMERG & FR A CCCPi%
R B 5 Ll gl i N 2040 B s 3, A R B MR R
ZHALFE20 min. FNGHAIES 7248 7137 °Ci¥ 20 min,
I 45 5 FHIC-1 QB R B < 21K, B JE IIAN2 mL
YRS TR . JC-1 B AR TE A I B 152 B R B K
530 nm, BRI 490 nm; JC-158 & WIAERG i 5
BRI 590 nm, BRI KN 525 nm. LeRifk
L LA A8 A DL Y 5 B LU A SRR

1.2.10 fLF L bixibmmied t9ATPA &  {TATP
FE H ATPR LA B 0.1. THT10 pmol/L
KJUANHREE . 1% M8 6L BEAL NN 200 pLEL MR )
L 5] 22 £ 4 P i WSO SR A B o B0 B b 48 TS
ATPEII TAER, BEFLIINT100 pl, = iR E 3~5 min
JETER LN 120 pLAE S Elbrife i, F Ak 22 R AR
I HAR A8

1.2.11 ELISAL ) 4m it F 7 BF BR AL 2B E1 32 Ak
al(PDHAEE  AHFFRH ST SE0vE D 2
HPAECH I il i Il B E 17 £ o (pyruvate dehydro-
genase E1 subunit alpha 1, PDHA1) & &, WEKHE
mnfly FEAFREAL. A SLAREA AL, ReE L%
TS R B RS HE 5 50 L, F22358 B 45 LA in A RE AR

BRI REAS . B2 AFLAL, TN &
U100 pL, FEFHR I 6 AR S MR . B @i i A
ek Nl EE . YRR, B KRB R ERECE
FU2EAT), W5 5L B R O P2 A - ot b it 2 11 57
FEdh-FPDHAL S & .

1.2.12  BE KA B A ) 40 8, o A7 A2 BR (citric acid,
CAYSE  BRN)-WEFK IR AE R LB ED,
A AT IR R AR BB LD, BT, 1%
TAE R 2 B8 K RGBS (D)) R BB S AT BR IK &5
BRRIEL . HRIERIZE NG, B 500 pLigHL
W4 E] JJEIE, 12 000 r/min. 4 °CE5.0»10 min
Ja BB WUK B AR . 2E96FLAR FR AR VI AR — <
WA= RIBUR . RPN ZRTRK, TR A, iRk
£ E 20 min, 470 nm A B G BEAE 5.
1213 sitsa® e gt 818 H Graph-
Pad Prism10.3%F, $#i M x+s3 7~ . K H Shapiro
WiLKAS 56 PG A8 1 IEAS o A 1B I, SEEEHE A 1F
A IE A5 A Ad ] Kruskal-Wallis HAG S ; 24525647
PTG IR A7 2255 I, PRALIAIRE A L BCR
F ke 55, 2 20 18] E AR H 5 DK 32 77 22 43 1T (One-Way
ANOVA), H 5 ta%k H F/Rar ks, P<0.05 8% 7
EENES-9'8

2 R
2.1 AFEhAkA R AR £ E

N Bt 3 Rk 7 4 M 7R G 2 BB R A
90%, KA Rl 2w AR AN, g9 ERR
TR P R 40 B R et R A bR 2 — CD3 1.
9T U W 22 25 IR R - W5 B AR IC N A
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A: image under an optical microscope; B: immunofluorescence identification image.
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Fig.1 Identification of pulmonary artery endothelial cells
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Az CCK-8A A [F] 94 JE NaH S Yo % 16 2H 411 i 1 525 B: CCK-8AG M AN [F] 94¢ S NaHSTE SR A4 15 R IMIE R . n=4; ***%P<0.000 1; *P<0.01,

//f!‘//!!P<0.000 1 .

A: CCK-8 was used to detect the effect of different concentrations of NaHS on control cells; B: CCK-8 was used to detect the effect of different concen-
trations of NaHS under hypoxic conditions. n=4; ****P<(.000 1; “P<0.01, “*P<0.000 1.
[E2 CCK-8#&MNaHSfHPAECHRAEE 1% BIF2ME
Fig.2 CCK-8 assay for detecting the effect of NaHS on the viability of HPAEC cells

Lt Ohrid NCD3 1 H A B, KEFRIA THPAEC
JRLTE RN 20 R 1) R B R Ak o CAUE R, UE S AR 5256
41 i NHPAEC(E1 AR 1B).
2.2 CCK-8FfIANaHS B2 HPAECH AR SRR E
SEEG 25 BTN R AR A+ NaHS 40 40 i i At A
P2 AR B IR (P>0.05)(BI2A) . ARSI IR 441E T,
A 4 HPAECZH s 1% B 2 T B4 (P<0.000 1), NaHS
WPETE200 pumol/LIN AT i 2 b K A AL B HPAEC
Y15 1E(P<0.000 1), [RIEi%E££200 pmol/LATNaHS
VERIG YT WP AT Ja 2R 5250 (E12B) .
2.3 NaHSXTHPAECE B9S2
5 ControlZHAH Et., Control+NaHSZH (14 i i 1

o iR # Z 5 (P>0.05); 5 Control 4Lt , HypoxiaZi
Y1 M3 9 2 PR A% (P<0.000 1); 5 HypoxiaZH A EL
Hypoxia+NaHSZH 4 g 35 14 B & E 7+ (P<0.000 1)(&
3)o IXIIFSE Hypoxiaf] LA Bk HPAECAH fR i 1%, 51
A 45147 5 1 NaHS T AL 2R AT s 4% Hypoxia 5| #2111
HPAEC#i45 -
2.4 RLAHPAECHET-1. NO. PGLIHIESE

5 ControlZH#H Y, Control+NaHS#4 #J ET-1+
NO. PGLHJH BT R 3 2 7 (P>0.05); 55 Control
HAHLE, HypoxiaZH ET-1H3 B 2. 3 F1 1= (P<0.000 1),
NOF PGL I & I 2 B A1 (P<0.01); 5 HypoxiaZHAH
Et, Hypoxia+NaHSZH ET-11i 5 {2 25 B#I% (P<0.000 1),
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Fig.3 Statistical plot of changes in HPAEC cell viability in each group
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A statistical chart of ET-1 concentration; B: statistical chart of NO concentration; C: statistical chart of PGI, concentration. n=5; “P>0.05; **P<0.01,

*kEkP<0.000 1; “P<0.05, #P<0.01, **P<0.000 1.

El4 FLAHPAECLZEET-1. NO. PGLARE T SITE
Fig.4 Statistical chart of concentration changes of ET-1, NO and PGI, in HPAEC cell in each group

NOFM PGL 1) & & 3 7t = (P<0.055( P<0.01)( K&l
4A~FE4C).,
2.5 Z{AHPAECHCUHIEE

5 ControlZH At , HypoxiaZH [f) Cu* ¥ & 1148 4L
ZHAE6 hy 12 h. 24 W AFFEE R TH R (P<0.055L
P<0.001)(KI5A). 5 ControlZHAf L, Control+NaHS
HCuWEBMANmERERIFLRIFEX
(P>0.05); 5 ControlZHAH L, HypoxiaZH [f] Cu™ ik J& &
ET+E (P<0.01); 5 HypoxiaZHL A Lt , Hypoxia+NaHS
A Cu' VR B 2 AKX (P<0.001)(& 5B) . S 45 5
FHH, TN AR SRR Cur Ik B T vy ELAT B T 44 it

P, TINaHSACHE ] BRI Cu iR B, W4 it 2] — 2 1
RIFVER
2.6 REABMMEREEERRFAETHEXE
ARIEER

Western blot45 H i 7~: 5 ControlZH A Lt, Hypoxia
41/ CTR1E A &2 Eif (P<0.001), ATP7A. ATP7B
Pk 53 T (P<0.018P<0.000 1)(EI6AFIE6B), LL
g R RO B i B AR A AR A R R AR
FHRARAY , S54SRk E RS — 3. SRR,
EjControlZH Al Lk, HypoxiaZl[JFDX1. LIAS. DLAT.
DLSTZR k)8 2 N i (P<0.0015%P<0.000 1) H DLAT
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A: copper ion concentration at different time periods under hypoxic conditions; 7=5; *P<0.05, ***P<(0.001; “P<0.05; B: Copper ion concentration in
each group of cells. n=5; “P>0.05, **P<0.01; "*P<0.001.
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Fig.5 Changes in Cu* concentration in each group of cells
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A,B: expression changes of copper transporters proteins after hypoxia; C,D: expression changes of cuproptosis related proteins after hypoxia. n=5;
**P<0.01, ***P<0.001, ****P<(0.000 1.
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Fig.6 Changes in the expression of copper transporters proteins and cuproptosis related proteins after hypoxia of cells
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Fig.7 Changes in the expression of copper transporters proteins and cuproptosis related proteins in each group of cells
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Fig.8 mRNA levels of FDX1, LIAS, DLAT, DLD in each group of cells
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