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Abstract

The pathogenesis of congenital heart disease-associated pulmonary arterial hypertension (PAH-
CHD) has moved beyond the traditional hemodynamic model, evolving into a complex network dis-
ease centered on metabolic reprogramming. This review systematically elaborates on the molecu-
lar mechanisms by which metabolic reprogramming acts as a core hub integrating genetic suscep-
tibility, hemodynamic stress, and immune-inflammatory responses to drive pulmonary vascular re-
modeling. It focuses on how alterations in key metabolic pathways—including glycolysis, glutamine
metabolism, mitochondrial dysfunction, and lipid metabolism disorders—actively promote disease
progression by affecting cellular energy supply, biosynthesis, and epigenetic regulation. Further-
more, this paper summarizes the discovery of metabolomics-based biomarkers, the latest evidence
of metabolism-immune crosstalk, and the application of multi-omics integration in deciphering dis-
ease heterogeneity. Finally, it proposes novel therapeutic strategies targeting metabolic pathways
and specific approaches toward precision medicine, aiming to provide a brand-new perspective for
the mechanistic research, clinical prevention, and treatment of PAH-CHD.

Keywords

Congenital Heart Disease, Pulmonary Arterial Hypertension, Metabolic Reprogramming, Imnmune
Metabolism, Multi-Omics, Precision Medicine

Copyright © 2026 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0

1. 518

it 2 fik /51 (Pulmonary  Arterial Hypertension, PAH)JE & 1 22 Ao DRURI A [ & 998 B il AT 250t o 5 425 44
BTN ARG, SRRl I BEL AN B0 ik R 0 T e BRI R AN B AR R B AE, i — DR SR A O i A
FETZ[1]. AR 2022 48 RRUHCo TR 2 23 (BRI 272 (ESCIERS) 4R B, FLIMR AN J) -2 WibndE . 3 S0IR
A T FYN K E(MPAP) > 20 mmHg,  iti/Na kA& (PAWP) <15 mmHg,  Hfiiifil % BH 71 (PVR) > 2 Wood
FAAL[2]0 SERMEC IR AR St 2 ik = R (PAH-CHD) /2 PAH B Z AL, fEFRIE N W, BEE SRR IEL
JIEH3 (CHD) &35 A A7 BRI S35 2B, PAH-CHD A s2 I 8 KM TG I OGBER 32, MIBU™ IR AL T
APk (3]

648 1, PAH-CHD [ B A= 3 25 A SR A 17 1) A 4308 5 | R il KL St A0 e g dn g 36 o R, aX—
BTSRRI AEA AR BN 25 s N, OGR4 B e ™ B PAH. IREIF iR R, BHEE 5%
P8 JONE T W AEBR R A TP O M 4] OB BN, —MENIRESGEEIRTR N, 4iiR S P KT
(1 AU YA ” R IERE BUREHE . MRS 15 R AR 3R T Ui AL s B Y () S [Rd BEAAZ O AT
BUHI[5]. ALER BIERGIFLL FAZOW A £ PAH-CHD 1, AR S gt — A EahRahpom k4 5
BERIR O AR AL B G ZFPBUR(E 5, Jlid 55 98 i i 2 40 A (PN R 4 PR ST LA A 4 ) AR IR A,
IRAPAT AT M EIRE T . T Ok BISRIHESE, PHAICHEIIEYE, JRR SRS T A LHT =

2. FATIRF Sm RS
AFRPH GBI DR, PAH ISR SPO0% IS K. 76, PAH-CHD B XX,
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REIKE PAH B8R WA RAESER 250y G Tt (2 PAH-CHD B3 {73 I 12 W 38 (AE
WEREE) T AR AT RTTE S 2 HING, HREARIARTIZER[6]. XA ARIURIE Y)ER
IRNBRIIR AT, RTINS TR S 80T % A ERFENURIRR AR R, IR R X e Pk
S T AF AL ATEAE 1T IR AR

3. ZftllHl: (UHERB(EAESKD
PAH-CHD ({50 T By 2 BAT el ” B0, Horp AU S FR 5 1 o0 B B
31 WMEIESRER: MAEHHFEREER

FE T oI T BUR G s S A = 2 R iR s R &R, R BT S 80N i, e B
FERY[7]. HATE S Piezol ZHUMEUEIEIE, 4 AMPK/HIF-1a 155 5hBRE P B2 40 A S 4w, RII
MR AL [ BE R A (Warburg 28087 554 [8] o BRAEFARAEAN 70 BEBRR, WKE 7 IR MR, XM 5w
AU IR 2T L, T BRI NNE TR AU 1) e # (9] TS AL T MBS 5E 1 &) Bkali, Rt
FIE 8 R AR A 2R 2 BY(BMPR2) K 248 4 10], 3 #ARF 7 7E PAH-CHD i35 W75 & 3L TBX4.SOX17
SEREDRAR S, K LB AR R PR LA ST SO B [11] . (EfVERRE, BMPR2 {55 i 541
R, RERE IR g4k, AEEBERIERR, YIBHR T EA SR ATERR[12].

3.2. MiK#&: RERIERN

Je R EENNE R RGN S HBE RPN R “TORER” o PAH-CHD (&3 Ah A i Sl 427 45 T
MR e RAMIA T (W0 IL-6+ IL-1p)Thm e A S el B o B A sl o ik — D4R 7s T
T A2 AAME 5 . NF-xB % A5 72 il L8 oA B8 vh AR AL [13] o AR B MR RO AL, 9 BRAR A5 70 5
Bhn e & I AERFIX AR AE AR SR U T M

3.3. Bl : KIHERENZTRY

AR 2 IR B I R A% 0 5 5, RN RGeS 20 i 2 T 2 AR A

PEARW S8 . M A0SR T A0 “TUIRAS AR 7, R SAUbE A 1 it o B g L P 7 R K
filf M2 B (PKM2). CHEIEG 2 (HK2)ERE B, AMUPUE=E ATP, AL E e Bhnifd. WEm
AR RERRY), ErENAE AR, BRI EERRE, SRS RN
WAE[14].

R A D REREAS 5 R AR 28 8L PAH i ML 48 ff S Wi AR A7 AE B ) 2 e BT T B A M 280 (ROS)
HEEFE A ThEe KRR 2Rk S BURNITR A Z I, Hmife iR M ARG R . MR- (LA
JR SRR, Ik A T AT ik R — A A ) T AR A A T — 4 FE T (Ferroptosis), LB LA 4
5 F0~F- 3 40 B HE 5 [ 15]

QARG EI . BB ARG SR, = RBRIGH AN P =), TR G . BRI
IR T 5| R 2,3-XUII4A R 1 (IDOL) Ik 5 v Ak ) R R 28 BRI AR A0 , YH FE SR B3 U R4 ) T 41 B R,
HARE =R R B Rk B B M MG E A, TR S e i oA 55 [ 16]

34. FMUA: WAEFXESKHINHE

WEFCRTIHY SR BN 3358 TR o LR - A5 45 R B (MAMS) 2 TR 40 A A A s i ot
Feis RERIAR BN 15 R 65 . PAH h MAMs DIREZ L, B 5 78 MITETE LR, sl 2ok
Ty ae B A M B U8 T AR PT[17] . B, FRARBORIE S 1 i A B AR A e P S B O 4 R AR (18]

DOI: 10.12677/acm.2026.162582 1879 Il PR 2 2 3t


https://doi.org/10.12677/acm.2026.162582

BRI, HIRK

B, —RERILALRILIZE A MCT4 1P WA AR A S ALy 1, EATE W FLER LA “ AR
S5 RN AR, SR s A RERE[19] [20].

4 RBEFS5ZEFES: BEKRBHFIES

AR 20 R G T AR Ny AR, BERS B BLVI b S e FE A FEOIRZS, 46 PAH-CHD #F
FOHR R AE B EAE I [21].

4.1, RRFHERBHE S EIRE

Z T FAEZ: T PAH-CHD [ARF I 2Z AR TS [22] . Xu S5 NFIFAZREILIRBA KL, PAH-CHD &
BT FIR . HERR . MEIRSE KT 5825 003, BT Iy @ i Wi Al B R4 948593 2 71 (AUC = 0.89)
[23]. He “E NHEhA MW 7T, CHD SRIRIEAMNAIG, B MR IR BEFAMR X 2 Pt A Bl
HAE R PR, LR AR B AL S IR B DI RENE SR IR [24] o X LE PRI A T8 1 O TE B2
o PG ST R I B A= s 5D

4.2. BTl - REXERLER

U 22 55 A BA 8T, IRZIE S T AU S5 40 R an o) 9858 S % oA B . Wang 25 AR B,
PAH-CHD Hi3% BAZ 40 i Bl B2 i o< i 15 5 CD8* T 4R AEsE An S /(PD-1, TIM-3)/K - 1IEAHSE, R
B 355 0 B AR T E S AL R S 3 T AR O [25] . AT AR SHE RS, AR IR L -1 (TPH-
1)$Mifil77) TPT-004 TEIG PR AT R w2 IR BT PAH 208, Bl T &S HRIER, B
LT SR AR - G Rl I PR V8 T [26].

4.3. ZEFESEEELI

BEHERA, A, BEARAMRBHEIRN ZHEMA, IERGEMIEZ PAH-CHD 7 1M
2 . LIS 7T BT IR 5 SRS R O BEHX 41 35 [ A % . 940, 7€ PAH-VSD w, Jlid £ 420
i cAMP. ECM ZMHHEAEA . AMPK. SRS TR 1. PI3K-Akt {5 5l % [ @ FE IR AR A o B d %
[27]. TifE PAH-CHD H GABARAPL2 :[A (1) B A2 kA W 7T ALl 1 4k & [28] . 1X L@ it
TSR S, A 5 SR ThRESEIGIGAE, (B B R 44 MERUR BUH 254845 1 T 5 1)
5. JRITRE: EXIHAEERE

FEFSHAREHR AN IR B, A7 10 30 15 MRRE LA™ 7 2 ) B0 [ 0 0 A% Co g 3L
5.1. $EERERIGHER

WATHEREACE: 2200 g RN E . FEAR 25438 DURF(PPARe A1) 7E I PR BT A L B oR
HOE A B &R - M BKE RLNEE PAH (RN [29]. W7t & B, C BRIk (CNP) AT 38 i 41 i il if
TR AN BRI S R A A e, 3 ) L B A B [30]

THRIET . RIET 47 (40 Ferrostatin-1)7E AR 24 o BE AT ARk i AP B 9, [RIuth, 4 )4k ot
T 5 AR L8 T 3 g [15]

5.2. ETHEREMAIETE

BOE 5 5@ 077 Sotatercept I FF-#7 BMPR2 {55, ZENUMIG AR o 2 2 k3% PAH B
BN EAGIREE R, & BB T 5 0 B ORFE[31] .
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53. AT A RIS MEN

PR Meta 73 B 9l PR ok SEEEHE T i ZORIESE o B3, EANFIRTSIFR RIS b, AT 5130 3R A2 FR AR
SRR T HRILR W, W0 AT 2 R AE 0 MR 30 /) 2 A Sl e 7 AT e AR [32] - IX 47 s R4 &
F M EARIG ST H AR AT vs BCERER/ MR S) /7 5) MR FR 259 .

5.4. 3%3F PAH-CHD 2B EH45% M

HAT, Fl% PAH-CHD 3 Bl T AR — DU F0d i AW 2 2% /0 M 1 SCRE M I R S A S5 a1 1
SR, NP MR AL TR R [24] . IF H =B &7 5K 71k CMIE S PAHOCHD B3 22 & 34,
AR AR VAR SR L A SR 1 WAL 3R 28 56 I R 25 [33] b4k, BT PAH-CHD Hi 45 0 % HA M4
WHENPE[34], FULEF IR, BASEEA O E IR AR 259 (an SGLT2 #iil57)sivr A
2%[35].

6. LAk SRR

JUERTEY R, ZOUEA IRk 1) FEASRERIE: BT SUREAE /N, H PAH-CHD A B (fi#
R RS PARL)AFEM, WS TSN, 2) SoRrMEL: HrRRRER=Z 5 et 3
PEMELL RS, 3) HUMIRIE: ZECRIUSHEARERM, sk ENBIRILGIRAE; 4) Fibiez. N
B B R N R B ARIE G

NRERBIR, ARKBFFENIEFE T 1) & U R A I8 B SRR 0 A KBS [ PAH-CHD BA
IR s, R R AR SR L IR RS SEAETR, IR IRR TS 50T R
B2, SEBURSHENBY; 2) MR m I uEmsi . I B RIE RIS 5 2 Re T4 (IPSCs), ZE M-Sk
i AR, AR = RS ER B AR B, TR R E R R A AR SR L 3) T
RN KN FIR RS BeitRIBEVERTIE, SRUEds & e WA G (LR SIP. € Mg i) Al T3]
T RS 73 SR AT R I AR o PR ZREE T AU 2R A0 17 2457 (Gox v WE A M R HK2, 404
)AL IR T S

7. &g

gr bRk, ORISR ARG MR 15 R RRE S, YK8h PAH-CHD K AR FE % DA 4L
WU AREIZE 2 e 2 0 2 BB T TN ARADIX — 2 MEAR At 7o R TR, JF S B il s i A M0 35
PIRE BT RE o TR PR, ISR RS KR SRR L T RS HE Il AR R e, A R
KA LA B O FER) PAH-CHD FSHEERST BTN AR, & HEE BE G .
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