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Abstract: Pulmonary hypertension (PH) is a cardiopulmonary disease with complex etiology, characterized by progressively
increasing pulmonary vascular resistance and pulmonary vascular remodeling. Currently, there is no cure for PH, highlighting
an urgent clinical need for novel therapeutic targets to intervene in vascular remodeling. Recent research indicates that
dysregulation of cellular autophagy plays a pivotal role in the pathogenesis and progression of PH. Autophagy, a highly
conserved cellular self-degradation process, precisely regulates the proliferation, apoptosis, migration, and phenotypic
switching of pulmonary artery smooth muscle cells (PASMCs) and pulmonary artery endothelial cells (PAECs) through
multiple signaling pathways, thereby influencing the course of pulmonary vascular remodeling. This review aims to
systematically elucidate the autophagy-related signaling pathways involved in pulmonary vascular remodeling. These
pathways include, but are not limited to, the FoxO1, AMPK-mTOR-ULK1, NF-kB, PI3K/AKT/mTOR, ROS, LC3/Beclin-1,
HIF-1a/BNIP3, BMPR2, and MAPK signaling pathways. These pathways form a complex regulatory network. Among them,
the FoxO1 and AMPK-mTOR-ULKI1 pathways primarily exert protective effects in pulmonary vascular remodeling. In
contrast, the NF-kB, elF2a, LC3/Beclin-1 pathways, oxidative stress, and BMPR2 mutations predominantly contribute to
detrimental effects. The HIF-1a/BNIP3, PI3K/AKT/mTOR, and MAPK pathways can play dual roles, finely tuning abnormal
PASMC proliferation, migration, and anti-apoptosis, as well as PAEC dysfunction and apoptosis. This intricate regulation
ultimately drives or inhibits remodeling processes such as vascular wall thickening and lumen occlusion. Furthermore, this
article reviews therapeutic strategies for PH targeting autophagy. By employing pharmacological interventions to either
inhibit or promote cellular autophagy, vascular remodeling can be suppressed, thereby alleviating PH. For example, the
mTOR inhibitor rapamycin, chloroquine, and hydroxychloroquine are utilized to inhibit autophagy clinically. In addition to
drug-based approaches, gene therapy strategies can also be applied to regulate autophagy. Targeting genes such as miR-210,
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miR-138-5p, miRNA-205-5p, miR-204, and miR-382-3p can reduce the proliferation, differentiation, and anti-apoptotic

activity of PASMCs, decrease medial hypertrophy in the pulmonary vasculature in experimental PH, and consequently

attenuate pulmonary vascular remodeling. An in-depth exploration of the regulatory role of autophagy in pulmonary vascular

remodeling will contribute to advancing research on the molecular mechanisms of PH and facilitate the development of

autophagy-related therapeutics. It is believed that with further investigation into the molecular mechanisms of autophagy in

PH, autophagy is likely to become a breakthrough point and a crucial target for the prevention and treatment of PH.
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Figure 1 The three types of autophagy

Macroautophagy: Relies on the lysosomal pathway to degrade cytoplasmic proteins and organelles. Some cytoplasm can be surrounded by
phagosomes, forming autophagosomes. The outer membrane of the autophagosome fuses with the lysosome, and the internal material is
degraded in the autolysosome. Microautophagy: The lysosomal membrane or late endosomal membrane is invaginated, directly engulfing
the small components of the cytoplasm. Chaperone-mediated autophagy: The substrate proteins containing a KFERQ-like pentapeptide
sequence are first recognized by cytosolic Hsc70 and cochaperones. Then they are translocated into the lysosomal lumen after binding
with lysosomal Lamp-2A. The degradation products produced by these three types of autophagy can be utilized for new protein synthesis,
energy production, and other purposes. Drawn by Figuredraw.
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Figure 2 Mechanisms of BNIP3-induced cell death
BNIP3 can induce cell death via apoptotic, necrotic, and autophagic pathways. The integration of the TM domain of BNIP3 into the outer

mitochondrial membrane can lead to an increase in ROS, the opening of the permeability transition (PT) pore, and the loss of Aym, which
triggers the release of cytochrome C, subsequently activates Caspases, and ultimately results in cell apoptosis. Drawn by Figuredraw.
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FALE RS L EROS =R IN , 1 E AL I,
S SO DG A0 Mo S A7 5 SRR N A T E e 2
FHLENAE S A e SR R IROS AT % AMPK
FIFoxOF5 AR A W, (BRI FE 1 [ W e A8y
o B I o O L6 R AA N L A0 B S A, AR
HEPHHERE M R i i p62 4 LR [

7 I TTROSAKCE , WIS IMET-1  TXA2 HI 51 36
EFIPPAR-y 4% ML 16 ME R T BRI E T, P Ei 5
M) LA 5K 7, R4S 20 B A R T, A S O i
L A

AW R PIROSIE i A Atgd i1 Dk 2 IR ke
LR R, DT LT i 19k < B (PE ) MK
HY5LC3M R h 2 Bk, (25 5 AR LC3+F
SRR AE A L, ST AR AR O i
FEAR AR E AN B b B SE AR A (cyclophilin
A,CyPA)TEPHH AT 2 515 5 F RN 15 9 B 40t
Uifg. 7EARESKMCTIA T PHA R & B, P
25 kMY (honokiol , HNK) i 38/ F Wi br ik #) 4&
ikl I H CyPAR R PAECSs [F Wi il il 45
L7 ROSIE 8 i il NLRP3 48 /AR 1 1
W 2 A T TS ROS-NLR P33 [ A % 5 40 A [
PETT R MPH I A A AR
3.6 NF-kBi#ER

NF-«xB &0 UL BE B AT 5k A0 L . PH
8 22 T g 1) B L SRR TR, TR 9 RORE L B
PESN AN MLAF 36 RIS ARG IR N Rk . HATE A
WFSR IR, 3238 [ P 30E B W, £ S Al 4 244 5
Ity T B IR NF-x B 53 i 22 1k 4 78 (]
i I NF-kBECE [ W, TS HEPASMCs 21 it i 1 A
G 3 17 SH &% e, {1 FEPASM C s 4 5 K Jili 1fit 45 &
78 FEMCTEPH A U, NF-«B#E B350 , o
A RhoZ HEGTPE3 (Rho family GTPase 3,RND3)
FE TR, NF-xBIH# 5L Snail lREMT , 40 36
WA AT 8 (14) S R R PR, B s TL- 1 Bl 3 5 38
1% NF-xB/Snailiff #1755 A B ik N B2 48 8 (human
umbilical vein endothelial cells, HUVECs) EMT- "),

NF-«Bj# f% 7] 5 AMPK .HIF-1o. . MAPK . &k
W2 25E M BAEH o 3% AMPK AT NF-«xB
PSSO S [n) 4 A% 5 7, BEAIR A W bm -5 P KT, T
S AN O A R, IR PHIER 2 FEPH AR
AMPKH B, HA 16 0] ffBR AT NF-«BAHI 1 , A
MEEE SRE 5 AW, fEHPHA AL A B 2 AYROSH]
BEHEEROENF-«B{5 5 iE s, L [ WA OCH (1, SR ik
PASMCSZRHRIAA [ 15 3 NF-BIS TG i — A5 0 ) 20 i 7
T, 3R N B S AT AR RE ), N A A S0
NF-kB#{ % i Al 75 F1L-1p \IL-6 . TNF-o 25 4 i [H
(RE R , 1 — 25 I E S A 38, T B SR AR 0 3L -NF -
KB- [ 15 1F 2 S ER 0
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H38%:

3.7 elR2o5iMEE

HAZFIPER G F20i%# (eukaryotic initiation
factor 2a., elF2a) & B PEE IR PR 1 205 I 1R 49 I 3E
FEA T MR A B GG . A SCHkGE , /EPH
il 1 A% A A R v, eI 2o A 81 8 200 6 8 4 11 G e
ST REREEEH ., FEMCTEPH K R,
elF20 5 ik B0IG F W, 2 JFPASMCsHE 7l , I 55
K S I 45 M 5 el F2a siRNAR] A ZE M HILC3B
Feik R p627KF-, B AN S PASMCsH 5 Al 1
F3A0 A B W A S0 ] 55 S0 (chloroquine ) 411
il I W PR A R A B2, W] i e TR 20 T A BB A R
N, 2R S elF2aif i [ WEIR AL HEPASMCs3tg
BRI LA FR R 180
3.8 LC3/Beclin-1i& %

H WATE 1 Beclin-1 FILC3)5 3, 2 5 PH
Jifi 1l A . LC3B5 B B WA 2 TE AR OG
Beclin- 1/E NPLIH T/ i Bel-209 45 & AR , X T-41
BTSN RS A S Qi A = L EC e 2 ¢ )1
5% S HFLC3/Beclin- 1 7E PH ML B4 o 3258 4 F42 G B
LR (S IR (¥ =R =R F A &3 N |
/NRIPAECSHIPASMCs 1LC3B \Beclin-1,Atg5 .
Atg7 % H WEAH G I Rk TH &, a8 H R E
ST MCT I R A W BT A R
(monocrotaline pyrrole, MCTP)4b ¥ 1] & 2 #5 =
PAECs [ W /K-, INEEPAECs I fEREHS , i #EPAECs
AT ANTEAS | TRt 0 A 52

Beclin- 152 1 el /2715 il I 375 S 09 5 W, s
AR T, R MR AT BEXT P B 4 AR B
A AER Y. Ak, Beclin- 1T 5S40 TS 1
Bel-2JE & &9, LBt = Beclin- 1 7] BE £ il
caspaseIIPEAA ML JE 12134 . B ROBESE B, 7
Beclin- 1 Fé/IN B Pl 3l k71 WLAR IS (SMCs )
Beclin- 1425 A 3@ i T R AIE F0AeS Atg7, i
HESMC s A 8 1= Fnysk 20> 20 g 358 7, A v 8 L T
IRz v /N SH K AILAL  PHUB A O 2 MR 5 (AR T
fR2 , BTSN Ik PN K2 40 L (ECs) 7 Beclin- 1526 Ak
P P AT A/ N BRUA i L5 FE A, PR, SMICs (T AN 2
ECs) H1fBeclin- L& BV E 8 i 0 kLA FIPH
P b7
3.9 BMPR2i#E

HILA KA A AZ 1A (bone morphogenetic
protein (BMP) type 2 receptor, BMPR-II/BMPR2)

F 855 TPAECs . PASMCsHIAMR Al 27 45 21 it v
ARSI B TGF-BB K . BMPR2E ik ik /> &
PHIW B2 E0 K 2, BMPR2 5% 7] 1T PAECs M\
AR 20 i R TR S B BT E TR S W F AL, IR E
PASMCsii BE 3 , {1 28 1 3 AL AL £6 A IR A 25 11
TR, 7 I i 5 T AL rp 45 e B %), BMPR2
AL 38 o Smad {5 3 BP0 PASM CsH 5E , H Dy R it
] PEAN M EERGAE O BT 7 0% 1 S
PAHE % L K 2926% Y IPAH M & #EHY BMPR2 2 &
AL, SRIM, BMPR2 ZAFARSE 44N, 1t W oAt 5
MR R WA F 3 PH, FEMCTH SuHx P #
PHA A fifiZl 21 . A\ZEPAECs HIPASMCs . IPAH
B MVECsHh 1 % BEBMPR2/K - F&AR EL [ Wi
PERSR , LC3BAKT- 3 THi 8. BMPR2ZR & 2878
L AVG-A R AR, IR T %
T B W 175 S B sl kT DLAN A o B 14 7, S 850 s
RS- L) S 44 JEE 12085 e e il SR S U
JFIIMCT R B, F W i g il , BMPR2ZE [ %3k
ST S A i 0 PR UL A o e g 2 L1 [
HNIFFEIE S, S0 n] 4 I PASMCs$ 5 317 S
T, M ANSEIHPAECs ). fE— TR I PRI % b
PR, 7 25 5] (tacrolimus,, FK506) 1] 32 | JPH A &
BMPR2# 5 , MM TGE-Bids S 1 il A5 Bk [0

BMPR2%AE A EPAECs T T34 M1, 41 48 [ 7 Al
AR TG 2, RN L. A 28R
YESZ, FJHPAECs ' BMPR2 AJ {4 y8 7= L57-%%7
BMPR2 3% 8 5 S MEECM AL B I8 56,
il BMPR215 53l % v] J /D PASMCs HH TV Y Jit Ji7 2
FA 2R B, AR R P R 100 % S L A A 0 e
Ab, A LEFE T BMPR2FE AR A 0] {2 EMT, i — 25
N A A2
3.10 MAPK{ESi#E%

MAPK 553 % = B 58 AN LS M 5 V81 S il
(extracellular signal-regulated kinase , ERK )i [ . c-Jun
N-A i #4 i (c-Jun N-terminal kinase , JNK )i [ .p38
24 Z4 )R 5 AL FE S (p38 mitogen-activated protein
kinase,p38 MAPK )it i , Y] 7 4HAL H W, INKGH
AT AP T2 A Bel-2 2 1k, i Beclin-1
PERE I, 38 AT B [ AR SE R R Feak L, A
DNAf 9445 A W42 F(DNA damage-regulated
autophagy modulator, DRAM) % ik, 155 HIEE A
A3 ERKSTT L B R AL ULK L, T F e,
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B, 45 « i s ki R AL R R 4 1 WA DG IRl 3 B o 171

T 55 P9 R O AT B R A RO O, AN T
AMPKHImMTOR ",

p38 MAPKGH [ AT 38 15 317 AN 7] 1 Wi o3 X
YA A W S EVEH . p38 MAPKIKTE Al 75
SULK1B R L, SR ULK 1-Atg 132 A4, F i 55
LS Sl R AR SMIFSE SR , Notch4-ERK/
INK/p38 MAPKHIFE IR A ity i 45 2 ) v e 477 o 2
YEF, EJIPASMCsH ) Notch4 Al {7 ERK/INK/
p38 MAPKGE I , 175 S 145 FAl %), s m ot
T Hp38 MAPK/FE T 42 J& & (A9 (MMP-9 )i #
B MEHPH 7!, OPNIRX AT i i 3% P13 K/
AKT/mTORGH # T 4 [ 4, {2 HPASMCsI 58 37
] T p38 MAPKIHE 11| PASMCs H I , i i fie
HEHPH! ), p38 MAPKGHE F& IR A 38 40 i 11 v , Al
SRS P9 R S TR i A ) B R A 5 th ]
T R i A A A DG OB PR R AR 1, A A U I
ERELCE RS ER . A, LT R E AT
(hemin oxygenase-1,HO-1)#1l57 ZnPPIX 1] i 34
1%p38 MAPKi# 4275 FBeclin-1 LA #E F S

ERK 1/215 538 6 nl 1G4k 3 1 8 A S A 1
(dynamin-related protein 1,Drpl) /3L LIRS
Z4- A gk SR HEBMPR2UE A VSRR, I DNA
4541 M1 (inhibitor of DNA binding 1,1d1)%
KR E, MG SR PASMCsta5E 51 R4 68 1, 2 5PH
L4 T A Y 2R R R 00 AR AR,
ChangZ5: " WIF5Y % R, 2.1 i A2 (ALDH2 ) 3E[A
R ] S T ERK 1/ 2 W AL I -0 1 e, 12 v M
1ZIFIPASMCs P [ I /MR 1] WA A A0 50t
IHE #HEPASMCsIiE# 38 5E , TN SuHx 155 5 1)
PHi 3 ik WLAL , #2725 ALDH 2 1 ) i ERK 1/2-
Beclin- 14319 [ Wi i, 70 H PASMCsHE 58 51F
% , AT 22 il M 45 54 S5 PHE R , R W] ALDH2 1]
RE R PHYTE YA T #0100
3.1 HiEeg

BEAb, G ROS-HIF 1 ol i | fE 272y 4l U 5E
T-KF4 (PDCD4) i B AR A 42 ez = A2 i )
T2 5 A F (AIF) KRR EFOXM 14 T B FAK
RAL 13148 BT e v AR EPH R A R R X8t
AR WA, ISR AR 25 R 2 B AR 4%
K F o KIMREE S0 s vl f R ok 5 3i0r
g sET= 0 e S AR T P R B, %
A2 A WA o P4 HIF-1a MImTORAE 5 4%

8, foft 200 Fh AR AE AP T R AR T« RV PRI ST 175
FHUVECs HIF-1o/BNIP3{KAS P H W5 , A2 12 PN Bz 4 g
A7 SEEE 5 MRS B E RSB s ] f, WU 25
5 2 AMPK/mTORAF 538 AR I R , 1 B4
FA 7 , T S EUR SE 00 N B R ST T

4 §B[m) B EERA T R R

4.1 HYTFm

Bt 1 WA D3 R AT 24 3R T A X Wi PHAE
FERYTE Ao B TIRIETT SR F 5 100 1 40 A P 1 1 e
FEIE o S AR Th S 1 3 e BEL LR 1 /)M
BGRAM I 3 W, I 1T 90 AP 2 8 1 /N BT T L
20 3%, AT 3R PH & 5 102 R 4EIBE S 1Y
PASMCsH4 5 AT 5 57— [ WA 8 770 3-MA % L5
XoF A il i A E K 1) R B4 T T UK 2 04 SR A2 B
(docetaxel , DTX) H& &3 SR Y7 J5 , v L& 1) il 1 4
FATE WK FIEH KT, 47O E R (RVP) FREAK, H
ML 2 ZDTX i IR T EHAE9 (MYH9) R4
Beclin-1, it #kBeclin- 1[5 f# , #0750 A W, F mife oF
PASMCSHET=H3] | 57 /NG A 1 gt o 39
ROC-325 A BAF IR 7 i 5, R TS R e hiE 24
PRk G TSR, W0 AB I PR BT 9% S R i A R A
WA B B EIE A AL PENOAE B, (e JF A &7 5k , 30
WM, T PH 2,

P FPH M EAGHLHI A 2%, S E 240 M A kA7
ST RBEAZS B . P A 2238 1F FoxO1-SENS3-
mTORHE 175 S PASMCs A i 7= - B3 AR E A
(i g0 SR A 7 Ah BEPASMCS T 5 %
A 25 AR IR T, SR BB 25 R0 L
PO T BE SR HPHIAYT I —Flor SR ms . BEFEBEAL
(piperlongumine ) AJ i E FFEIRHPH K B A7 0 Z U 46
JE A U2 AR il sl Jik R 184 JEE A il /N Bl ik UL A
1k, I3 HBUE IS S I PASMCs a4 , i 1 140 14 s
ZfHPHIMAE E 1)

H AT 2 25 WA b T ST B B, i AR ARG R
I R BN ARSI IR IR,
UNTE 12 2 (mTORMM 7 | S AR b S 2 )
2 R IG A gt 10s)

4.2 EE&IT

B2 RHAEHASRNA (non-coding RNAs,
ncRNA ) 7 PHIIL A B #4 Hr e S At . a9 il
miR-21011"") miR-138-5p''%) miRNA-205-5p! /7]
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384

= o Cytoplasm
v ".'n’.°RF§sa miR-26a-5p1
1a —
;PLro’rllot \ )\ \ J TI'ITF/;\WI'IT
" . Nuclear l 1 1 1
\ S ne ULK1
\\ uLkz/f
“ “PrKFB3 [ — l
Normal @ ‘\ q”"“ t
M ULK2
3 ) - [
‘Qta a*

Vascular remodelingl Proliferation I H}Aumpnagy @@
—

Migration \o:g §°>' @
Pulmonary |
Hypertension |

B3 1R S5 SHHIF-10/miR-26a-5p/PFKFB3/ULK1/21{5 51 &5 B H ¥ PH I & #4389 8201

HIF-1o: 841555 F 1o (hypoxia inducible factor 1a); PFKFB3 : 6-Bi i A -2- 18 i/ SAH-2 , 6- XU R Ef#3 (6-phosphofructo-2-
kinase/fructose-2, 6-biphosphatase 3) ; ULK1/2 :unc-5 14 B WEBLIG #F1/2 (unc-51 like autophagy activating kinase 1/2) ;PASMC:;
fiti sl k-3 48 (pulmonary  artery smooth muscle cell) ; Atg3/7/12: HMEAH3/7/12 (autophagy related 3/7/12)., ZREH

Figuredraw?ifi .

Figure 3 Regulation of the hypoxia-induced HIF-10/miR-26a-5p/PFKFB3/ULK1/2 signaling pathway and effect

on pulmonary vascular remodeling in PH

HIF-1o: hypoxia inducible factor 1a; PFKFB3: 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; ULK1/2: unc-51 like autophagy
activating kinase 1/2; PASMC: pulmonary artery smooth muscle cell; Atg3/7/12: autophagy related 3/7/12. Drawn by Figuredraw.
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(PIBK/AKt) | /BMPR2L Y D) PMVEC
(LC3] LC31
s p’ MAPK ) mTOR  sibi PC\NA Les)«

\. ROS
mTj)_R SmgdZ BCBXLiN%s d l <‘ \Bec"”eﬁf Autophagy

Autophagy ) Apoptosis Autophagy EndMT|  proliferation \ <A

5 liferation |
— pr— reseratrol,
§ Hypoxia, daC%r?lstlmb
o PDGF-B

]
remodellng SuEiESE
d g

- -O -
BMPRZBMPRZl \ ) RK1/ OX AMP
elF2aj BNIP3T mTOR
| mutation C . (A e mTORC1 ROST
7o W ) ) o Fox01
mads/ID1L ( Beclln 11\ ®yLkq ULK1 Beclln 1 .ULK1 Atg4
wm ) )| ( / PASMC )/
proliferation | Autophagy Autophagy Autophagy
pulmonary vascular pulmonary vascular
remodeling remodeling
—> Stimulate —  Inhibit BMPR2 (JStimulus @ Pathological () Therapy .phosphorylation

process

El4 FT AL E SR B IREX(E S @RISR
A F H Figuredraw?2: il .

Figure 4 Autophagy-related signaling pathways and therapeutic substances of pulmonary vascular remodeling

Drawn by Figuredraw.
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T PASMCsIEFE AL AT IR T2 16 M, BRAR S 6 e
PH 48 B R . £ APAECsH R #miR-204 7]
i 3 X6 At 7 P T A B8 5 9 IR S P — 2 ek 53
A5 FREMT , DI 2% fif il 1 A5 T AL , 75— i
FEHPH Y ZECTEPHA BT, IncRNA-GASS
AL HE A miR-382-3p M A 1 [ W5, FE AR K R
mPAP, I PASMCsH 5 TG R FERL B T , I i3
ik R R A A A T AR FRARRNA Sirtuind
(circSIRT1) AT 5 miR-145-535 25 A I35 Akt3 A
M2 FFPASMCsHE 58 i # A1 F W, T K ##cireSIRT1
1 HE A miR-145-5p/ Akt3 41 PASMCs4 5 34 Al
H W IMEGEPH |, B &R PHATE 7R 574
AL ORI, E AT R B HE L R S A
JEEEFSE .

KFPHHAMERAEMIF LN, EEH T
PASMCs [ W A% 1 , HIF-1o/miR-26a-5p/PFKFB3/
ULK /2% S8 (113) , miR-26a-5p Al K4
75 S PAMSCs F Wt , 320 [ W5/ MASHT A W A 1)
TE R, VB I 1 45 AL, PT BB A RS | 1 b
Py R OPNIE R WPk & LC3B FIBeclin-17KF,
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