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Abstract

Pulmonary hypertension (PH) is a malignant cardiovascular disease characterized by alterations in
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pulmonary vascular structure or function, leading to progressive increases in pulmonary vascular
resistance and pulmonary arterial pressure, which ultimately result in right heart failure and death.
Currently, the pathophysiological mechanisms of PH are not fully elucidated, and both prevalence
and mortality remain high; although the application of targeted therapies has significantly improved
survival rates, PH remains a highly fatal condition. Therefore, ongoing refinement and innovation
in diagnostic and therapeutic concepts and strategies are essential to support patients and enhance
their quality of life. Now, the treatment strategy for PH has evolved from sole supportive care to com-
prehensive management centered on combination targeted therapy. Optimization of treatment reg-
imens—incorporating conventional pharmacological treatments with approaches such as gene ther-
apy, stem cell therapy, and interventional or surgical procedures—enhances feasibility and effec-
tively improves prognosis. This study reviews the advances in PH treatment based on previous
literature.
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1. 5|8

Jiti 1k /51 & (pulmonary hypertension, PH) & — gk Vs 101 22 S PE il i 9 e, DA If 2 FH. g
BEAT TN BRI, AL ORI NSk e i . ARG A AR R . AN 4, S BUI
I B A FNEAT PRI ZE[ 1] A0 300 v IR 0 B 1 U BE AR PR AR R, R RN DA E[2]. i
ITWRFEAR R, BERA 1% AN HEA PH, HA 72 CBmsa et PH. iz o A/ AR <M PH
Sl ILRIZRAL, R A Eh kM Il sh ik 5 (pulmonary arterial hypertension, PAH) [2] [3]. 7E PH &,
Jili I B AL R A B A R B A, ¥0 ) 2 Pl B 2 o WL, b it sl ik~ LA o 2 3 Bl S
TR R I — M AR O RHIE, PR BERG )5 S8 AR A, O 2 e 1) 32 20K B R 2 4] -

Hil, RECHZMAWREER TRT s ke s, sER —BRrg-5 diH). mrss w2k e,
W R Z SRS TR, B e — A EUS S WA R IER . W RIBEEATIRIT[5][6]. ¥ 25
e 85 PR, sl &, K 7 ERE WA E, HEEENKIHAEFRIIAA, = 5=
BEAMERE. Bk, REMEFATHRZIR, RANERER ISR, 5422508 N E U =) 259 B RTHY
AT BTG YT HE R, N TR I PR S B AN B R SR A 78 T 1) B R 00 E LI R L [2] [3]. AT
HNRYT . FEENATT . UG IT XA NSRRI S T TH AR G 4Rk I B bk = s BRI ST B U

2. PH RO/ETT 5REE
2.1. AT

2.1.1. EEZEMIETT

I 250 Jk e s A — ol LIt I 657 BEL 1 44T 1 T o R A O T i i A RRAE ) A BRME BB 5% . T, PH
(PRI ) YA T 2 B [l 48 = 2k 0 Ly 3L A A B R JT, BN B2 3 (endothelin, ET)il . — %4k & (nitric oxide,
NO)i % LA K 1 51 4 2 (prostacyclin, PGL)id % . #0259 4% IR @R OG5 5 07, RIEMLEET
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gk UG A BUERRSRITER, & 2400 PH IRYT I E (5] [6].

M #-1 (endothelin-1, ET-1):& 3124 K& I 0 f5c it 8 1) ML WS A RIRE AR 22 0 R IR 2 — o N B R 2 A4S
Piifll(endothelin receptor antagonists, ERAs)iHL AW ET-1 5 ETA F/5¢ ETB S2AKLE & R IEST /(7] N
-1 1E PH Bl o FER0A 8], 3 BEd i W il A5~ 1 LA A ETA 244, 51K R E1 A I
WCAE AT MO G 5 RS FIAF R4k s T P9 B2 4L B 1) ETB SZ ARSI A XCEAE A, —J7 T nr DL
BENO M PGL B TR A MLAE EF 7K (9], 55— J7 1, FomT A A7 5 500l 8 e 4 P 1) IfL A ¢ A2 (thromboxane
A2, TXA)BETR[10]0 P AR 2 —F O ARERE S 1 ) 2 R 2455077, AT FIR 4530 ETA A1 ETB %24k, {E
EA i PH B8R 254, Hor 8o, EDE AT Re 51 kS 7R S MO e i I e e v, =R A ) U Th Ae
G R R A BT AME 1] 2L R FEIE ETA S2RH5 507, E2FHWT ETA 324k, {RE ETB 2/ 3
(1) ET-1 iERRAMAE SF sk Dhae, DR 2 0k U B AR T A 30, 22 e e sEA[12]. S IHT ETA Al
ETB 2R3 G moe A /), HAL 5 E M, Gef A Zuhmh] ET-1 5 5d@Hs . S I GRS
3 (SERAPHIN #F70)3& 8, D E S HH Ak I 25 P PH S8 R ZESETS . BSIlRmid OoR . A e PH %1k
R RG24 R FAF RS, BRI RR A RAC, MO — R IR T 42 —[13].

—S A F (nitric oxide, NO)HH I PN B4l & B, A2 D8R LA 87 5K A5 5 70 . NO ¥ B E g lgn
M, OSSR P L B (soluble guanylate cyclase, sGC), LA B A5 MR 2 H (cGMP), it
MEOEE MG G, WA EULE P UET sk 6 g 5E 14]. 7€ PH BEh, W DhRERERS 33 NO
PRI EE TR, IR sGC IGMEIR AT RSz, A E RS 5 B IR 15]. £%F NO @k 2 M2
Atk TR97 PH, PEHBARAE. fhuikHr SRS 25 it ik SR 23 cGMP IR OC B ——5 YR — IR
fiff(phosphodiesterase 5, PDES), /> cGMP F#fi#, MIIHeE s FHAn R, A FE R AR IS &7 5k AN Hi 39 5
TER[16]. FIBRPENR S EBRIMEEEIMENT, ERPUSEIE BB, —JrnfER sGC 1 “Buikim”
458 sGC X WIEYE NO I i —TJ71H, 1E NO = BEAMRIERE T, o] AT NO 17 UE
B0 sGC, MRS e IF 3 52 5 oGMP A2k 17].

HIZ 3 2= (prostacyclin, PG) 3= % H L N R0 B = A, AT RPNV S S00ef) /DN SR AR 0 Il A~ 3 L4
MIX5E[18]. PH BEAN PG & B EIGTE R, B fhmsMENE PG BUBHUHAER, Bus- i 41 H
RTINS AA, BN AH AR PN PR R R (cAMP) 7K, AT = A2 T2 I TS DR S80S o I R 72 22 B
PG WS PH B H IO & BRI B 77 A O =5 S K BAEAR 2 [19]. PG K4
T EE RO F KRN (WK AT FIEE), KBRS IMNGEFIAY, B8 T s 2, w1
SRS XS FA R A . BT DIRFTSIPR AU AT 5 2 il o) e /R 88 . moRinkg &5, HAE
FIMEAE AR LU 2 N T RIS VAT « KRB I G R ESIE 52, fELE 6 7 Femt i =1k gtg, T
2 FRAIK PH R P00 i3k Je 1) XUz [20]

2.1.2. BER/TGF-p BRIKESER

A A K R F-p i Z i (transforming growth factor-beta superfamily, TGF-p i Z )& — 35 & AR5 HY
MR T, 45 TGF-fs. Bl &K (activins). 457175 JB TR F(BMPs)SRE R [21]. X EERCRIE R
ZEEREE AU 1T Y 22 5 IR/ 73 A BRI 2 R B G, WO M Smad HOBUMEAS 5 7 Sl es, HEmifs
AHMIIGTE « oA S T AR AR [21] . AR IE R GE T, B R R AR E15 518 B (bone morphogenetic
protein signaling pathway, BMP il #%) Jt H 2 18l B a8 K A 8 1 11 AL 52 4K (bone morphogenetic protein re-
ceptor type 11, BMPR2) /5 FRI I8 % 72 4EFF & Fa A4S B G A2 R -, L mI e o 40 st s 0 Bk~ T L4 o 4 B
TR TR FE MAE R E A [22] [23]. WE R AEK L F(GDFs) & TGF- 155 A e 2 4H il 3 5
T YE R RIE R B[24] .
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BMPR2 J& T TGF-p M ZK 2 A F I, HARIMEAT 5 BMP BiiRSs &, B Py S il i 3 55 3L 52 4k Ko i
% Smad1/5/8 155 B RE N L ik [23]. BMPR2 A SEUAAL: GG, ke s S
S AE ST, A I A R AT R e Bk AE [25]. BMPR2 ThAE G 2k 2848 sl 3k 7T S EUR Y
BMP/Smad1/5/8 15 54% S55([25], X T KA SR 2h Izl k- L0 7 1 3558 3@ i T, [l
e i 4T L 1 5 T FEE AR, B A T B AT A I A B M T R T A A [26] o FRME PAH J B, £ 70%~80%
HH BMPR2 R 548 5[ #2[22]

Sotatercept J& — R AR L A WH125, H2EE FDA T 2024 £ 3 Atk Ew7, FIFi697 WHO %5 1 3%
PH (Bl PAH), ‘B2 Fh il NG &= 324K A (AcvRITA) AN A LS &1 5 1gG1 Fe Beat & ki B 41 &
H, AIE “BOARPERE” 3514 45 & TGF-B 8 505 H B0 2 F1 A2 K 4046 Bl F-(growth differentiation factor,
GDF), Ml e 5 U 1 52 44 45 & JF: BELIWT R U715 5 380& [27] . Sotatercept 18IS Pk 2 BMP/Smad1/5/8 5
WO 25/Smad2/3 A5 58 B RSP, W30 it ofi 1T LA B S S 5 S AR A, G I I A (27]. —
TOCBER T HAIG PR R IGTEAS T Sotatercept £ WHO IhfE 2 TIVIV 2% = XS PAH B35 R 9720 %HF
FMANFZ TN % G IT I EE, BEVLOBLE Sotatercept ZHENZRBFIH, 45H ERGITAHIN 17.4%
W R AESET: . MBS R PAH B R G4 834, BEMLT REAAR 54.7%, WHO it/
et R B B2 (28] Sotatercept [FH BUbR &3 PH JAYT M “ AiET IR ML ) “Ahoxed If 8 28 A s 1 A0 3
LR RS, P 2 PRI v RS, S P AR A XU, A B i 3R i S I S A 7 5K, /2 PH B [R)VR YT
MREAR 2 ] ) B A MR I 5 A8 [29] 0 AR 78 ML — P IR R HAC I 22 At KB & ¥R y7 I8 ), LAIAL PH &
7%

2.1.3. BRAIATTRRE

PH RIRALHI K 22 188 2, S — I8 B BEL IR A A X DA 7 o 4% e it Jg o BEArVRT B (e B It Rl 1
AN EE S, Y FEE AN, A A G MR sh )5 RAS, st . HAr, PIGhEk
BIRYT B HET B VR E P B E R TT BN E BRI, R N PH AR EVR TT SR [30] [31].

W B ZSZARFE DRI AT ET-1 51 RS M e a ARG s /E Y, i 5 ZYBERR — BRI H0 1) 771 (PDES) ER
sGC Bah @ 1458 NO-cGMP @ (21t M3 &7 7k . 1938 TR vl AN 5] £ 2 By [ B AR a5 5k g, 40l
Jif ML A . FELIEAL b, IR AT AU EA FOE SR, i cAMP i g — D s A L AT Tk AN PTG AL
B, JERCEN = RAZ OB “ =EBG T, 2 HATBCONRIRI 46T T R [32]. ARFFUESE “ 25k
H o+ AR AR MRS 7 REESGE B shit i MRsh 1% 250 SR PRk f o503 7 fs <5 7 T
THZEIT33].

2.1.4. PERTT

HAr, 25 FE e FAadEn r B A, 78 PH B4 BGIT BB SRR, B T OB iE
Ry PemATE R HNH @ SLAAERVE AL G T R, JRAER R S T PRIERE G . SR, BT
T2 Bk B A IR, BB OB kg Ik RS UE,  H BT FDA Al CFDA #it#ER PH VAT #1124
AR [34]

EWRATHE AR, IS PES IS b 2 RS b Bor thbt R Pl i zh ik
T UL B G BERT 5 3 U T T AE VR Y, (RS8R BR TRl SO B B e bk, — T2 s, BEHL. XWE . %
RO R R SR T, CEARAERE [a) Va7 Al Em A BT st 0 I 2E, W Re A B T A A o S R v i )
BN K AT /4 (N-terminal pro-B-type natriuretic peptide, NT-proBNP) 7KF-, o OINRET . 6 /-4 DATHE &
AR U [35]0 SRTT, 124U, ik = RS RS U 1) v ot B AL R IR (RCT) UESE . AU,
A IR RS R KT R B E L 1 7 1 — P IiE . RARTFEE Z & biE . REEARRIE
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WE B 24T 7 WA L AH S WL AT 230
2.2. BEEATT

B [R5 S B 0 2 R B A DA A 2 (IR T I 50 I ST UL L e R R ) LR i L S8
PH RAEKRBEIEER K. £ 80%MH & PAH Al 20%~30%1HF R M PAH #7215 H R (1 524k 11
(bone morphogenetic protein receptor type I, BMPR2)JE K 2845, 58 BMP/Smad 15 5 1@ M40, M
HE LA B A[36]. FENATT B A2 AR IR B2 IESRAAERIE . H BT 32 2207 SR 2 ) H = 4 AR O 75 31k
(adeno-associated virus, rAAV) ¥4 Dy REME BMPR2 K& DA B [r) 318 22 il L8 9 R 4, DU IR (145 5 i %
Uift. tAAV R HEARH S 5t . KRB I e Mg 2t 7t . E8kiE#E E, AAVI
I 375 BT il P B2 24 B L A A v B DR SR SR A 7, o I UL i 7 A e g 2K ) R R Bk [37]. EEF AR
(monocrotaline, MCT) %5 T BRI SUS416 531K PH B4, AAVI-BMPR2 J:VEYT O UESERE
G S BRI B ik s 00 A 0 = IS JEL A 1L 3 B A [38 ] WF R SRR, AAV-BMPR2 BE[R 5458 AU BE LK
B MBI ESH, IR IS EE BMPR2 R, JkFe il /8 S A RN 24, S 7c 00 25 1 98 9 2 3k
B OLEINRE39].

BIR tAAV I EA — e i m e, (B amE. OEHARE, oM [40]. F4b, W
i I B p CARSCH S Rk R R R (M I N Rk, R AR ET AU AR O . PH 2 — P B R R
PRSI . S BMPR2 RAGKAY . HAREBE B - AFRZ IR s L& R AR ZE R BT
HRIZFEE, BT BMPR2 RiIAG 58RI, H IS 530 B 1 o5 5 A 5 2 1 o B 10 2 SR A
RN R [41].

2.3. F4RpaiaTT

FHIMRIT N PH At —Fh AR iva 7 B, d i 755 il il B ROA SR A ik N JSEAE 5, 0 i 1
EHEM MG B, gE PH ORI g, MITAETGT™ AN RSO G HL T S0 i D Re 1 1
REGE[42]

ENZ TSRS, (8] 78 5 T4 id(mesenchymal stem cells, MSCs) L H s R 4R A 1 RE y . K5 9%
AR AT EE N, DU E . B WA, ISP VLSS 25 4 2H 23 i 234 () 22 In i R T S5 A, TR 43
PRAE S5 B R FH AT S i) T4 [43] MSCs &) T-3REL,  HAGR G0 S A58 K 1) 55 40 WA Re 77, I g
T ZR . s Al IR A RS 2 P A 2 O3 B R AR AN KA 77 . MSCs F- BEIl I 7 ilh s sk . A KA
F(1 VEGF. HGF). 40 7 miRNA &, KIEPUHR . Prif T R IE AR ORI R T S o 5 i 1E H
MEAEE N B A[44]. KERFFT C AR SEFR IR T AR B B U MSCs FERF R 1 it 50 ik & He
(idiopathic pulmonary arterial hypertension, IPAH) &3 H 2 4 A 1T [45]. & K22 MEARE el T 13 2
BSE, {H MSCs 697 PH BYIGPRIT RO AT le— B s o, B EARE LIS 0697 77 ZAE
IRANRZRE .

Z Ulm R AT 5 MSCs ¥R 97 Itz ik s s 1A R R L SGiib s . ZEANFZI AL, MSCs 1697
Y RE 035 8 LR Bh 77 2 8 b H 0 3 Jif 1 BB A . 7 MCT W5 SRR B PH BB A, i ik MR i SR U 1)
MSCs e 2 B O WO s IR0 i I T UL B B SRR S SRE A s i, T e i s 4 i 07
T FIHI R - )78 5 % A (EndMT) 175 ELRZH B MR 28 1) M1 R 2 [m) & 52 R SR BB S ML IR R H5 3R T
YE1[46].Shao F Z51E PH AR b, SR ] PO 1 BERUR Y MSCs ¥R AT AR PH A R A4 L B AEK,
PR DRI A8 (R AR it L AP 0, LA W] R 08 1 I 3518 248 0 R 1 54 L8 A2 Bl 9K (47

WL ], MSCs IR I SN B A(MSC-Exo) & LLE #] MSCs 13677 2R, /£ MCT 53/ PH £/,
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RIS A A A PR A A R R SR, AR R WL 5 BT e AR S8 B/ RNA (miRNA)ZFYIAH G .
FRA T, IEFF TP B AMBAR & S I2 A miR-19b. miR-20a 25; 597 PE MSC-Exo W& & Ht 48 A 401 5
() miR-34a. miR-122 %5, &A1 T3E i =7 Jif 0f 55 4 i 119 25k DRI 3R 08 SR 97 38R (48]

BT MSCs K ILAM ARG YT SRms, @ P A OASE . (AN T 1T B A A Th g
HIEREF M miRNA 52 EHLS], i PH A SR AL T Hds . AR RIVHT T A s /e T I L B 1)
HHARRVR . AMIMA ST BT S REEAT, FFHES)I AR AL T A IR TV B R A [47] [48] .

24. fIANSHRETT

2.4.1. FlEPEEOAR

D lEIR@E ARG TR 290Eia e PH BB A EVEN NTBL JUHE N T #Er 259)ia77
JaATs e B2 R B2 R A7 A S A L BB ) S o R SR AE T T N S0 i KT B A 70 22 203
R A 0 B MR BN FE 0 5, AT IR B AR O . e O S il fer S50 i &, ATt
OIEWAER, YERF e By AR W HETE(40]. ORI, AR GLROEREE B RIRGIE DR S B K & R EGH(Z 30%),
DR A SN2 Y 52 RUPR A [50] 0 45 65 S B0 b 5 BREE Y 5K i3 HOR AT e lRiX — )R PR, fEELE PH A A
A RENB51]. —WEFXE 19 L EHEE PH BFHCFMENIKE 73 mmHg) G R FRR, RIGPfEE
LETARE, PRI BB RS, EHRMREFREE B REARE ST 2 TR R
29 6%, {EiEE O B B E T, IR AR B R 2508 s I8 Zhi SRR i, 6 70 BPoD AT EE RS T X1 N 159.5
K D INRES PP AR T — G O e Aok, e Ot B IN(52], UESEIZ R ATV 5 A Rtk .
BT 2 AR 7 SRR FUidt — 2B ik

2.4.2. [BESOHKEBE

Jilif% tE (lung transplantation, LT)E.C i #% 1 (heart-lung transplantation, HLT) &%} T 52 AL A
YIEIT Fa, R AT S R AL T KSR AS I A AR BN ik v e 8 3, I — R AR AR B A B A1
R A I B 29897 7 FR (53]

BEEEZ R RNFEAGYIGITG, Y OIhEE -V 2, HEA ™ E IR 5h 71 27 RS el 0 5% 55 78
RN, RSLHDE SR VPl (5410 SRT ST o RS HE N 2RI, — I BE A & E M Bl it s, 1
1391 4 PH EH&EH, (A 2.6%MEEG6 N)RATMBME. HATERERE, T EEY, F 36 AT
BIERI M R AR RESRAR RS T, o HA A% i A s 5 1 PR ke SR B 3R ) XL B AR [55]

XP T PH B3, SRS BOR 5 O A A 2, ] i G O IR R IR 2 2 1t o SR RS A RLR 5 25 5 Hh
I B P P MK A S AN T, I AR R FH[56]. 1S 1R SMiEH (cardiopulmonary bypass,
CPB)A 5 51 4= 5 98 i A H I XU, 0388 4% A4 S I i 25 & (extracorporeal membrane oxygenation, ECMO)
AR, ECMO AR EEASE IR AR5 MR SN ) 5% 3CRE, AL 0 550& N R AR PRI 5 i far, Py
DI e o0 25 i) A7 g I 8 0T -3 B St e O 3 v —— 1K PH AR AR SRR (1 1 AR I RRE[5 7] B T /2
O AR, PH BE A G KA R R R Y D) G A5 (primary graft dysfunction, PGD) A = . A
SRR E B L ORGP I8 S S B 4R B8 F ECMO A& TR B Gk
3. FRERE

H AT m) 250 LR F T I &7 48 Dh g, wIeks PH O IGPRGER FF G2 b 72, (B XE DA G 4%
CI R P ZE IR L B A, S0 B & T8 I [3] [6]. VAT IRNAFAE 25 WM ZE R, 1 I Rk = 7] 5
RPN A= P br SR ik B, AERIT R — e n) REE” M. L, ARZEORITH
FES AR T IPERE, BB A OEMNDIG. RIFSREFNFEREAY LT A TEERE, AL
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HRERE IR R v BE TR R A IR [31]. BLhh, w5 2513 R 1 2 BRIEENA YT 103 S, 24500
B FE AR IR VEAT D 3SR, 2GR TT ROR B, 11 D e 2 T~ B 10 s 7 A S s £ % 7 R R ) DAY
5, EBEEAERALE.

14> PH 13677 IESHE RS HEAL  ARIEAL 5 AL D7 TR EE o J6 T SO S i 300 L ARAR Bk &5 1 T,
Al BN T REHEAT Sh A8 WS TN 507 ALt . DLEEBRIG YT AR T i o AR I RV ALV T A A B
MR L 21 TE o BRER I , Ll PR AL 26 32 A7 [39] [441 . 07T HL A MR — R i I A5 41 Jie 28 ELRR IR COIE £R 3
B A0 ZE D R S AR I 2500 AR BT ) AR AR 58] I 2 AL et R AT 4 T B, R,
R AOE G AU g R SR AR PR SR ML R, AT SOR AW BOE BEAk 591 e, RITRALY
BEFE A R B K 3R PH & !

oM
BB SIR L, SO, SRR, M. R, Bt
E&ME

WAL B SRR 3 4 60 & R BE 4 3k 4 10 H (2025AFD082), i b ¢ FH 2 e B E Ik 4 35 H % Bl
(2024pygpzk07, 2023CDI10), b SCHE 2= B K 2= A BET AL I H (X202410519113, X202410519118).

SE

[1] Shah, A.J., Vorla, M. and Kalra, D.K. (2022) Molecular Pathways in Pulmonary Arterial Hypertension. International
Journal of Molecular Sciences, 23, Article 10001. https://doi.org/10.3390/ijms231710001

[2] Mocumbi, A., Humbert, M., Saxena, A., Jing, Z., Sliwa, K., Thienemann, F., et al. (2024) Pulmonary Hypertension.
Nature Reviews Disease Primers, 10, Article No. 1. https://doi.org/10.1038/s41572-023-00486-7

[3] Maron, B.A. and Gali¢, N. (2016) Diagnosis, Treatment, and Clinical Management of Pulmonary Arterial Hypertension
in the Contemporary Era. JAMA Cardiology, 1, 1056-1065. https://doi.org/10.1001/jamacardio.2016.4471

[4] Wu, Z., Zhu, L., Nie, X., Wei, L. and Qi, Y. (2023) USP15 Promotes Pulmonary Vascular Remodeling in Pulmonary
Hypertension in a YAP1/TAZ-Dependent Manner. Experimental & Molecular Medicine, 55, 183-195.
https://doi.org/10.1038/s12276-022-00920-y

[S1 Adu-Amankwaah, J., Shi, Y., Song, H., Ma, Y., Liu, J., Wang, H., et al. (2025) Signaling Pathways and Targeted Therapy
for Pulmonary Hypertension. Signal Transduction and Targeted Therapy, 10, Article No. 207.
https://doi.org/10.1038/s41392-025-02287-8

[6] Chin, K.M., Gaine, S.P., Gerges, C., Jing, Z., Mathai, S.C., Tamura, Y., et al. (2024) Treatment Algorithm for Pulmonary
Arterial Hypertension. European Respiratory Journal, 64, Article ID: 2401325.
https://doi.org/10.1183/13993003.01325-2024

[71 Sauvageau, S., Thorin, E., Villeneuve, L. and Dupuis, J. (2009) Change in Pharmacological Effect of Endothelin Recep-
tor Antagonists in Rats with Pulmonary Hypertension: Role of ETB-Receptor Expression Levels. Pulmonary Pharma-
cology & Therapeutics, 22,311-317. https://doi.org/10.1016/1.pupt.2009.01.006

[8] Kawanabe, Y. and Nauli, S.M. (2010) Endothelin. Cellular and Molecular Life Sciences, 68, 195-203.
https://doi.org/10.1007/s00018-010-0518-0

[9] de Nucci, G., Thomas, R., D’Orleans-Juste, P., Antunes, E., Walder, C., Warner, T.D., et al. (1988) Pressor Effects of
Circulating Endothelin Are Limited by Its Removal in the Pulmonary Circulation and by the Release of Prostacyclin and
Endothelium-Derived Relaxing Factor. Proceedings of the National Academy of Sciences of the United States of America,
85, 9797-9800. https://doi.org/10.1073/pnas.85.24.9797

[10] D’Orléans-Juste, P., Claing, A., Télémaque, S., Maurice, M., Yano, M. and Gratton, J. (1994) Block of Endothelin-1-
Induced Release of Thromboxane Az from the Guinea Pig Lung and Nitric Oxide from the Rabbit Kidney by a Selective
ETs Receptor Antagonist, Bq-788. British Journal of Pharmacology, 113, 1257-1262.
https://doi.org/10.1111/§.1476-5381.1994.tb17133.x

[11] Saleh, J.A. (2008) Role of Iloprost and Bosentan in Pulmonary Arterial Hypertension. Nigerian Journal of Medicine, 17,
13-19. https://doi.org/10.4314/njm.v17i1.37347

DOI: 10.12677/acm.2026.1631096 2936 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.1631096
https://doi.org/10.3390/ijms231710001
https://doi.org/10.1038/s41572-023-00486-7
https://doi.org/10.1001/jamacardio.2016.4471
https://doi.org/10.1038/s12276-022-00920-y
https://doi.org/10.1038/s41392-025-02287-8
https://doi.org/10.1183/13993003.01325-2024
https://doi.org/10.1016/j.pupt.2009.01.006
https://doi.org/10.1007/s00018-010-0518-0
https://doi.org/10.1073/pnas.85.24.9797
https://doi.org/10.1111/j.1476-5381.1994.tb17133.x
https://doi.org/10.4314/njm.v17i1.37347

L

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Gali¢, N., Olschewski, H., Oudiz, R.J., Torres, F., Frost, A., Ghofrani, H.A., et al. (2008) Ambrisentan for the Treatment
of Pulmonary Arterial Hypertension: Results of the Ambrisentan in Pulmonary Arterial Hypertension, Randomized,
Double-Blind, Placebo-Controlled, Multicenter, Efficacy (ARIES) Study 1 and 2. Circulation, 117, 3010-3019.
https://doi.org/10.1161/circulationaha.107.742510

Pulido, T., Adzerikho, I., Channick, R.N., Delcroix, M., Gali¢, N., Ghofrani, H., et al. (2013) Macitentan and Morbidity
and Mortality in Pulmonary Arterial Hypertension. New England Journal of Medicine, 369, 809-818.
https://doi.org/10.1056/nejmoal213917

Denninger, J.W. and Marletta, M.A. (1999) Guanylate Cyclase and the NO/cGMP Signaling Pathway. Biochimica et
Biophysica Acta (BBA)—Bioenergetics, 1411, 334-350. https://doi.org/10.1016/s0005-2728(99)00024-9

Klinger, J.R. (2007) The Nitric Oxide/cGMP Signaling Pathway in Pulmonary Hypertension. Clinics in Chest Medicine,
28, 143-167. https://doi.org/10.1016/j.ccm.2006.12.002

Bogdan, M., Humbert, M., Francoual, J., Claise, C., Duroux, P., Simonneau, G., ef al. (1998) Urinary cGMP Concentra-
tions in Severe Primary Pulmonary Hypertension. Thorax, 53, 1059-1062. https://doi.org/10.1136/thx.53.12.1059

Stasch, J., Pacher, P. and Evgenov, O.V. (2011) Soluble Guanylate Cyclase as an Emerging Therapeutic Target in Car-
diopulmonary Disease. Circulation, 123, 2263-2273. https://doi.org/10.1161/circulationaha.110.981738

Mubarak, K.K. (2010) A Review of Prostaglandin Analogs in the Management of Patients with Pulmonary Arterial
Hypertension. Respiratory Medicine, 104, 9-21. https://doi.org/10.1016/j.rmed.2009.07.015

Vanderpool, R.R., Desai, A.A., Knapp, S.M., Simon, M.A., Abidov, A., Yuan, J.X., et al. (2017) How Prostacyclin
Therapy Improves Right Ventricular Function in Pulmonary Arterial Hypertension. European Respiratory Journal, 50,
Article ID: 1700764 https://doi.org/10.1183/13993003.00764-2017

Sitbon, O., Channick, R., Chin, K.M., Frey, A., Gaine, S., Gali¢, N, ef al. (2015) Selexipag for the Treatment of Pulmo-
nary Arterial Hypertension. New England Journal of Medicine, 373, 2522-2533.
https://doi.org/10.1056/nejmoal503184

Lane, K.B., Machado, R.D., Pauciulo, M.W., Thomson, J.R., Phillips, J.A., Loyd, J.E., et al. (2000) Heterozygous
Germline Mutations in BMPR2, Encoding a TGF-§ Receptor, Cause Familial Primary Pulmonary Hypertension. Nature
Genetics, 26, 81-84. https://doi.org/10.1038/79226

Evans, J.D.W., Girerd, B., Montani, D., Wang, X., Gali¢, N., Austin, E.D., ef al. (2016) BMPR2 Mutations and Survival
in Pulmonary Arterial Hypertension: An Individual Participant Data Meta-Analysis. The Lancet Respiratory Medicine,
4, 129-137. https://doi.org/10.1016/s2213-2600(15)00544-5

Tojais, N.F., Cao, A., Lai, Y., Wang, L., Chen, P., Alcazar, M.A.A., et al. (2017) Codependence of Bone Morphogenetic
Protein Receptor 2 and Transforming Growth Factor-B in Elastic Fiber Assembly and Its Perturbation in Pulmonary
Arterial Hypertension. Arteriosclerosis, Thrombosis, and Vascular Biology, 37, 1559-1569.
https://doi.org/10.1161/atvbaha.117.309696

Kumar, R., Nolan, K., Kassa, B., Chanana, N., Palmo, T., Sharma, K., e al. (2025) Monocytes and Interstitial Macro-
phages Contribute to Hypoxic Pulmonary Hypertension. Journal of Clinical Investigation, 135, e176865.
https://doi.org/10.1172/j¢cil 76865

Austin, E.D. and Loyd, J.E. (2014) The Genetics of Pulmonary Arterial Hypertension. Circulation Research, 115, 189-
202. https://doi.org/10.1161/circresaha.115.303404

Rabinovitch, M., Guignabert, C., Humbert, M. and Nicolls, M.R. (2014) Inflammation and Immunity in the Pathogenesis
of Pulmonary Arterial Hypertension. Circulation Research, 115, 165-175. https://doi.org/10.1161/circresaha.113.301141
Johnson, S., Sommer, N., Cox-Flaherty, K., Weissmann, N., Ventetuolo, C.E. and Maron, B.A. (2023) Pulmonary Hy-
pertension: A Contemporary Review. American Journal of Respiratory and Critical Care Medicine, 208, 528-548.
https://doi.org/10.1164/rccm.202302-0327so0

Humbert, M., McLaughlin, V.V., Badesch, D.B., Ghofrani, H.A., Gibbs, J.S.R., Gomberg-Maitland, M., et al. (2025)
Sotatercept in Patients with Pulmonary Arterial Hypertension at High Risk for Death. New England Journal of Medicine,
392, 1987-2000. https://doi.org/10.1056/nejmoa2415160

Anand, S.C., Furqan, M., Tonelli, A.R., Brady, D., Levine, A., Rosenzweig, E.B., et al. (2025) Sotatercept: A New Era
in Pulmonary Arterial Hypertension. Cardiology in Review. https://doi.org/10.1097/crd.0000000000000837

Galie, N., Humbert, M., Vachiery, J., Gibbs, S., Lang, 1., Torbicki, A., et al. (2015) 2015 ESC/ERS Guidelines for the
Diagnosis and Treatment of Pulmonary Hypertension. European Heart Journal, 37, 67-119.
https://doi.org/10.1093/eurheartj/ehv317

Galie, N., Humbert, M., Vachiery, J., Gibbs, S., Lang, 1., Torbicki, A., et al. (2015) 2015 ESC/ERS Guidelines for the
Diagnosis and Treatment of Pulmonary Hypertension. European Respiratory Journal, 46, 903-975.
https://doi.org/10.1183/13993003.01032-2015

DOI: 10.12677/acm.2026.1631096 2937 Il R 125 23k i


https://doi.org/10.12677/acm.2026.1631096
https://doi.org/10.1161/circulationaha.107.742510
https://doi.org/10.1056/nejmoa1213917
https://doi.org/10.1016/s0005-2728(99)00024-9
https://doi.org/10.1016/j.ccm.2006.12.002
https://doi.org/10.1136/thx.53.12.1059
https://doi.org/10.1161/circulationaha.110.981738
https://doi.org/10.1016/j.rmed.2009.07.015
https://doi.org/10.1183/13993003.00764-2017
https://doi.org/10.1056/nejmoa1503184
https://doi.org/10.1038/79226
https://doi.org/10.1016/s2213-2600(15)00544-5
https://doi.org/10.1161/atvbaha.117.309696
https://doi.org/10.1172/jci176865
https://doi.org/10.1161/circresaha.115.303404
https://doi.org/10.1161/circresaha.113.301141
https://doi.org/10.1164/rccm.202302-0327so
https://doi.org/10.1056/nejmoa2415160
https://doi.org/10.1097/crd.0000000000000837
https://doi.org/10.1093/eurheartj/ehv317
https://doi.org/10.1183/13993003.01032-2015

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Coghlan, J.G., Channick, R., Chin, K., Di Scala, L., Gali¢, N., Ghofrani, H., et al. (2018) Targeting the Prostacyclin
Pathway with Selexipag in Patients with Pulmonary Arterial Hypertension Receiving Double Combination Therapy:
Insights from the Randomized Controlled GRIPHON Study. American Journal of Cardiovascular Drugs, 18, 37-47.
https://doi.org/10.1007/s40256-017-0262-z

Gali¢, N., Barbera, J.A., Frost, A.E., Ghofrani, H., Hoeper, M.M., McLaughlin, V.V, ef al. (2015) Initial Use of Am-
brisentan Plus Tadalafil in Pulmonary Arterial Hypertension. New England Journal of Medicine, 373, 834-844.
https://doi.org/10.1056/nejmoal413687

Xue, Z., Li, Y., Zhou, M., Liu, Z., Fan, G., Wang, X., ef al. (2021) Traditional Herbal Medicine Discovery for the
Treatment and Prevention of Pulmonary Arterial Hypertension. Frontiers in Pharmacology, 12, Article 720873.
https://doi.org/10.3389/fphar.2021.720873

Lu, Y., Wu,J., Sun, Y., Xin, L., Jiang, Z., Lin, H., Zhao, M. and Cui, X. (2020) Qiligiangxin Prevents Right Ventricular
Remodeling by Inhibiting Apoptosis and Improving Metabolism Reprogramming with Pulmonary Arterial Hypertension.
American Journal of Translational Research, 12, 5655-5669.

Yu, P.B., Deng, D.Y., Beppu, H., Hong, C.C., Lai, C., Hoyng, S.A., et al. (2008) Bone Morphogenetic Protein (BMP)
Type II Receptor Is Required for Bmp-Mediated Growth Arrest and Differentiation in Pulmonary Artery Smooth Muscle
Cells. Journal of Biological Chemistry, 283, 3877-3888. https://doi.org/10.1074/jbc.m706797200

Hadri, L., Kratlian, R.G., Benard, L., Maron, B.A., Dorfmiiller, P., Ladage, D., et al. (2013) Therapeutic Efficacy of
AAV1.SERCA2a in Monocrotaline-Induced Pulmonary Arterial Hypertension. Circulation, 128, 512-523.
https://doi.org/10.1161/circulationaha.113.001585

Bisserier, M., Mathiyalagan, P., Zhang, S., Elmastour, F., Dorfmiiller, P., Humbert, M., ef al. (2021) Regulation of the
Methylation and Expression Levels of the BMPR2 Gene by SIN3a as a Novel Therapeutic Mechanism in Pulmonary
Arterial Hypertension. Circulation, 144, 52-73. https://doi.org/10.1161/circulationaha.120.047978

Bisserier, M., Katz, M.G., Bueno-Beti, C., Brojakowska, A., Zhang, S., Gubara, S., ef al. (2021) Combination Therapy
with STAT3 Inhibitor Enhances SERCA2a-Induced BMPR2 Expression and Inhibits Pulmonary Arterial Hypertension.
International Journal of Molecular Sciences, 22, Article 9105. https://doi.org/10.3390/ijms22179105

Ding, Y., Tu, P., Chen, Y., Huang, Y., Pan, X. and Chen, W. (2021) CYP2J2 and EETs Protect against Pulmonary
Arterial Hypertension with Lung Ischemia-Reperfusion Injury in Vivo and in Vitro. Respiratory Research, 22, Article
No. 291. https://doi.org/10.1186/512931-021-01891-w

Brimble, M.A., Winston, S.M. and Davidoff, A.M. (2023) Stowaways in the Cargo: Contaminating Nucleic Acids in
Raav Preparations for Gene Therapy. Molecular Therapy, 31, 2826-2838. https://doi.org/10.1016/j.ymthe.2023.07.025
Ding, X., Liang, H., Yuan, B., Li, L., Wang, T., Kan, Q., et al. (2019) Efficacy of Stem Cell Therapy for Pulmonary
Arterial Hypertension: A Systematic Review and Meta-Analysis of Preclinical Studies. Stem Cell Research & Therapy,
10, Article No. 55. https://doi.org/10.1186/s13287-019-1162-8

Wang, C., Cherng, W., Yang, N., Kuo, L., Hsu, C., Yeh, H., et al. (2008) Late-Outgrowth Endothelial Cells Attenuate
Intimal Hyperplasia Contributed by Mesenchymal Stem Cells after Vascular Injury. Arteriosclerosis, Thrombosis, and
Vascular Biology, 28, 54-60. https://doi.org/10.1161/atvbaha.107.147256

Aslam, M., Baveja, R., Liang, O.D., Fernandez-Gonzalez, A., Lee, C., Mitsialis, S.A., et al. (2009) Bone Marrow Stromal
Cells Attenuate Lung Injury in a Murine Model of Neonatal Chronic Lung Disease. American Journal of Respiratory
and Critical Care Medicine, 180, 1122-1130. https://doi.org/10.1164/rccm.200902-02420c¢

Mansouri, N., Willis, G.R., Fernandez-Gonzalez, A., Reis, M., Nassiri, S., Mitsialis, S.A., et al. (2019) Mesenchymal
Stromal Cell Exosomes Prevent and Revert Experimental Pulmonary Fibrosis through Modulation of Monocyte Pheno-
types. JCI Insight, 4, ¢128060. https://doi.org/10.1172/jci.insight.128060

de Mendonga, L., Felix, N.S., Blanco, N.G., Da Silva, J.S., Ferreira, T.P., Abreu, S.C., et al. (2017) Mesenchymal Stro-
mal Cell Therapy Reduces Lung Inflammation and Vascular Remodeling and Improves Hemodynamics in Experimental
Pulmonary Arterial Hypertension. Stem Cell Research & Therapy, 8, Article No. 220.
https://doi.org/10.1186/s13287-017-0669-0

Shao, F., Liu, R., Tan, X., Zhang, Q., Ye, L., Yan, B., et al. (2022) MSC Transplantation Attenuates Inflammation,
Prevents Endothelial Damage and Enhances the Angiogenic Potency of Endogenous MSCs in a Model of Pulmonary
Arterial Hypertension. Journal of Inflammation Research, 15, 2087-2101. https://doi.org/10.2147/jir.s355479

Aliotta, J.M., Pereira, M., Wen, S., Dooner, M.S., Del Tatto, M., Papa, E., et al. (2016) Exosomes Induce and Reverse
Monocrotaline-Induced Pulmonary Hypertension in Mice. Cardiovascular Research, 110, 319-330.
https://doi.org/10.1093/cvr/cvw054

Khan, M.S., Memon, M.M., Amin, E., Yamani, N., Khan, S.U., Figueredo, V.M., et al. (2019) Use of Balloon Atrial

Septostomy in Patients with Advanced Pulmonary Arterial Hypertension. Chest, 156, 53-63.
https://doi.org/10.1016/j.chest.2019.03.003

DOI: 10.12677/acm.2026.1631096 2938 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.1631096
https://doi.org/10.1007/s40256-017-0262-z
https://doi.org/10.1056/nejmoa1413687
https://doi.org/10.3389/fphar.2021.720873
https://doi.org/10.1074/jbc.m706797200
https://doi.org/10.1161/circulationaha.113.001585
https://doi.org/10.1161/circulationaha.120.047978
https://doi.org/10.3390/ijms22179105
https://doi.org/10.1186/s12931-021-01891-w
https://doi.org/10.1016/j.ymthe.2023.07.025
https://doi.org/10.1186/s13287-019-1162-8
https://doi.org/10.1161/atvbaha.107.147256
https://doi.org/10.1164/rccm.200902-0242oc
https://doi.org/10.1172/jci.insight.128060
https://doi.org/10.1186/s13287-017-0669-0
https://doi.org/10.2147/jir.s355479
https://doi.org/10.1093/cvr/cvw054
https://doi.org/10.1016/j.chest.2019.03.003

L

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Kurzyna, M., Dabrowski, M., Bielecki, D., Fijalkowska, A., Pruszczyk, P., Opolski, G., et al. (2007) Atrial Septostomy
in Treatment of End-Stage Right Heart Failure in Patients with Pulmonary Hypertension. Chest, 131, 977-983.
https://doi.org/10.1378/chest.06-1227

Yan, C., Niu, G., Niu, H., Li, L., Wan, L. and Li, H. (2018) Stable Interatrial Communication Combining Balloon Atrial
Septostomy and Radiofrequency Catheter Ablation. Journal of the American College of Cardiology, 72, 1873-1875.
https://doi.org/10.1016/j.jacc.2018.07.058

Yan, C., Wan, L., Li, H., Wang, C., Guo, T., Niu, H., ef al. (2022) First In-Human Modified Atrial Septostomy Combin-
ing Radiofrequency Ablation and Balloon Dilation. Heart, 108, 1690-1698.
https://doi.org/10.1136/heartjnl-2022-321212

Lopez-Meseguer, M., Quezada, C.A., Ramon, M.A., Lazaro, M., Dos, L., Lara, A., et al. (2017) Lung and Heart-Lung
Transplantation in Pulmonary Arterial Hypertension. PLOS ONE, 12, ¢0187811.
https://doi.org/10.1371/journal.pone.0187811

Weill, D., Benden, C., Corris, P.A., Dark, J.H., Davis, R.D., Keshavjee, S., ef al. (2015) A Consensus Document for the
Selection of Lung Transplant Candidates: 2014—An Update from the Pulmonary Transplantation Council of the Inter-
national Society for Heart and Lung Transplantation. The Journal of Heart and Lung Transplantation, 34, 1-15.
https://doi.org/10.1016/j.healun.2014.06.014

Corris, P. and Degano, B. (2014) Severe Pulmonary Arterial Hypertension: Treatment Options and the Bridge to Trans-
plantation. European Respiratory Review, 23, 488-497. https://doi.org/10.1183/09059180.00007214

Tudorache, I., Sommer, W., Kiihn, C., Wiesner, O., Hadem, J., Fithner, T., ef al. (2015) Lung Transplantation for Severe
Pulmonary Hypertension—Awake Extracorporeal Membrane Oxygenation for Postoperative Left Ventricular Remodel-
ling. Transplantation, 99, 451-458. https://doi.org/10.1097/tp.0000000000000348

Moser, B., Jaksch, P., Taghavi, S., Murakdzy, G., Lang, G., Hager, H., ef al. (2017) Lung Transplantation for Idiopathic
Pulmonary Arterial Hypertension on Intraoperative and Postoperatively Prolonged Extracorporeal Membrane Oxygena-
tion Provides Optimally Controlled Reperfusion and Excellent Outcome. European Journal of Cardio-Thoracic Surgery,
53, 178-185. https://doi.org/10.1093/ejcts/ezx212

Ojopi, E.P.B., Tonon, C.R., Okoshi, K. and Okoshi, M.P. (2024) Hipertensdo Arterial Pulmonar: Intervengdes para Car-
dioprotecdo. Arquivos Brasileiros de Cardiologia, 121, €20240445. https://doi.org/10.36660/abc.20240445

Madonna, R. and Biondi, F. (2024) Sotatercept: New Drug on the Horizon of Pulmonary Hypertension. Vascular Phar-
macology, 157, Article ID: 107442. https://doi.org/10.1016/j.vph.2024.107442

DOI: 10.12677/acm.2026.1631096 2939 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.1631096
https://doi.org/10.1378/chest.06-1227
https://doi.org/10.1016/j.jacc.2018.07.058
https://doi.org/10.1136/heartjnl-2022-321212
https://doi.org/10.1371/journal.pone.0187811
https://doi.org/10.1016/j.healun.2014.06.014
https://doi.org/10.1183/09059180.00007214
https://doi.org/10.1097/tp.0000000000000348
https://doi.org/10.1093/ejcts/ezx212
https://doi.org/10.36660/abc.20240445
https://doi.org/10.1016/j.vph.2024.107442

	肺动脉高压的治疗研究进展
	摘  要
	关键词
	Research Progress in the Treatment of Pulmonary Hypertension
	Abstract
	Keywords
	1. 引言
	2. PH的治疗策略
	2.1. 药物治疗
	2.1.1. 靶向药物治疗
	2.1.2. 激活素/TGF-β超家族信号通路
	2.1.3. 联合治疗策略
	2.1.4. 中药治疗

	2.2. 基因治疗
	2.3. 干细胞治疗
	2.4. 介入与外科治疗
	2.4.1. 房间隔造口术
	2.4.2. 肺移植或心肺联合移植


	3. 不足与展望
	致  谢
	基金项目
	参考文献

