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Abstract

Chronic obstructive pulmonary disease (COPD) is a progressive lung disorder characterized by
airflow limitation, with a complex pathogenesis involving multiple cellular and molecular processes.
Programmed cell death (PCD), including apoptosis, ferroptosis, pyroptosis, autophagy, cuproptosis,
panoptosis, anoikis, and necroptosis, plays a critical role in the onset and progression of COPD.
Harmful stimuli such as cigarette smoke can induce PCD in structural lung cells—including alveolar
epithelial cells and endothelial cells—leading to parenchymal destruction and airway remodeling,
ultimately resulting in airflow limitation. A deeper understanding of the distinct mechanisms under-
lying each form of PCD in COPD, as well as their interactions with other pathological processes—
including inflammation, oxidative stress, and fibrosis—is essential for developing novel diagnostic
and therapeutic strategies. Currently, modulation of key molecules and signaling pathways within
programmed cell death (PCD) pathways has become a major focus in COPD therapeutic research,
and several potential biomarkers and therapeutic targets have been progressively identified. Tar-
geted interventions against oxidative stress and epigenetic regulatory pathways represent promis-
ing therapeutic strategies; therefore, this review discusses recent advances in the mechanistic roles
of PCD in COPD and its potential therapeutic targets.
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1. 51§

Jifi e B 2 PR SR R A R B BEER T, PR R R T A FWAYh, W5 . Bk IR G
TR M % (cigarette smoke, CS) [1]0 AR I8 11 FIRR L 1 AR IR T 3 BOAS T 305 1) 0 25 F0 Ty e o BEA: 2
Ay, 3 51 K08 1 B ZE PE 7 (chronic obstructive pulmonary disease, COPD, f&ifR “ & FHJili” )[2]. COPD
FRARFAE & /NI SR B 35, [ PR REZL 2L BUlIR, S 2 S BURUM[3]. 2021 £ COPD J2 43R5 1Y
KRBCTRA, 3Rk 350 5 ABET:, 20T S0 5% [4]. HTREF BB A AL T S K
SENLHIIROES], X SR BRRHE 4R BLdE AT Ak . BRTATHBEIT 7, WS E Y kR AR [E R, X
RE L S AVE P WLRA St AN ] SERE SR BOREIRZZ M 6] DRIIL, v 7 3G e L Lk 5 g P Pt e A e L2
(RREAT VE S RENLHI A 75 B HIR T RE AL, DU 41T ) 2R 9T 75 3K

T 1t 28 fu FE T (programmed cell death, PCD) e 4 44 HERR & (1 18 A6 72 57 FIME 542 EBh AT i) —
AR, RNV RN A0 227 [ 7], PCD e —MOuRr s M A A& AR, JLTx
B EGERER DA DR EAMNSEZHMBAEVR G IERE, 10 HX & PG 0 2 OB, g
FYH M D) ReEpR Gt B OCE B, SRR, SRR MM MRIE TR, Wik B TI(8]. AMRIETI[9]. BRIET:
[10]. EWE[11]. AETI[12] FRIEHRT[13]. BT 14 A2 R T[15] S8 iR . PCD i iz itidd
ZAIR A GAE [N, 33 COPD HIRHIETE A, At UM A NV IE B, X R HAE COPD KA FK
JEH R CAER . A TIAE COPD BB ST BN 2 IRFERF TR, BRAE TS TS84 4 PCD JE 2
5 COPD ML RN ZZEL A VIAH G . ORI Z (R 7R W], PCD 518 RHM ) A& 4L Kk e % IAH S,
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ARERIRXTH ILH)J LA PCD ££ COPD AR I AHSGAE Sl B A7 542 R DL RIB AE IR T TR
WEFCHE AT R it i, DU COPD Ml PR B iR 42 it R S04

2. PCD #£ COPD HE{ER &

COPD f&& i LIS SZ BROVFAE O VR P REIP IR N XE L AR PR AT ZER™ A4 o TS
PR E AR L EZWERAE, PCD R RIEEEAEM . PCD USRI A TEFL A3 1,
GURNFACEISZIR o JOME AN B N - PUER MR M A T B A S2 40t — 2 R HERE -

2.1. {ARCATFNELTE T

S M T2 — P A REEORT SEE A 1) PCD JEEN,  DAAHRI 4R AT DNA | B RREIE, S8R
AN AR, BORITZHZR DR 16]. S5 A TR0 COPD S0GE JO5E IR IR K i Tl e R 1 o
BRI T8 AR s A AR B A I S A M T, s O bR B AR SN[ 17]. pS3 AR A
fill&E A, £ CS i3 COPD Hilid p53-PAI-1 155 St fiti_I- iz 41 i (alveolar epithelial cells, AECs)i
T2, COPD M 4rh p53 Al PAI-1 Fik T, SP-C /K FR&AK, iy alpg o2 B2 41 18]. CS HFIM
EARNBOE T DNA H 2L F20 1 (DNA methyltransferase 1, DNMT1)/15 B 4f ig bk E298F 2 (B-cell lymphoma
2, Bel-2)E 3 Frm A&k, FRK Bel-2 ik, IR T . PrEaibiie DNMT1 FH W AT ol i o g,
IR I[19]. CS S MERFE TR I 2 bt H L %246 )1 4 (Glutathione Peroxidase 4, GPX4) %32 &
FLIE AT 4 (Nuclear Receptor Coactivator 4, NCOA4)ifi#% . COPD F£A &7~ GPX4 J#/b. NCOA4 #1,
SEERFET[17]. Nrf2 JE AR RY COPD, {HTE COPD HEHHRIE T, o307 H &b
Nrf2/GPX4 i@, {E#HRIETZ[20]. 4EH Nrf2/GPX4 i@ 7 G5 COPD VA T by kg . JeiRiz#iE A
2 (LCN2)7E COPD 1 _Fif, #0fi] LCN2 AJ¥i%% CS i SR T-MERAET:, 3R H BRI T4 [21].

2.2, YHRAEETS

MAEET e —Fh R IEVERE P YEAUMAE T,  caspase-1/4/5/11 ¥i%, HFAE 40K . FUIE 24 AR A4
RYIFN IL-18. IL-18)BETK, JBK COPD [ 44 R MWi[22]. CS 53 [193& 1 S(ROS)iE L ¥ NOD #£5Z
1A% [-3 (NOD-like receptor protein 3, NLRP3) 4 AE/IMAfl A UM AE T, I <38 28 5 Ot 2H 2345147323 ]

WFi I, COPD 38 figH 21 NLRP3 #RIE/MAFHICE (W1 caspase-1. IL-18)FRIXEE Fif, M7
CS Z &1 COPD /) FUBE A v, H0] NLRP3 7] {2 35 PR AR 28 PR /K 1, 503 it 20 3 9 e A< T e 33 [ 24
HEFEAN i fih & 52441 (Triggering Receptor Expressed on Myeloid Cells 1, TREM-1)i@id i% 5 NLRP3 #JiE /)
IR BV A i A2 T, JH] TREM-1 Al 82> COPD /) U4 2L 2 48 [K 7 (I TNF-a. IL-6)F&iL, B&
RANBRAET /K, AR 28 0E SOBE[25]. BhAbh, A% R B2 #HCEF- 2 (nuclear factor erythroid 2-related
factor 2, Nrf2)/IfIL 41 & N4 1 (heme oxygenase-1, HO-)/EM#E 4T A EEAEH . AR, %
7% Nrf2/HO-1 38 #3@ ik # ] NLRP3 /S H T8 2 22 COPD E I Mi[26]. EAEME B, %
F FDR <0.05 [ 2 3 #5007, %58 H 8 4> ALK (CASP4, CASP5, CHMP7, GZMB, IL1B, AIM2, CASP6,
GSDMO)AT 1 AN N iAZ R (PLCG1)5 COPD AHI%. X BUFE K] 55 48 i /IMA IS AN G 128 20 32 i) 25 DA 5%
9 COPD RS HEVRIT IR AE TISAERE RU[27]. ARBE A FHIRAIRE NLRP3 #A5E/MAE TREM-1. Nrf2 5545
SRS AR, DA R B [ 48 £ T (R T SR

2.3. B

(S — Rt b (T ORI A 3o T P AR ST M 5 % 536 2 1 R A4
FaAS[28], 76 COPD ', FWGMid I AR 15 S0 S SR RO 45 I [29]. BEASHULEE 3-30G
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(phosphatidylinositol 3-kinase, PI3K)/25 [ B (protein kinase B, AKT)/Mi L34 5 A %5 2 #1125 1 (mamma-
lian target of rapamycin, mTOR){E Sl /& H M1 S 145 . /£ PM2.5 551 COPD /MR,
PI3K #Ill7] PF-04979064 ifil N iff PI3K. p-AKT Al p-mTOR ik, #hnftyE g, [l
KT MR, PRAMEIERY], #E PI3K/AKT/mTOR 3 #% il i i i it Wyt i b i o,
B3 COPD HR 7Y ) BRARAE[30]. =45 A 13 (tripartite motif-containing protein 13, TRIM13){E T
R R TE COPD a2 8567, WHFE &L, COPD B F/NRIG4I LI TRIMI3 RILRE M, 5W
J5T ™ 37 3% (endoplasmic reticulum stress, ERS) A1 P Jii K H i (ER-phagy) 7K “F-F+ =i AH 9%« AL SR B,
TRIM13 i i 4% ERS F1 ER-phagy il 5 A4, &R HONE R T e [31]. b4k, F A
YT WI(CSE )i i 7 B A 4 ff v B AR P B v B R A 59 IR 2R A 2 (lysosomal-associated membrane protein 2,
LAMP-2 A 3 T FEAB A S 0 E VR, sl b R 4B E AN T SEERUESE, FHIT LAMP-2A [FEf#ERL 1
PHRIEAIRE AW KT, 2 COPD JREEBEFE[32]. HWELE COPD H K)4E F IR 24 15 ) S A 4 At 28 724 i
Fto ARBEF T — W] PIBK/AKT/mTOR 3@ 5 TRIM13. LAMP-2A %543 7-7E H W42 T ) 58 HAL
fil, PLAEWESHET. A2 isg i, N COPD Ry7 HEtHil M .

2.4. BT

INBEIE T 0 — Pt AL 4 A ) PCD T2, DASE A4 AH BAE FH 25 FLU8 1 (receptor-interacting protein ki-
nase 1, RIPK1)/5 A0 5./ H & A ¥ 3 (receptor-interacting protein kinase 3, RIPK3)/7i & il Z2 iy 25 #4) 45
F£ 55 M (mixed lineage kinase domain-like protein, MLKL){E 5 1@ A1%.0», 1E COPD HIRZ)S 18 4 fE A b
YHZIEYP[33], COPD i iliZH 4% MLKL. pRIPK3 Fl pMLKL 3KiA 5 3 T, JE (K Rl 52 36 1UE 5 RIPK3
B¢ MLKL k25 n] Jk <8 8 i, MLKL B2k 5B RE Tt UM #1331, 7£ COPD i35 2 Rt 4 g b 3255
A A AT o S TE IR AN A [34] . hAR, miR-21/TNFR1 FE SR SEMEDE T2 F COPD 4k,
miR-21 77 A 18 45X e 2R (357, #1A) RIPK 1/RIPK3/MLKL i #% 5%, miR-21/TNFR1 %4 2~ COPD
TRYT B AR o

2.5. AT

FFET R —FPHi 8 PCD B, SH1E 7 E BRI AL, 765 COPD Hh 3= Z 2 me fiti v 5 g 41 ffa T
RE[36], COPD H:# K CS iz /MR IIGIEEVEA+, A% BEEE (glutaminase, GLS)FRIA WE T, &
MERRIEIR(TCA)FH, FETER, F ST, GLS FiX/KFSHizhaEErr(n FEV)E Z M,
PRHAE A COPD 2 Wrkn EWIAATTHE S 9 71361, bk, U8 7 B % i S B (dihydrolipoamide de-
hydrogenase, DLD)F14H ffd J& 1 &5 11 AR H P 8B 1) 517~ 2A (cyclin-dependent kinase inhibitor 2A, CDKN2A)
fE COPD i I 4ifurh ik, fEANRMTA RS SH T s, CS REEd— 1§ DLD #
CDKN2A ik, COPD #EAY K Rt 52 BISAUIN G o 41 5 25 D51 ) 5 A0 ELAE AT RE SR 5)) COPD i 3
HERE, (HH BRI TR [37]. AT RN COPD KmALHIFRAL 17 # M, %M GLS
B B AR T BE AR B YR YT RN
2.6. SZALT

DT R MRS T T ASRIEMEE T 1) SO ME PCD B, @ A5 5 38 B W A AOK G2 9 E
N, £ COPD H k4% L ZAEH [38]. 44015 %40 #r %55 th PYCARD (PYD and CARD domain containing,
ASC FEAHSIEK) N COPD iz BT . PYCARD 5 NOD FE2 A Sl IEAC, fEdkf
REAHMI(AN T 400, EVRAIAR)IZIE. COPD /MRS, PYCARD W35S, 3 B it 4 miz i T2k 3)
RAEFHHLAA5G[39]. WFFFRY, PYCARD il i NLRP3 #&IE/MA. caspase-8 Fll RIPK3 %54 1%
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&% PCD #8125, £ COPD H R AEHIR RN [39]. CTD 3 FE /0 Hridt— P36 1E T PYCARD 7ERER
B RITER, #2534 COPD AMbs EXIE 71, SR, PYCARD S50 T-%HAth PCD U
T HAEF R HAE COPD A (PRI I 42 I 48 AT 75 it — D4R &

2.7. EOFTS

SR BLRET A FH A0 S5 4 AR S RS S 1 PCD £, fE COPD Hi/NSIE I fe il v HLA 2 A
FH[40]. WEFtiEE A5 B0k KB, B & A (tenomodulin, TNMD)AIK554E441% RNA 00656 (long
intergenic non-coding RNA 00656, LINC00656).5 COPD 4k S T-#iiAHI<. TNMD 55 %% 4 iz 1 (5 1k
CD4+idZ T 4. M1 BUEWRAIA. NK éﬁﬂﬂ@)ﬂ%ifﬁaé SliIBURZAS AN = W w411} IR 01 (1S S
COPD j##fg, TNMD i#5 SEF TS Sl ek, B MR [40]. LINC00656 1 A 584
G, (R AR % T e 5 TNMD Wi a5 % B8 T #iht. COPD B ZHZr, TNMD #£ik Eil 55
T8 B BN JERE S SLMEIAR DG o ASRA 78 75 12— 2 B TNMD A1 LINC00656 114> F-#HLifil, 38 iEHAE COPD
ANTRIB B BRI FH B AR iR 97 #E r i 77

2.8. COPD TEFF 14 ZHRESE T-MLE Y EE S HLEI 56T Rk

COPD HAZPHEAM AL T 2% 2 I H AL O RfE: H—, m B BB ——& W% i@ ROS M
DNMT! [F] iSOG IR T BRAE T A2 T2 SR BRI PR 12 2 450G, TR IR A7 3R 5B AT 1 W ) B A = 175
o, RS 5 ——Nrf2/p53 4 FIF 5% WS TRIMI3 S5 8 25 e HLAR Y P 5 30400 1 X0 A €
LRS- B AR S R [20]; =, AR - SETTRR A —— A0 T SHISE T B R DR AR U g
PCD V¥ JZ#4E[17], GLS Rk T FE TCA 1M G A1 B+ &, (AL 4 ZE T 5 52 40 A
REEMER[36]; LU, RAMELHIE——DNMTI A5 Bel-2 1 Nrf2 JE 27 HFEMLE R “mEicis”
RIS AR 55 5 5 2 1R ATS R 4R 0RB) PCD 4% 2645, iR COPD ANt /g 5 HT, JOEBORIEH——K
eI T ST IS DAMPs B8O NLRP3 BUETEUE 45, 4 PYCARD %4 972 M T-(PANoptosis),
IR SE N E I KT . X R A TR, COPD  [ITATT SIS 75 M B — 308 4% L I 2 1) ] 2% & {K B
W, BZOTETIRE Nrf2/ps3 Fads. (B AW FHWHZ T SO BOR N, FHRE X B AN R B S itk
Tl

3. COPD J&fT PREF ML TR EREERTTHER
3.1. 4ARAT

3.1.1. Cullin-1 1 p53 i&12

Cullin-1 (CULD) 2z &-H A A RS S A 5y, Z 5H B EFREE. /£ COPD B i 2 CS
FERENSMERT, CULL RIARE N, #F5EEY], CULL ik Rkl g om V8 Bz giffi /g, 4l
CS i#FSHIAMMET:, FHb R T30 IL-6. TNF-0) I AL N BFR T (U0 ROS) 61k o IX L {47 203
I INE] pS3 15 S MBS, 1 pS3 #EhF nutlin-3 FIEE CULL FIFLMT-/ER, #2755 CULL-pS3 #hifE
COPD JR b [ B E I [41]. #R1fT, CULL 4% COPD 28 JE FEH M ZE T i B AR 23T B 1 oA 52 4 e 1
KR T IRRIL S HAh PCD 422 HAEFH LLIPS HIa s 7 1

3.1.2. BMP7 f1 MKK7/JNK2 {5 S8

HIEE KAEE A 7 (Bone Morphogenetic Protein 7, BMP7) & AL AE K (K -F-B (TGF-B)E K ik I, A1
HEIETE. LA TS, /£ COPD Bl L4, BMP7 RiE& L. #I7UAIL, BMPT &
IS EE MKK7/INK2 {55188, S E AR 1 RiE, @38 LT, mkl=aEsiss.
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BMP7 2 R AT 2 A F RS T 7, FeAE COPD Hh XU Dl RE 7 3E — Ak 78 LA HR 973 1 (421
U4k, Smads {79 BMP {5 5l BRI SRS B 1, F] REd i A P2 il 4 2R e B AN ROREAE. COPD i B
FEAERL, 7 BMP i i 5 JLARAE 5 N 268 ) 52 FL@ ARRIE FE I B ki [43]0

3.1.3. HMGBI1 1 NF-«B {55 188%

BT AR BEE A Bl (HMGBI)J& —F 45 5 70 T (DAMP) /> T, #£ COPD HUilid % NF-«xB
5T IR AR T (U0 CXCL8)[E 5 UK #AE SN [44]. HMGBI 1E CS 2 & 1 MR 4 i AT L e 1 g
Fis B, (R EVEA AR R KRR BIM DA, BER IL-18 F1 TNF-a, HNREIAGER5E. BHR, #0)
HMGBI1 7] 2.3 [k NF-«B i, 180 28 0E K 1315, 2035 COPD /MY itiThae, #2277 HMGBI1-NF-
KB BT VRITRE i [45]. RFTFIT R ES S E HMGBI 004157 3 3640E HAE COPD I AR 167 H () 22 4 Fn
J7 36

3.2. ARRET

AR TR —FP &REYE PCD, B NLRP3 SRE/MABIE T, 53X caspase-1 #KAPE TL-18 F1 IL-18 %,
SRR AR A A 2R R P v Hi[46]. 7E COPD 3 A2 CS Al H, NLRP3 #%E
MEFISGEE (U1 ASC. caspase-1)R1x 2% Fif, #2275 NLRP3 1Ak SYHAGTTHE S J1[46]
WK I, B 7 B2 2R 7 2 (Nef2)id it b 20 20 BE-1 (HO-1) &k i NLRP3 48 fE /Mg vk,
BEHR CS SR M AE TR R 48 5 » Nrf2/HO-1 38 B4 I 0E£E COPD /I BB AL b e At oh B, /b
IEER, PRORHOA R RHIEST RIS [26]. ARKRAT I RIIREE T IR AR Nef2 sh7), AR HLEE R Al 20 2460
R P AN A P R

3.3. B

WG 2 — ol 30 o A I P AR PR B 43 AR ST A, 7E COPD il io 4 R 41 A 25 RN R 428 98 R R A5
TRITEFI47] [48]. s B W rT B s i - 40Pt CS B S HIET-RE /1, W/, MEEmThag, 37
7~ HEEN COPD EEIRITHE S [62]. AEWE B4 40 4~ COPD AHGHWREN, 3 HIFIA.
CDKNI1A. BAG3. ERBB2 1 ATG16L1, iX£&Epe @ i AWk - T Frszmn COPD i fg[49]. th4h,
FUN14 2538 &8 E 1 (FUNDCOIEIE 53 M58 E 1 (DRPDAH BARE RIS ZRRLR Fk . /£ CS i
(IS B R AT COPD /) ERSEES A, FUNDC 1 I BRI 1) 4 br 4 1 W6 FH 20 R0 1, 2 25 Dok e ik e
$278 FUNDC1 A AR YT HE R[50]o AR E— 2 [ WY 15 Mt D] o 2% (R H2 AL ), R A 1) 1 W ) 2454
LI AY, COPD Y497 2R .

3.4. IRFEMAT

BT — iR AL ) PCD 2R, @it RIPKI/RIPK3/MLKL 15 5@ U5 COPD H ()< i
RAEATILREIR . BFFERE, CS £ #5 A8 A IR O IR T4 7 v B A 52 K Ay i A2, 96ki4% COPD /)
BRI S SBAG[S 1] ZRRiMR F AR 1 PINK L IRBEER T2 R 7 RIP3 FI4r 245K F Drpl 7E COPD
B ZH 2 3R0E B, CS 38 I8 R kA BRI PR FE R T R4 L AE T o ¥ Drpl FIHIF Mdivi-1 &
FIEE CS 15 F I, 38 HIR YT 71[52] BB B R AN 3 31 -3,30- X% £ T4 (Theaflavin-3,3'-digallate,
TF3)id i #i] RIPK3/MLKL J8 #9/b CS B LPS 753 (il 9 ARl <, Sl il Dhee[53] [54]. miR-
21 7E COPD 3 iZHZAFN CS B RE LM RIA R ZES 5, @it m TNFR1 #0& p-MLKL
FEEEE ARG T, (EIERE MR BEAIRE T . Bl miR-21 BRAK 4E H T~ (TNF-a, IL-14, IL-6)F1 DAMP %3 1-(4
HMGBI1)/KF, 23 COPD /N RAERIFPREIR, #2758 miR-21 AICEIGITHE S35, shah, e H =
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M§(ATGL) S CD36 JERIE R B, L ZBP1 75 TR S JE T4 6 i f A2 [55] - #E ) ATGL-CD36-ZBP1
Bhn] B FE03E COPD JREE, $2nH N AR T 5

3.5, $EET

HFET e —Fh 5 2 RAARRE ZELAHOCH PCD B, W A F(Cu?)&F. Cu?"ilid Parkin/PINK1
BREFFEAARENE, HMEEA. FLERBEEEAE R TR F(W1 Bax. caspase3. CytC)RIA, FELAM
KA Z b AR s H A, SRR AR A M AE T [56]. £E COPD 1, 4 i %5 3£ X (CRGs) 1 DLST. GLS.
LIPT1. MTF1 1 PDHB £iA %, Bon 8 @SB E, $Em NIRRT 3E 5 [57]. BB PERE LOX
FIG(LOX, LOXL1-4)id i (i 2k 1% i 2 A it 25 A6, nRIAGZH 2R %8 . Cu?idid LOXL2 B TGF-
B/Smad %, (RNt RATAEA RS, PR 4ELIFNE COPD [58]. DLD 1 CDKN2A 7t COPD =,
A S RIE, % CS S0 L, S5, CDKN2A fERNHIAE T 75 K F7E COPD
Ht o [37]. B EARA LR T AT B89 COPD YAIT JFREFiRE, (HH BRI LIRS BAE
T — 5T

3.6. BT

TR — MRS AR T TSR ZEPE A T 2 E 1 PCD B, 7E COPD Hil i J5OK S i 98
SN IR E B B R . BT A E I A E B M R B, PYCARD (ASC & A 4mig %K) & COPD HHiZ T
R, 5 C BEHER 2S5l REAUTERS M ¢ . PYCARD £ COPD B# filiZl 21
A1 CS 72/ b0 B, RS Cn T 00, ENEGRM)IRIE, Ron AR NS kbR S AniG
TR AT J1[39]. PYCARD i 45 NLRP3 2 E/MART RIPK3 255> T34 251 PCD 55, KRR
— IR ZEIL G IHA PCD T 28 B 2% DAL AL RE ) V6 7 S

3.7. IGAREELEIGHIBE : BEBEESRE R

JUE R PCD I&1R1E COPD a7 W R It B & 77, AH F I REL AR AT T P K AZ OBk SEIU 4
p S PR LU 4 B PR RIAE DA VPG 25 K ) 22 A M 5 BB UK o WRNER 25 (N 554K TR IRN)
& SR ] ) A LA, G RV SRA WK IR B NMA SR R g, wTiE— PR A
FEASTE bR AR o g 4 i T S A 20 B 0 e 8 2 A [3] [59] [60]. BRFEREH, BAIK - 1
KA AR IR TR AT SEIZ) 2.5 pm (5T & HE S SEN 5 EAR, BBRL Rk 58%, BER S
2T Sl PR B T ) e PR 4 B SR i 3] BEAh, 5 AR R R A (art H P 4 e B 0, A 9 K SR ) T £
FE R B 1 DhRe, SEILRG VR o8 72 A0 9 0 DR oM, dF— B R i ik 2 [59] . ZRTTT, PCD AHGHE (41 NLRP3,
p53. Nrf2. RIPK3. PYCARD %5)7E IE% AR B R S 516 £ Pt HEUEEMA RIS 4ERE, KA
KN AT BRI G G SR L iR S B 2 B S RE I [61] . IR S, A= sl 371 a3 R G B
Pi(dupilumab) ) N H CLESE, AXTE A% I 1) 2 B4 9RE R COPD M3 (I FE R YERI A > 300 /N/uL)H %
F, RTAES> S = [ B 4 h B e AURE [62]. PRLIE, ARSI 70 75 SR AR T A Mk S M ok R e (i
R ER (B A R RE ) Igh 2677 (R BRE 2 SR A B BB 1BIT), HREE &4 Mbr E40R
N5y R YT SRS, DASRBURBHET . 8T BIRSE G NG, A B R P R YT E AR I FR, A
IMETETEA RS, #E3) PCD #E AR Y7 7E COPD Iiff PR 52 e HH B F AL R

4. INEERE

zi L RTIA, 18 H ZE M MR (COPD) HH (RS e R4 O S8 T2 (PCD) FF AR IRSL B4, 1 s i 3o 3k S i 4%
F5 (0 Nrf2/p53. DNMT1). 28 X5 Sl % (40 RIPK3. NLRP3) AR - JET-RE S HLHI (kLT 4%E

DOI: 10.12677/acm.2026.1641535 2811 Il PR 2 2 3t


https://doi.org/10.12677/acm.2026.1641535

P,

TR HG B BRI M4, ok DNMT1 A SRR L RIS Iy i A nr bt e d@ it 17 1%
B AT FETT. BN BRI T SIS0 2T RORHE TS 2R PCD 3 1E COPD i3
BEFE R R AR B, JLOGH M4 T (0 CULL. FUNDCI1. NLRP3. RIPK3. GLS. PYCARD %5)&/R
HAE NS bR BV FIVG T RE ARV Jy o SR, I PR e A 7% T8 Rt e e Pt L A J0 e 4 e I X
OB . RRIFANEET: O &0 A3 BAMENT PCD M KIN =shE 58 5L @
TER B REMNBIE T & KA E DR B ARSI R S ML ) ;. @ RERFE T T4 B IR G IR T S5 0 Boky
SRR @ HEREAEDbR SV IR RS AR TT LARINT COPD B ittt & @A RGIEN %4
VPRl R R, RS 25757 R ULSFRDT RS R o 8 I FIRLEA RIS, A S S —Im R BET 1]
IRBLARE IR [REAR, HEZ) PCD ¥EMIATT ASERETTFC W I PR R 104246, 9 COPD & 4R A SE kb |
A RPIRABIGETT 77 5

B O

RUPREIRAE LR B S SRR P 8 T DR B 5 E ST BT A LRIR BT 5 TR TSGR 1
HITHRAIWE T, LA TR AR SRR SR T R SE R SR . [, KIS0 T COPD Aiifl
56T BT FC R AR B LA R AR

EEWH
WEITERERSY: “BH4H I TR i H(YKD2020KIBW(LH)041).
Fil#5 AR ER

TEF R, AL S RS2 BT R 80U 55 % RN, AEAEEERIRI TR AT SN
WA IR B DR RN ARSCHR, AR RS ATAT AT RERZ MBI 70 2 WP ) 98 Bl el

SE

[1] Yan, L., Guo, H., Fu, J. and Zhou, T. (2025) Overlapping Exposure to Cigarette Smoke and Particulate Matter Does Not
Have a Direct Additive Effect on Chronic Obstructive Pulmonary Disease. Chinese Medical Journal Pulmonary and
Critical Care Medicine, 3, 60-62. https://doi.org/10.1016/j.pccm.2025.02.006

[2] MacNee, W. (2005) Pathogenesis of Chronic Obstructive Pulmonary Disease. Proceedings of the American Thoracic
Society, 2, 258-266. https://doi.org/10.1513/pats.200504-045sr

[31 Li, N, Li, X, Tan, S., Hao, D., Wang, Z., Fang, S., et al. (2025) An Inhalable Composite Particulate System for Targeted
Delivery of Therapeutics Deep into Small Airways: In Vitro and in Vivo Evaluation. International Journal of Pharma-
ceutics, 683, Article 126053. https://doi.org/10.1016/j.ijpharm.2025.126053

[4] WHO (2026) Chronic Obstructive Pulmonary Disease (COPD).
https://www.who.int/news-room/fact-sheets/detail/chronic-obstructive-pulmonary-disease-(copd)

[5] Xue,J.,, Wang, C. and Fan, H. (2026) The Role of Programmed Cell Death in Chronic Obstructive Pulmonary Disease:
From Pathogenesis to Treatment. Frontiers in Immunology, 17, Article ID: 1715665.
https://doi.org/10.3389/fimmu.2026.1715665

[6] Bakakos, A., Sotiropoulou, Z., Anagnostopoulos, N., Vontetsianos, A., Cholidou, K., Papaioannou, A.L, et al. (2025)
Anti-Inflammatory Agents for the Management of COPD-Quo Vadis? Respiratory Medicine, 248, Article 108396.
https://doi.org/10.1016/j.rmed.2025.108396

[7] Qian, S, Long, Y., Tan, G., Li, X., Xiang, B., Tao, Y., et al. (2024) Programmed Cell Death: Molecular Mechanisms,
Biological Functions, Diseases, and Therapeutic Targets. MedComm, 5, €70024. https://doi.org/10.1002/mco2.70024

[8] Zhou,N.,Peng, L., Luo, Q., Yin, T., Sun, H., Zhang, Y., et al. (2025) FerrDb V3: Expanding the Manually Curated Resource

for Regulators and Disease Associations from Ferroptosis to Regulated Cell Death. Nucleic Acids Research, 54, D572-
D582. https://doi.org/10.1093/nar/gkaf1119

[9] Elmore, S. (2007) Apoptosis: A Review of Programmed Cell Death. Toxicologic Pathology, 35, 495-516.
https://doi.org/10.1080/01926230701320337

DOI: 10.12677/acm.2026.1641535 2812 Il PR 2 2 3t


https://doi.org/10.12677/acm.2026.1641535
https://doi.org/10.1016/j.pccm.2025.02.006
https://doi.org/10.1513/pats.200504-045sr
https://doi.org/10.1016/j.ijpharm.2025.126053
https://www.who.int/news-room/fact-sheets/detail/chronic-obstructive-pulmonary-disease-(copd)
https://doi.org/10.3389/fimmu.2026.1715665
https://doi.org/10.1016/j.rmed.2025.108396
https://doi.org/10.1002/mco2.70024
https://doi.org/10.1093/nar/gkaf1119
https://doi.org/10.1080/01926230701320337

P, S a

[10]

[11]

[13]

[14]

[15]

[16]

[17]

[18]

[29]

[30]

Yu, S., Jia, J., Zheng, J., Zhou, Y., Jia, D. and Wang, J. (2021) Recent Progress of Ferroptosis in Lung Diseases. Frontiers
in Cell and Developmental Biology, 9, D572-D582. https://doi.org/10.3389/fcell.2021.789517

Mizushima, N. (2007) Autophagy: Process and Function. Genes & Development, 21, 2861-2873.
https://doi.org/10.1101/gad.1599207

Bergsbaken, T., Fink, S.L. and Cookson, B.T. (2009) Pyroptosis: Host Cell Death and Inflammation. Nature Reviews
Microbiology, 7, 99-109. https://doi.org/10.1038/nrmicro2070

Pasparakis, M. and Vandenabeele, P. (2015) Necroptosis and Its Role in Inflammation. Nature, 517, 311-320.
https://doi.org/10.1038/nature14191

Tsvetkov, P., Coy, S., Petrova, B., Dreishpoon, M., Verma, A., Abdusamad, M., et al. (2022) Copper Induces Cell Death
by Targeting Lipoylated TCA Cycle Proteins. Science, 375, 1254-1261. https://doi.org/10.1126/science.abf0529

Malireddi, R.K.S., Kesavardhana, S. and Kanneganti, T. (2019) ZBP1 and TAK1: Master Regulators of NLRP3 Inflam-
masome/Pyroptosis, Apoptosis, and Necroptosis (PAN-Optosis). Frontiers in Cellular and Infection Microbiology, 9,
Atrticle ID: 406. https://doi.org/10.3389/fcimb.2019.00406

Demedts, I.K., Demoor, T., Bracke, K.R., Joos, G.F. and Brusselle, G.G. (2006) Role of Apoptosis in the Pathogenesis
of COPD and Pulmonary Emphysema. Respiratory Research, 7, Article No. 53. https://doi.org/10.1186/1465-9921-7-53

Yoshida, M., Minagawa, S., Araya, J., Sakamoto, T., Hara, H., Tsubouchi, K., et al. (2019) Involvement of Cigarette
Smoke-Induced Epithelial Cell Ferroptosis in COPD Pathogenesis. Nature Communications, 10, Article No. 3145.
https://doi.org/10.1038/s41467-019-10991-7

Shetty, S.K., Bhandary, Y.P., Marudamuthu, A.S., Abernathy, D., Velusamy, T., Starcher, B., et al. (2012) Regulation
of Airway and Alveolar Epithelial Cell Apoptosis by P53-Induced Plasminogen Activator Inhibitor-1 during Cigarette
Smoke Exposure Injury. American Journal of Respiratory Cell and Molecular Biology, 47, 474-483.
https://doi.org/10.1165/rcmb.2011-03900¢

Zeng, H., Li, T., He, X., Cai, S., Luo, H., Chen, P., e al. (2020) Oxidative Stress Mediates the Apoptosis and Epigenetic
Modification of the BCL-2 Promoter via DNMT1 in a Cigarette Smoke-Induced Emphysema Model. Respiratory Re-
search, 21, Article No. 229. https://doi.org/10.1186/s12931-020-01495-w

Zhang, Z., Fu, C., Liu, J., Sai, X., Qin, C., Di, T., et al. (2021) Hypermethylation of the NRF2 Promoter Induces Ferrop-
tosis by Inhibiting the NRF2-GPX4 Axis in COPD. International Journal of Chronic Obstructive Pulmonary Disease,
16, 3347-3362. https://doi.org/10.2147/copd.s340113

Wang, R., Xu, J., Wei, S. and Liu, X. (2024) Increased Lipocalin 2 Detected by RNA Sequencing Regulates Apoptosis
and Ferroptosis in COPD. BMC Pulmonary Medicine, 24, Article No. 535. https://doi.org/10.1186/s12890-024-03357-3

Feng, Y., Li, M., Yangzhong, X., Zhang, X., Zu, A., Hou, Y., et al. (2022) Pyroptosis in Inflammation-Related Respira-
tory Disease. Journal of Physiology and Biochemistry, 78, 721-7377. https://doi.org/10.1007/s13105-022-00909-1
Zhang, M., Jiang, Y., Yang, Y., Liu, J., Huo, C., Ji, X., et al. (2021) Cigarette Smoke Extract Induces Pyroptosis in
Human Bronchial Epithelial Cells through the ROS/NLRP3/Caspase-1 Pathway. Life Sciences, 269, Article 119090.
https://doi.org/10.1016/j.1f5.2021.119090

Markelié¢, 1., Hlapcié, 1., Ceri, A., Radi¢ Antolic, M., Samarzija, M., Popovi¢-Grle, S., et al. (2022) Activation of NLRP3
Inflammasome in Stable Chronic Obstructive Pulmonary Disease. Scientific Reports, 12, Article No. 7544.
https://doi.org/10.1038/s41598-022-11164-1

Wang, L., Chen, Q., Yu, Q., Xiao, J. and Zhao, H. (2021) TREM-1 Aggravates Chronic Obstructive Pulmonary Disease
Development via Activation NLRP3 Inflammasome-Mediated Pyroptosis. Inflammation Research, 70, 971-980.
https://doi.org/10.1007/s00011-021-01490-x

Zhang, Y., Wang, J., Wang, Y. and Lei, K. (2024) NRF2/HO-1 Signaling Activation Alleviates Cigarette Smoke-Induced
Inflammation in Chronic Obstructive Pulmonary Disease by Suppressing NLRP3-Mediated Pyroptosis. Journal of Car-
diothoracic Surgery, 19, Article No. 58. https://doi.org/10.1186/s13019-024-02530-3

Liu, X., Huang, X. and Xu, F. (2023) The Influence of Pyroptosis-Related Genes on the Development of Chronic Ob-
structive Pulmonary Disease. BMC Pulmonary Medicine, 23, Article No. 167.
https://doi.org/10.1186/s12890-023-02408-5

Zhu,J.,Lv,L., Yan, Y., Wang, S., Lu, X., Ma, X., et al. (2026) Role of Autophagy in Tumorigenesis and Drug Resistance:
Molecular Mechanisms and Therapeutic Targets. Molecular Biomedicine, 7, Article No. 28.
https://doi.org/10.1186/s43556-026-00430-7

Kim, H., Wang, W., Dobrescu, 1., Lee, J., Martorelli, J., Wang, S., et al. (2025) Autophagy in the Lung: Guardian of
Homeostasis or Driver of Disease. Autophagy Reports, 4, Article 2568537.
https://doi.org/10.1080/27694127.2025.2568537

Zhang, F., Ma, H., Wang, Z.L., Li, W.H., Liu, H. and Zhao, Y.X. (2020) The PI3K/AKT/mTOR Pathway Regulates

DOI: 10.12677/acm.2026.1641535 2813 I A [ 2 3k

B


https://doi.org/10.12677/acm.2026.1641535
https://doi.org/10.3389/fcell.2021.789517
https://doi.org/10.1101/gad.1599207
https://doi.org/10.1038/nrmicro2070
https://doi.org/10.1038/nature14191
https://doi.org/10.1126/science.abf0529
https://doi.org/10.3389/fcimb.2019.00406
https://doi.org/10.1186/1465-9921-7-53
https://doi.org/10.1038/s41467-019-10991-7
https://doi.org/10.1165/rcmb.2011-0390oc
https://doi.org/10.1186/s12931-020-01495-w
https://doi.org/10.2147/copd.s340113
https://doi.org/10.1186/s12890-024-03357-3
https://doi.org/10.1007/s13105-022-00909-1
https://doi.org/10.1016/j.lfs.2021.119090
https://doi.org/10.1038/s41598-022-11164-1
https://doi.org/10.1007/s00011-021-01490-x
https://doi.org/10.1186/s13019-024-02530-3
https://doi.org/10.1186/s12890-023-02408-5
https://doi.org/10.1186/s43556-026-00430-7
https://doi.org/10.1080/27694127.2025.2568537

P,

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[49]

Autophagy to Induce Apoptosis of Alveolar Epithelial Cells in Chronic Obstructive Pulmonary Disease Caused by PMa.s
Particulate Matter. Journal of International Medical Research, 48, 1-12. https://doi.org/10.1177/0300060520927919

Xiang, Y., Li, C., Wang, Z., Feng, J., Zhang, J., Yang, Y., ef al. (2024) TRIM13 Reduces Damage to Alveolar Epithelial
Cells in COPD by Inhibiting Endoplasmic Reticulum Stress-Induced ER-Phagy. Lung, 202, 821-830.
https://doi.org/10.1007/s00408-024-00753-8

Jeong, Y., Lee, K., Woo, J., Kim, J.Y., Lee, C. and Yoo, C. (2023) Downregulation of Lysosome-Associated Membrane
Protein-2A Contributes to the Pathogenesis of COPD. International Journal of Chronic Obstructive Pulmonary Disease,
18, 289-303. https://doi.org/10.2147/copd.s378386

Lu, Z., Van Eeckhoutte, H.P., Liu, G., Nair, P.M., Jones, B., Gillis, C.M., et al. (2021) Necroptosis Signaling Promotes
Inflammation, Airway Remodeling, and Emphysema in Chronic Obstructive Pulmonary Disease. American Journal of
Respiratory and Critical Care Medicine, 204, 667-681. https://doi.org/10.1164/rccm.202009-34420c¢

Van Eeckhoutte, H.P., Donovan, C., Kim, R.Y., Conlon, T.M., Ansari, M., Khan, H., et a/l. (2023) RIPK1 Kinase-De-
pendent Inflammation and Cell Death Contribute to the Pathogenesis of COPD. European Respiratory Journal, 61, Ar-
ticle 2201506. https://doi.org/10.1183/13993003.01506-2022

Zeng, Z., Liu, X., Xiang, F., He, X., Li, J., Liu, H., ez al. (2025) Microrna-21 Plays a Role in Exacerbating Chronic
Obstructive Pulmonary Disease by Regulating Necroptosis and Apoptosis in Bronchial Epithelial Cells. Tobacco Induced
Diseases, 23, 1-9. https://doi.org/10.18332/tid/202182

Han, L., Zhu, W., Qi, H., He, L., Wang, Q., Shen, J., ef al. (2024) The Cuproptosis-Related Gene Glutaminase Promotes
Alveolar Macrophage Copper Ion Accumulation in Chronic Obstructive Pulmonary Disease. International Immunophar-
macology, 129, Article 111585. https://doi.org/10.1016/j.intimp.2024.111585

Qi, W,, Liu, L., Zeng, Q., Zhou, Z., Chen, D., He, B., et al. (2023) Contribution of Cuproptosis and Cu Metabolism-
associated Genes to Chronic Obstructive Pulmonary Disease. Journal of Cellular and Molecular Medicine, 27, 4034-
4044. https://doi.org/10.1111/jcmm.17985

Chen, S., Jiang, J., Li, T. and Huang, L. (2023) Panoptosis: Mechanism and Role in Pulmonary Diseases. International
Journal of Molecular Sciences, 24, Article 15343. https://doi.org/10.3390/ijms242015343

Shi, R., Liang, R., Wang, F., Wang, L., Zidai, W., Zhang, J., et al. (2024) Identification and Experimental Validation of
PYCARD as a Crucial Panoptosis-Related Gene for Immune Response and Inflammation in COPD. Apoptosis, 29, 2091-
2107. https://doi.org/10.1007/s10495-024-01961-6

Chen, D,, Yi, R., Hong, W., Wang, K. and Chen, Y. (2023) Anoikis Resistance of Small Airway Epithelium Is Involved
in the Progression of Chronic Obstructive Pulmonary Disease. Frontiers in Immunology, 14, Article ID: 1155478.
https://doi.org/10.3389/fimmu.2023.1155478

Hao, W., Lin, F., Kong, W., Shi, H., Dong, H., Guan, Z., et al. (2024) Significant Role and the Underly Mechanism of
Cullin-1 in Chronic Obstructive Pulmonary Disease. Open Medicine, 19, Article 20241070.
https://doi.org/10.1515/med-2024-1070

Dong, W., Xie, M., Ming, C., Li, H., Xu, X., Cui, L., et al. (2025) High BMP7 Expression May Worsen Airway Disease
in COPD by Altering Epithelial Cell Behavior. International Journal of Chronic Obstructive Pulmonary Disease, 20,
107-124. https://doi.org/10.2147/copd.s490537

Lin, Z., Zhuang, J., He, L., Zhu, S., Kong, W., Lu, W., et al. (2024) Exploring Smad5: A Review to Pave the Way for a
Deeper Understanding of the Pathobiology of Common Respiratory Diseases. Molecular Medicine, 30, Article No. 225.
https://doi.org/10.1186/s10020-024-00961-1

Boytard, L., Hadi, T., Silvestro, M., Qu, H., Kumpfbeck, A., Sleiman, R., et al. (2020) Lung-Derived HMGBI1 Is Detri-
mental for Vascular Remodeling of Metabolically Imbalanced Arterial Macrophages. Nature Communications, 11, Ar-
ticle No. 4311. https://doi.org/10.1038/s41467-020-18088-2

Mu, Q., Wang, Q., Yang, Y., Wei, G., Wang, H., Liao, J., ef al. (2024) HMGB1 Promotes M1 Polarization of Macro-
phages and Induces COPD Inflammation. Cell Biology International, 49, 79-91. https://doi.org/10.1002/cbin.12252

Nachmias, N., Langier, S., Brzezinski, R.Y., Siterman, M., Stark, M., Etkin, S., et al. (2019) NLRP3 Inflammasome
Activity Is Upregulated in an /n-Vitro Model of COPD Exacerbation. PLOS ONE, 14, ¢0214622.
https://doi.org/10.1371/journal.pone.0214622

Lin, L., Lin, Y., Han, Z., Wang, K., Zhou, S., Wang, Z., et al. (2024) Understanding the Molecular Regulatory Mecha-
nisms of Autophagy in Lung Disease Pathogenesis. Frontiers in Immunology, 15, Article ID: 1460023.
https://doi.org/10.3389/fimmu.2024.1460023

Wang, L., Jia, J., Yu, X., Luo, M., Li, J., Khan, G.J., et al. (2025) Molecular Mechanism of Rapamycin-Induced Autoph-
agy Activation to Attenuate Smoking-Induced COPD. Biochemical and Biophysical Research Communications, 764,
Article 151819. https://doi.org/10.1016/1.bbrc.2025.151819

Sun, S., Shen, Y., Wang, J., Li, J., Cao, J. and Zhang, J. (2021) Identification and Validation of Autophagy-Related

DOI: 10.12677/acm.2026.1641535 2814 I A [ 2 3k

B


https://doi.org/10.12677/acm.2026.1641535
https://doi.org/10.1177/0300060520927919
https://doi.org/10.1007/s00408-024-00753-8
https://doi.org/10.2147/copd.s378386
https://doi.org/10.1164/rccm.202009-3442oc
https://doi.org/10.1183/13993003.01506-2022
https://doi.org/10.18332/tid/202182
https://doi.org/10.1016/j.intimp.2024.111585
https://doi.org/10.1111/jcmm.17985
https://doi.org/10.3390/ijms242015343
https://doi.org/10.1007/s10495-024-01961-6
https://doi.org/10.3389/fimmu.2023.1155478
https://doi.org/10.1515/med-2024-1070
https://doi.org/10.2147/copd.s490537
https://doi.org/10.1186/s10020-024-00961-1
https://doi.org/10.1038/s41467-020-18088-2
https://doi.org/10.1002/cbin.12252
https://doi.org/10.1371/journal.pone.0214622
https://doi.org/10.3389/fimmu.2024.1460023
https://doi.org/10.1016/j.bbrc.2025.151819

P, S a

[57]

[58]

Genes in Chronic Obstructive Pulmonary Disease. International Journal of Chronic Obstructive Pulmonary Disease, 16,
67-78. https://doi.org/10.2147/copd.s288428

Wen, W., Yu, G., Liu, W., Gu, L., Chu, J., Zhou, X., ef al. (2019) Silencing FUNDC1 Alleviates Chronic Obstructive
Pulmonary Disease by Inhibiting Mitochondrial Autophagy and Bronchial Epithelium Cell Apoptosis under Hypoxic
Environment. Journal of Cellular Biochemistry, 120, 17602-17615. https://doi.org/10.1002/jcb.29028

Chen, D., Gregory, A.D., Li, X., Wei, J., Burton, C.L., Gibson, G., et al. (2021) RIP3-Dependent Necroptosis Contributes
to the Pathogenesis of Chronic Obstructive Pulmonary Disease. JCI Insight, 6, ¢144689.
https://doi.org/10.1172/jci.insight. 144689

Mizumura, K., Cloonan, S.M., Nakahira, K., Bhashyam, A.R., Cervo, M., Kitada, T., et al. (2014) Mitophagy-Dependent
Necroptosis Contributes to the Pathogenesis of COPD. Journal of Clinical Investigation, 124, 3987-4003.
https://doi.org/10.1172/j¢174985

Luan, G., Zhu, Z., Wu, K. and Yin, S. (2022) Theaflavin-3,3’-Digallate Attenuates Cigarette Smoke Extract-Induced
Pulmonary Emphysema in Mice by Suppressing Necroptosis. Experimental and Therapeutic Medicine, 23, Article No.
11. https://doi.org/10.3892/etm.2021.10933

Mao, K., Luo, P., Geng, W., Xu, J., Liao, Y., Zhong, H., ef al. (2021) An Integrative Transcriptomic and Metabolomic
Study Revealed That Melatonin Plays a Protective Role in Chronic Lung Inflammation by Reducing Necroptosis. Fron-
tiers in Immunology, 12, Article ID: 668002. https://doi.org/10.3389/fimmu.2021.668002

Wang, J., Wang, R., Li, Y., Huang, J., Liu, Y., Wang, J., et al. (2024) Lipolysis Engages CD36 to Promote Zbp1-Medi-
ated Necroptosis-Impairing Lung Regeneration in COPD. Cell Reports Medicine, 5, Article 101732.
https://doi.org/10.1016/j.xcrm.2024.101732

Yang, F., Liao, J., Yu, W., Qiao, N., Guo, J., Han, Q., ef al. (2021) Exposure to Copper Induces Mitochondria-Mediated
Apoptosis by Inhibiting Mitophagy and the Pink1/Parkin Pathway in Chicken (Gallus Gallus) Livers. Journal of Haz-
ardous Materials, 408, Article 124888. https://doi.org/10.1016/j.jhazmat.2020.124888

Shen, Q., Huang, J., Zhu, M., Ji, D., Huang, S. and Li, J. (2025) Identification of Cuproptosis-Related Genes and Their
Potential Role in COPD Pathogenesis: A Bioinformatics Analysis. International Journal of Chronic Obstructive Pulmo-
nary Disease, 20, 1083-1096. https://doi.org/10.2147/copd.s497473

Fei, Q., Weng, X., Liu, K., Liu, S., Chen, J., Guo, X., et al. (2022) The Relationship between Metal Exposure and Chronic
Obstructive Pulmonary Disease in the General US Population: NHANES 2015-2016. International Journal of Environ-
mental Research and Public Health, 19, Article 2085. https://doi.org/10.3390/ijerph19042085

Yu, Q., Zhang, Q., Zhu, J., Pan, F., Zhang, H., Chen, L., ez al. (2025) Inhalable Neutrophil-Mimicking Nanoparticles for
Chronic Obstructive Pulmonary Disease Treatment. Journal of Controlled Release, 381, Article 113648.
https://doi.org/10.1016/j.jconrel.2025.113648

Mansour, H.M., Muralidharan, P. and Hayes, D. (2024) Inhaled Nanoparticulate Systems: Composition, Manufacture
and Aerosol Delivery. Journal of Aerosol Medicine and Pulmonary Drug Delivery, 37, 202-218.
https://doi.org/10.1089/jamp.2024.29117.mk

Xin, P., Yunhui, L.I., Lei, L., ef al. (2026) Molecular Mechanism of Programmed Cell Death in Chronic Obstructive
Pulmonary Disease and Traditional Chinese Medicine Intervention: A Review. Chinese Journal of Experimental Tradi-
tional Medical Formulae, 32, 304-313.

Bhatt, S.P., Rabe, K.F., Hanania, N.A., Vogelmeier, C.F., Bafadhel, M., Christenson, S.A., ef al. (2024) Dupilumab for
COPD with Blood Eosinophil Evidence of Type 2 Inflammation. New England Journal of Medicine, 390, 2274-2283.
https://doi.org/10.1056/nejmoa2401304

DOI: 10.12677/acm.2026.1641535 2815 I A [ 2 3k


https://doi.org/10.12677/acm.2026.1641535
https://doi.org/10.2147/copd.s288428
https://doi.org/10.1002/jcb.29028
https://doi.org/10.1172/jci.insight.144689
https://doi.org/10.1172/jci74985
https://doi.org/10.3892/etm.2021.10933
https://doi.org/10.3389/fimmu.2021.668002
https://doi.org/10.1016/j.xcrm.2024.101732
https://doi.org/10.1016/j.jhazmat.2020.124888
https://doi.org/10.2147/copd.s497473
https://doi.org/10.3390/ijerph19042085
https://doi.org/10.1016/j.jconrel.2025.113648
https://doi.org/10.1089/jamp.2024.29117.mk
https://doi.org/10.1056/nejmoa2401304

	慢性阻塞性肺疾病中程序性细胞死亡的研究进展
	摘  要
	关键词
	Research Progress on Programmed Cell Death in Chronic Obstructive Pulmonary Disease
	Abstract
	Keywords
	1. 引言
	2. PCD在COPD中的作用机制
	2.1. 细胞凋亡和铁死亡
	2.2. 细胞焦亡
	2.3. 自噬
	2.4. 坏死性凋亡
	2.5. 铜死亡
	2.6. 泛凋亡
	2.7. 失巢凋亡
	2.8. COPD程序性细胞死亡网络的整合机制与治疗策略

	3. COPD治疗中程序性细胞死亡途径的潜在治疗靶点
	3.1. 细胞凋亡
	3.1.1. Cullin-1和p53途径
	3.1.2. BMP7和MKK7/JNK2信号通路
	3.1.3. HMGB1和NF-κB信号通路

	3.2. 细胞焦亡
	3.3. 自噬
	3.4. 坏死性凋亡
	3.5. 铜死亡
	3.6. 泛凋亡
	3.7. 临床转化面临的挑战：靶向递送与安全风险

	4. 小结与展望
	致  谢
	基金项目
	利益声明
	参考文献

