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Abstract

Pharmacological reperfusion therapy for Acute Ischemic Stroke (AIS) is currently undergoing a piv-
otal transition from the traditional alteplase (rt-PA) to tenecteplase (TNK). Although TNK exhibits
superior potential compared to its predecessor—owing to its bioengineered fibrin specificity and
optimized pharmacokinetics—a significant subset of patients still manifests “thrombolysis resistance”
in clinical practice. Recent investigations have revealed that thrombi are composed not only of a
fibrin mesh but are also enriched with Neutrophil Extracellular Traps (NETs), which serve as the
scaffold of “immunothrombosis.” This meshwork, interwoven with DNA and proteases, physically
impedes the penetration of thrombolytic agents and biochemically attenuates the efficacy of TNK.
Emerging chronobiological research indicates that neutrophil activation and NETSs secretion are
governed by various circadian clock genes, such as Bmal1 and CXCR4, exhibiting distinct diurnal oscil-
lations. This suggests that the severity of stroke and therapeutic responsiveness may be time-de-
pendent. This review aims to systematically elucidate the biological mechanisms by which NETSs in-
duce TNK resistance, describe the impact of immune circadian rhythms on thrombus pathology, and
explore adjuvant thrombolytic approaches using DNase-1 as well as chronotherapy-based precision
medicine strategies. Ultimately, this work seeks to provide a theoretical reference for enhancing
clinical recanalization rates in AIS.
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e R T KBRS KA, A2 R R . X S IR R S5, RS
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YA A M I (NETs) A2 i k%0 B o K88 “HEWIR 7 RO 75 98 B et b s g N 200, (S b
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2.1. NETs B9 R

LT R N PR R SRR “ B, TEBRIMR A R BN A R A] R R i ik 41 2. TR
SRR 2RE N1 Sd A LN AR L [RRECT S e Moks 240 i 25 J8 3l — MomuRs i R 7 i 28 T 07 ——
NETosis, [P NETs [18]. X —idFEAFE T T-BIAIE, &—Fh 3B mLhl. KA EE
SR T B A UL L9k A P JOA Pt K U2 M 7. 2l 4 (PAD4) )0 - PAD4 NS5 20 4R 1 H3 (R
e R R IR AL ) AT INE B, XAMEMR R T HE AW IE R, B3R T H 54 il DNA Z 1)
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i RN P 70, S BURUA v 3T B 0 (0 G O 5 B W) AR AR e AR A3 IAHUZ AR [20], IRt S BRI, 12
IR DNA - S8 i e B KB E A 4 2 R R RIORE 2 1 (v s 4 i 5¥ 1 22 188 NE BT S L
MPO), 2 GBI ST o X EERETL NI ANE DNA PR S5 IR AR 7 iSRRG [13], (HAEML
ENENTAY TR N ZEARB “sm Tk 7 MoKt 1 ke K SRR E .

2.2. MiREIRRIERF & I1

B = R SO AR BRI, A B 70 R B A HE AR BR A “ SR (210, T A w2 ]
SRR SR, HASER R A ke i o S o CoVEPE A . FRBKIARE 5 & & NETs. [M/MRAT vWF [
T MMM, BE R s TSk R A AR U 2N E S AR AR [21]. BN AR
LRI, 2oRX TNK @B, HER rmIRGH RramididizidE, e S aEEaR
Y, G TIEARI16][17]. 1AM ZIHE —FRERT “8% - 527 58, At B “R” 2R 40
B, AR AN RIED “ 587 F 8 i IR 4610 /MR . vWE P75 %5 B2 (1) NETs 2R 4838 3Tk, 1A “ 4
T K AWIRRATES . SR BEE EoR, XKML TNK AHG, BRI TR Aws i, (2%
A EME. 5 DNA [ NETs [22]. X FEIE TNK 897 N A NETs HL2F4E 5 B v iR, &t S8
I TR B PA2E [ B R FE ) -

3.NETs T SEFLHBXMBN=2NH

NETs T2 TNK ##RWOF RIS &, o T HAMRR R AW B S Dt 245 . HEURHLE AT A
R B A SR = AN .

3.1. YIEERES=E R BN

TNK 1E—Fh K THEEE, 2 TEZN 65kDa, EIAFVARRCE, T8 51k 248 A%,
i NETs R DNA 4L /N, HIXFf DNA 2745/ 25 it KT 5 I T 4E B N [22]. X Fh
B )R A A AR R T A % T —TE B B, F=AE T “ S RIALRH AN o XFT TNK 0 F2R U, 1X)=
i B AR B I I N — K, R EEEEAE R RIS, WINE R MARTR LB E . XA E R 6] T 22
SOREAE M AR 2 T A R0 DXSEOR R R, 1002 A A AR (% 0 o 3X AR AT A R B3 I TNK 7 &
HICER ST R IF B 23 38 0 H i RURS: () J5 PRl —— 25 AR A o ik B IE BE A

3.2. ERROEhFR SRR RAE IR

K 1 #BN Y EERERS , NETs ibifid 4 2% F Be E 5 #6254 . NETs B 42 H DNA #JpL, DNA 23
HAf SR G X B Aaf R MR L RO — AN BRI B TR 3 T, A8 e o 1 b W B A7 I P A DX )
WA WFFRIESE, t-PA KILATAEY TNK 755 1 DNA WASAERE IR B[ 15]. IXFEL RN “Hil
MIEIRE” B “TERLN” o KEM TNK 2 T 9 H £ DNA M L, TEikgs & B IERNRME4EE A L.
M H NETs |88k 0418 (AR 5 102 2R A B 0 58 e e R, e 01845 & R BRI A= Bl i) £F i g, A
FLAEBR AR AT 458 AT 05 1E[23] XM ETHIN “FB R EKIE” , ORHL PR T R A 2k
FE[24].

3.3. RPginSEMRItL

F_HLHIAET NETs 502 1 AR A 5 (A4 5. 7EREMLA 5 XIITa ffEAL R, NETs 4L H nl L
LY A RIS, TER AL - PR A7 R R G IR [23]. BT HELL AN LT 4E R A
SO, R, HRAWROTIEEERE S . AEANBAUTHERS 4R 0 ENBERS AL, i
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TNK ML EY) o jEAh, NETs 8400 5 Mk OB UbRE A S SEA IR BT 1) g P R [ 24 AR Ab sk
KW, & NETs (IR, & AF T 75 B )2 i A A i (151, HAEAE N RESK LA 70 Vi -

4. BRIBTTHER TR

WEAE R 26 FR YT 75 S8R 2 A 1 R I 1) O B AR BRIK R o ARk I 2 T AL SN T “ I JE) 2R
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4.1. PIERARBRAYEMIF RS

PR B F AN 38 H e R IR E RO DUREIRAS I, 51k e AR B3 K] (U0 Bmall. CXCRAYKS # R%(25]
[26], 2L 24 /NN HYEIATERR % . Vazquez-Reyes 55 N[27 A 50K I, ZEALAR “AEIEERIA” (FHA T A
RIRA BRHIER), TR R PRI Ab T —Fb “Htistl ” IRZS, 4 A ZE B3t R IA S e 2B
W#e, AR I “fE NETs 46" BU%FRl, BIRm: “ ARG 00 e 0o 2 i xof oot afi A4 F) 00 38 D i
I, I HLEEEE By R A I RORE S RE T 5 BURE TSR B NETs. £ “TEERIA” (B4 T AR ER), kg
R IRAFELEE “ U7, NETSs BEJSURe JJ ARG 455 o

42. FRGERHEBRER

XA G T BRI B T A IR RS Lo AT A BRI DOk — B3RO, R BRI A
A b S TR AR 28] (291, HAOI AR RONAEE . BUEERI 70 T AW e B3R 1 & B AR
BRAE R TUR B, SR Mk A rh 2 51 R 9 B A JORE SN, BRI T XA R PR AR IR (301, T A ki 4
MR S I AP 2T BRI [3 1], SKIRRM, EAREERI(E NETs ' BOW T4, om0
U 2 R TSRS S A T [27], FE0 UM 1 TP PR AL R A AL P Bt A T B 4 SR A S .

4.3. JAFTHIR RSB

WL SR AL BB IS TR) 8, I8 2068 2 HYR YT SRSt MR H RS . PR N KB, #1XF NETs )3
[FIFEE & “IF RS TR o RSB RY[32], HARTEERISY T3 NETs 254%)(41 DNase-1), K4t
AN ) NETs iR e, 2901 R, 7T LA R sl D B AR R R B e e ThRE o (E 2 SRR BR IR
NETs J:28)%5 T RSEFIEN Y, L8NSR, ZAPA EZRNIRREA RS SR AR
KR TT AT E 7 ZEARAE 8 IR A 2R e R TR I P 97T NETs 2540, AT S T I () 4 5 (KA HE 2T

5. #F NETs 8003B a87T

YT NETs 72 TNK fRTH HZW B 5 A4 fR e, HEA WA IR R 56, ROk 0 250t A I S m A
HANATFTRIOX — BRfa, B TNK R IERLRE .

5.1. DNase-1 5 NETs $&[5]F

it SE R BE A% R IB-1 (DNase-1)52 H BT W U BIR AN NETs L[ 258, € — e grailmm B TiR)7
FEME £ 2 L ) A ZG W (Dornase Alfa), JF H G W FTiEsE 7 H 2z 4 1E[33]. MM B2 I3% 50~ , DNase-
1 fE L4 3 MK i NETs () DNA B 242, —H DNA B2, B H B R4 A AnEE 2.t
S0l WV, JRAS B I AR S TR R FOAR o XAV B T FHES TNK BB M EL BT R, JERE L T 8% DNA
W B VAR 2, TR T “WEERN T o Xu 222 IR SMERIRE 5t £ W], TNK 5 DNase-1 B¢ REF £
SEOR BV EORE, BATT AT DK AR VA A R B i B, AR S 38 1 H I XU

Hul, B{EPFfh DNase-1 4#Bh TNK #2757 200 1T #1116 R 156 (40 EXTEND-IA DNase) IE£E#E47 7,
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HoR M 7 it g N i, B SRR IR . AR BEIESSE MR 2 5 AR, R E M
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5.2. PAD4 #5715 NETs RSk BE &y

ANF T 5 B f#E(DNase-1), ML FH BT NETs J& Bt 2 £ 52 01 B 8% . PAD4 /& NETSs J& R OB
PROERG[34], /NrT PAD4 #IfiIFI(n GSK484 K HATAEM) e M 1L 4 8 (AR N R 1k, MR b4l e
05 BRI e FT NETs HUBEI[35]. AH%ET DNase-1, PAD4 $iI7 LA T H T e B 2 (e
TRAPER, A BRI K I N R IS G A, SR B 97 L R0 B Hh ) m M R PR B R A A T F [ 361 {H
UE2E 25 B R FIWE R 22 A0 T IR R BT RNY B, oA A St 11 24 (A R i R 0} 48 2R 4 1A ST s i 477 75 3k
— B

5.3. KBS RERBE NETs #F)

FOK AR A —Ff R A AP 4 24, I ERAE O M IR BLR . il Mk s B4, ML
R BELOBT A P L 0 i 1 AU 7, I RE TP NETosis FT it AN ZEEHE, Mfissk/> NETs 4 p[37]. 7E
i 1.7 45148, CONVINCE [38]F1 CHANCE-3 [39 ik 5 PEAl 7 RKKALRAE — R Ipr e, BRI H|
B MI4E e, (BP0 NETs SR nT e B T8 S R B 10, B andh & & 11 2 1k as
RAESE
6. BEETHRERE

BT A MR o ) S PR AR T A ) 25 S R, ARSR IV ALS IS KR 2GR TT AR T e R AE K
A%, IR RS E RS R 7 AT AR

AIS AT KA LISKBAE i 1]t R 7 00 J5 00, G Ak 7] 22 i A B ) (DNT) & A & 24 o i
RORIZ O FebR . DUE MRAT I % 5B A B2 UE R R W, DNT M — 2 Bl i B # ALl 5 A ol 1 1 i &
JCE R GIRIR TG 1% B0 [40]. TR, AR FERIIZEE DNT B H AR 60 7080 45 % 45 4%
&30 050, 30 B NEERZIERR IR, L3 NH mRS VP4 0~2 /LR 2 60 8P LA 21 2.35 fif
(OR ff 2.35, 95% CI 1.26~4.39) [41]. FEAFEHEGIT MAEARLLLIEK DNT /E RN . HATSS 24
{038 & (Code Stroke) % FUMFE AHEL - FlfL - CT - 254545 5 - ke, RORFEAR RS HEIG YT MR ) 75 2
FIF CT K &A o] [R5 B (R GE S 15~25 4081, 3B PR 55 P Ml (POCT ) dg A I 1 77 A ke 57
(1) NETs =05 S (VR R 1L 41 5 1 H3Cit B MPO-DNA E &), 7E254% CT 45 5 5 VA 1 i i )
PP B 0 R AR ST KT RERI TS T [42] 0 X TR () R R B AE Wb KA ) B
KM “TNK+DNase-1” B “TNK+ HiR 247 MG TS Tixh TR 8, $all TNK A7 e
JRAE . X JE R IT HE NS S AT RO M 2 R AU

AR A, B TR T4 R M o 2 2R L B 2 . ) POCT A MIFERT B T CT AR 7 1 B 8] 7
TMF50 DNT #EEIEK, HB -2k R FRRS AE SR G AR A 7] B8 23 1k B 1) 48 1% i R A 22 o 4040 (155 438 190
JIA BT [40] [43]0 B R A4 NETs AEbr SR RE SE L “ FAE R 7 IR A SRR AR, HIlEIR
RHA R R IERBAST A 0E, SWENAEARZMT, KEIETREE R TIR 515 .

7. B&

£r L, NETs fElte A “mvin” , E M@ Ei fEle . AosBhie R B s 2 L], 4
J% T TNK 7 R RAER: HIX— B 2 BB RO IR ZI RO, 2 B RS BRI R AR A o T8
X B R B RBEAE T-RAIR YT EORLES MR  “ e 7 9 R 3 “ S BeidAe ” , JEIL 51\ DNase-1 5#L [ NETs

DOI: 10.12677/acm.2026.163943 1603 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.163943

Wik 5%

HIZ58, JF45 & I R A AT FER YT, BRATA B HOE TNK HE1iX 1
PEAE R B H TS -

SE

[1] Powers, W.J., Rabinstein, A.A., Ackerson, T., Adeoye, O.M., Bambakidis, N.C., Becker, K., et al. (2019) Guidelines for
the Early Management of Patients with Acute Ischemic Stroke: 2019 Update to the 2018 Guidelines for the Early Man-
agement of Acute Ischemic Stroke: A Guideline for Healthcare Professionals from the American Heart Associa-
tion/American Stroke Association. Stroke, 50, e344-e418. https://doi.org/10.1161/str.0000000000000211

[2] Tanswell, P., Modi, N., Combs, D. and Danays, T. (2002) Pharmacokinetics and Pharmacodynamics of Tenecteplase in
Fibrinolytic Therapy of Acute Myocardial Infarction. Clinical Pharmacokinetics, 41, 1229-1245.
https://doi.org/10.2165/00003088-200241150-00001

[3] Warach, S.J., Dula, A.N. and Milling, T.J. (2020) Tenecteplase Thrombolysis for Acute Ischemic Stroke. Stroke, 51,
3440-3451. https://doi.org/10.1161/strokeaha.120.029749

[4] Keyt, B.A., Paoni, N.F., Refino, C.J., Berleau, L., Nguyen, H., Chow, A., et al. (1994) A Faster-Acting and More Potent
Form of Tissue Plasminogen Activator. Proceedings of the National Academy of Sciences, 91, 3670-3674.
https://doi.org/10.1073/pnas.91.9.3670

[5] Menon, B.K., Buck, B.H., Singh, N., Deschaintre, Y., Almekhlafi, M.A., Coutts, S.B., et al. (2022) Intravenous Te-
necteplase Compared with Alteplase for Acute Ischaemic Stroke in Canada (AcT): A Pragmatic, Multicentre, Open-
Label, Registry-Linked, Randomised, Controlled, Non-Inferiority Trial. The Lancet, 400, 161-169.
https://doi.org/10.1016/s0140-6736(22)01054-6

[6] Wang, Y., Li S, Pan, Y., Li, H., Parsons, M.W., Campbell, B.C.V., et al. (2023) Tenecteplase versus Alteplase in Acute
Ischaemic Cerebrovascular Events (TRACE-2): A Phase 3, Multicentre, Open-Label, Randomised Controlled, Non-In-
feriority Trial. The Lancet, 401, 645-654. https://doi.org/10.1016/50140-6736(22)02600-9

[7] Muir, K.W., Ford, G.A., Ford, 1., Wardlaw, J.M., McConnachie, A., Greenlaw, N., et al. (2024) Tenecteplase versus
Alteplase for Acute Stroke within 4.5h of Onset (ATTEST-2): A Randomised, Parallel Group, Open-Label Trial. The
Lancet Neurology, 23, 1087-1096. https://doi.org/10.1016/s1474-4422(24)00377-6

[8] Palaiodimou, L., Katsanos, A.H., Turc, G., et al. (2024) Tenecteplase vs Alteplase in Acute Ischemic Stroke within 4.5
Hours: A Systematic Review and Meta-Analysis of Randomized Trials. Neurology, 103, €209903.
https://doi.org/10.1212/wnl.0000000000209903

[9] Alamowitch, S., Turc, G., Palaiodimou, L., Bivard, A., Cameron, A., De Marchis, G.M., et al. (2023) European Stroke
Organisation (ESO) Expedited Recommendation on Tenecteplase for Acute Ischaemic Stroke. European Stroke Journal,
8, 8-54. https://doi.org/10.1177/23969873221150022

[10] Xiong, Y., Li, S., Wang, C., Sun, D., Li, Z., Gu, H., et al. (2025) Chinese Stroke Association Guidelines on Reperfusion
Therapy for Acute Ischaemic Stroke 2024. Stroke and Vascular Neurology, 10, 527-541.
https://doi.org/10.1136/svn-2024-003977

[11] Campbell, B.C., Mitchell, P.J., Churilov, L., Yassi, N., Kleinig, T.J., Yan, B., ef al. (2018) Tenecteplase versus Alteplase
before Endovascular Thrombectomy (EXTEND-IA TNK): A Multicenter, Randomized, Controlled Study. International
Journal of Stroke, 13, 328-334. https://doi.org/10.1177/1747493017733935

[12] Mengozzi, L., Barison, 1., Maly, M., Lorenzoni, G., Fedrigo, M., Castellani, C., et al. (2024) Neutrophil Extracellular
Traps and Thrombolysis Resistance: New Insights for Targeting Therapies. Stroke, 55, 963-971.
https://doi.org/10.1161/strokeaha.123.045225

[13] Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, D.S., et al. (2004) Neutrophil Extracel-
lular Traps Kill Bacteria. Science, 303, 1532-1535. https://doi.org/10.1126/science.1092385

[14] Hidalgo, A., Libby, P., Soehnlein, O., Aramburu, I.V., Papayannopoulos, V. and Silvestre-Roig, C. (2022) Neutrophil
Extracellular Traps: From Physiology to Pathology. Cardiovascular Research, 118, 2737-2753.
https://doi.org/10.1093/cvr/cvab329

[15] Brinjikji, W., Madalina Mereuta, O., Dai, D., Kallmes, D.F., Savastano, L., Liu, Y., et al. (2021) Mechanisms of Fibri-
nolysis Resistance and Potential Targets for Thrombolysis in Acute Ischaemic Stroke: Lessons from Retrieved Stroke
Emboli. Stroke and Vascular Neurology, 6, 658-667. https://doi.org/10.1136/svn-2021-001032

[16] Kosyakovsky, J., Rossitto, C.P., Antonios, J.P., Renedo, D., Stapleton, C.J., Sansing, L.H., et al. (2025) Clot Composition

and Ischemic Stroke Etiology: A Contemporary Narrative Review. Journal of Clinical Medicine, 14, Article 6203.
https://doi.org/10.3390/jem14176203

[17] Frol, S. and Zupan, M. (2025) Thrombus Composition and the Evolving Role of Tenecteplase in Acute Ischemic Stroke.
Journal of Clinical Medicine, 14, Article 8675. https://doi.org/10.3390/jcm 14248675

R AR, k2D g s

DOI: 10.12677/acm.2026.163943 1604 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.163943
https://doi.org/10.1161/str.0000000000000211
https://doi.org/10.2165/00003088-200241150-00001
https://doi.org/10.1161/strokeaha.120.029749
https://doi.org/10.1073/pnas.91.9.3670
https://doi.org/10.1016/s0140-6736(22)01054-6
https://doi.org/10.1016/s0140-6736(22)02600-9
https://doi.org/10.1016/s1474-4422(24)00377-6
https://doi.org/10.1212/wnl.0000000000209903
https://doi.org/10.1177/23969873221150022
https://doi.org/10.1136/svn-2024-003977
https://doi.org/10.1177/1747493017733935
https://doi.org/10.1161/strokeaha.123.045225
https://doi.org/10.1126/science.1092385
https://doi.org/10.1093/cvr/cvab329
https://doi.org/10.1136/svn-2021-001032
https://doi.org/10.3390/jcm14176203
https://doi.org/10.3390/jcm14248675

Wik 55

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

He, W., Wu, Z., Liu, Y. and Ye, Z. (2025) Neutrophil Extracellular Traps in Ischemic Stroke: Mechanisms, Clinical
Implications, and Therapeutic Potential. Frontiers in Neurology, 16, Article 1641985.
https://doi.org/10.3389/fheur.2025.1641985

Li, X., Ma, Y. and Wang, D. (2024) The Role of P-Selectin/PSGL-1 in Regulating Nets as a Novel Mechanism in Cere-
bral Ischemic Injury. Frontiers in Neurology, 15, Article 1442613. https://doi.org/10.3389/fneur.2024.1442613

Thalin, C., Aguilera, K., Hall, N.W., Marunde, M.R., Burg, J.M., Rosell, A., et al. (2020) Quantification of Citrullinated
Histones: Development of an Improved Assay to Reliably Quantify Nucleosomal H3cit in Human Plasma. Journal of
Thrombosis and Haemostasis, 18, 2732-2743. https://doi.org/10.1111/jth.15003

Staessens, S., Vandelanotte, S., Frangois, O., Boulleaux, E., Bretzner, M., Casolla, B., et al. (2025) Association between
Thrombus Composition and Etiology in Patients with Acute Ischemic Stroke Treated by Thrombectomy. Stroke, 56,
1026-1035. https://doi.org/10.1161/strokeaha.124.047092

Xu, S., Yang, Z., Jia, J., Zhang, S., Huang, S., Zhang, L., ef al. (2025) Enhancement of Tenecteplase Thrombolytic
Actions Ex Vivo and in Vivo by Deoxyribonuclease 1. Journal of the American Heart Association, 14, €039199.
https://doi.org/10.1161/jaha.124.039199

Locke, M. and Longstaff, C. (2021) Extracellular Histones Inhibit Fibrinolysis through Noncovalent and Covalent Inter-
actions with Fibrin. Thrombosis and Haemostasis, 121, 464-476. https://doi.org/10.1055/s-0040-1718760

Longstaff, C., Varju, L., Sotonyi, P., Szabo, L., Krumrey, M., Hoell, A., ef al. (2013) Mechanical Stability and Fibrinolytic
Resistance of Clots Containing Fibrin, DNA, and Histones. Journal of Biological Chemistry, 288, 6946-6956.
https://doi.org/10.1074/jbc.m112.404301

Adrover, J.M., del Fresno, C., Crainiciuc, G., Cuartero, M.I., Casanova-Acebes, M., Weiss, L.A., et al. (2019) A Neu-
trophil Timer Coordinates Immune Defense and Vascular Protection. Immunity, 50, 390-402.¢10.
https://doi.org/10.1016/j.immuni.2019.01.002

Aroca-Crevillén, A., Adrover, J.M. and Hidalgo, A. (2020) Circadian Features of Neutrophil Biology. Frontiers in Im-
munology, 11, Article 576. https://doi.org/10.3389/fimmu.2020.00576

Vazquez-Reyes, S., Garcia-Culebras, A., Di, G., De Castro-Millan, F.J., Diaz-Benito, B., Nieto-Vaquero, C., ef al. (2026)
Circadian Control of Neutrophils Drives Collateral Perfusion and Stroke Outcome. Circulation Research, 138, e356438.
https://doi.org/10.1161/circresaha.125.326438

Ryu, W.S., Hong, K.S., Jeong, S.W., et al. (2022) Association of Ischemic Stroke Onset Time with Presenting Severity,
Acute Progression, and Long-Term Outcome: A Cohort Study. PLOS Medicine, 19, ¢1003910.
https://doi.org/10.1371/journal.pmed.1003910

Reidler, P., Brehm, A., Sporns, P.B., Burbano, V.G., Stueckelschweiger, L., Broocks, G., et al. (2023) Circadian Rhythm
of Ischaemic Core Progression in Human Stroke. Journal of Neurology, Neurosurgery & Psychiatry, 94, 70-73.
https://doi.org/10.1136/jnnp-2021-326072

Perez-de-Puig, 1., Mir6-Mur, F., Ferrer-Ferrer, M., Gelpi, E., Pedragosa, J., Justicia, C., et al. (2015) Neutrophil Recruit-
ment to the Brain in Mouse and Human Ischemic Stroke. Acta Neuropathologica, 129, 239-257.
https://doi.org/10.1007/s00401-014-1381-0

Neumann, J., Riek-Burchardt, M., Herz, J., Doeppner, T.R., Konig, R., Hiitten, H., ef al. (2015) Very-Late-Antigen-4
(VLA-4)-Mediated Brain Invasion by Neutrophils Leads to Interactions with Microglia, Increased Ischemic Injury and
Impaired Behavior in Experimental Stroke. Acta Neuropathologica, 129, 259-277.
https://doi.org/10.1007/s00401-014-1355-2

Di, G., Vazquez-Reyes, S., Diaz, B., Pefia-Martinez, C., Garcia-Culebras, A., Cuartero, M.1., et al. (2025) Daytime

DNase-I Administration Protects Mice from Ischemic Stroke without Inducing Bleeding or tPA-Induced Hemorrhagic
Transformation, Even with Aspirin Pretreatment. Stroke, 56, 527-532. https://doi.org/10.1161/strokeaha.124.049961

Barnes, B.J., Adrover, J.M., Baxter-Stoltzfus, A., Borczuk, A., Cools-Lartigue, J., Crawford, .M., ef al. (2020) Targeting
Potential Drivers of COVID-19: Neutrophil Extracellular Traps. Journal of Experimental Medicine, 217, €2200652.
https://doi.org/10.1084/jem.20200652

Li, P, Li, M., Lindberg, M.R., Kennett, M.J., Xiong, N. and Wang, Y. (2010) PAD4 Is Essential for Antibacterial Innate
Immunity Mediated by Neutrophil Extracellular Traps. Journal of Experimental Medicine, 207, 1853-1862.
https://doi.org/10.1084/jem.20100239

Lewis, H.D., Liddle, J., Coote, J.E., Atkinson, S.J., Barker, M.D., Bax, B.D., ef al. (2015) Inhibition of PAD4 Activity
Is Sufficient to Disrupt Mouse and Human NET Formation. Nature Chemical Biology, 11, 189-191.
https://doi.org/10.1038/nchembio.1735

Pefia-Martinez, C., Duran-Laforet, V., Garcia-Culebras, A., Ostos, F., Hernandez-Jiménez, M., Bravo-Ferrer, 1., et al.
(2019) Pharmacological Modulation of Neutrophil Extracellular Traps Reverses Thrombotic Stroke tPA (Tissue-Type
Plasminogen Activator) Resistance. Stroke, 50, 3228-3237. https://doi.org/10.1161/strokeaha.119.026848

DOI: 10.12677/acm.2026.163943 1605 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.163943
https://doi.org/10.3389/fneur.2025.1641985
https://doi.org/10.3389/fneur.2024.1442613
https://doi.org/10.1111/jth.15003
https://doi.org/10.1161/strokeaha.124.047092
https://doi.org/10.1161/jaha.124.039199
https://doi.org/10.1055/s-0040-1718760
https://doi.org/10.1074/jbc.m112.404301
https://doi.org/10.1016/j.immuni.2019.01.002
https://doi.org/10.3389/fimmu.2020.00576
https://doi.org/10.1161/circresaha.125.326438
https://doi.org/10.1371/journal.pmed.1003910
https://doi.org/10.1136/jnnp-2021-326072
https://doi.org/10.1007/s00401-014-1381-0
https://doi.org/10.1007/s00401-014-1355-2
https://doi.org/10.1161/strokeaha.124.049961
https://doi.org/10.1084/jem.20200652
https://doi.org/10.1084/jem.20100239
https://doi.org/10.1038/nchembio.1735
https://doi.org/10.1161/strokeaha.119.026848

Wik 5%

[37]

[38]

[39]

[40]
[41]

[42]

[43]

Cimmino, G., Loffredo, F.S., De Rosa, G. and Cirillo, P. (2023) Colchicine in Athero-Thrombosis: Molecular Mecha-
nisms and Clinical Evidence. International Journal of Molecular Sciences, 24, Artilce 2483.
https://doi.org/10.3390/ijms24032483

Kelly, P., Lemmens, R., Weimar, C., Walsh, C., Purroy, F., Barber, M., et al. (2024) Long-Term Colchicine for the
Prevention of Vascular Recurrent Events in Non-Cardioembolic Stroke (CONVINCE): A Randomised Controlled Trial.
The Lancet, 404, 125-133. https://doi.org/10.1016/s0140-6736(24)00968-1

Li, J., Meng, X., Shi, F., Jing, J., Gu, H., Jin, A., et al. (2024) Colchicine in Patients with Acute Ischaemic Stroke or
Transient Ischaemic Attack (CHANCE-3): Multicentre, Double Blind, Randomised, Placebo Controlled Trial. British
Medical Journal, 385, ¢079061. https://doi.org/10.1136/bmj-2023-079061

Saver, J.L. (2006) Time Is Brain—Quantified. Stroke, 37, 263-266. https://doi.org/10.1161/01.str.0000196957.55928.ab

Wang, J.D.J,, Dong, Y., Yeo, J.Y.P., Teo, K.S.H., Ng, S., Jing, M., et al. (2025) Improved Functional Outcomes and
Cost Benefits of Door-to-Needle Time under 30 Min in Acute Ischemic Stroke: An Observational Study. Frontiers in
Stroke, 4, Article 1583875. https://doi.org/10.3389/fstr0.2025.1583875

Zhang, X., Li, Y., Huang, Z., Chen, S., E, Y., Zhang, Y., et al. (2023) Association between Citrullinated Histone H3 and

White Matter Lesions Burden in Patients with Ischemic Stroke. Brain Sciences, 13, Article 991.
https://doi.org/10.3390/brainsci1 3070991

Man, S., Solomon, N., Mac Grory, B., Alhanti, B., Uchino, K., Saver, J.L., ef al. (2023) Shorter Door-to-Needle Times
Are Associated with Better Outcomes after Intravenous Thrombolytic Therapy and Endovascular Thrombectomy for
Acute Ischemic Stroke. Circulation, 148, 20-34. https://doi.org/10.1161/circulationaha.123.064053

DOI: 10.12677/acm.2026.163943 1606 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.163943
https://doi.org/10.3390/ijms24032483
https://doi.org/10.1016/s0140-6736(24)00968-1
https://doi.org/10.1136/bmj-2023-079061
https://doi.org/10.1161/01.str.0000196957.55928.ab
https://doi.org/10.3389/fstro.2025.1583875
https://doi.org/10.3390/brainsci13070991
https://doi.org/10.1161/circulationaha.123.064053

	中性粒细胞胞外诱捕网介导的急性缺血性卒中替奈普酶抵抗机制与昼夜节律干预策略的研究进展
	摘  要
	关键词
	Mechanisms of NETs-Mediated Tenecteplase Resistance in Acute Ischemic Stroke and Advances in Chronotherapeutic Strategies
	Abstract
	Keywords
	1. 引言
	1.1. 溶栓药物的进化史
	1.2. 溶栓治疗中的溶栓抵抗

	2. 免疫血栓与NETs
	2.1. NETs的形成
	2.2. 血栓的微观病理学发现

	3. NETs介导替奈普酶抵抗的三重机制
	3.1. 物理屏障与空间位阻效应
	3.2. 酶的劫持与非特异性吸附
	3.3. 底物修饰与结构刚性化

	4. 溶栓治疗的昼夜节律
	4.1. 中性粒细胞的生物钟震荡
	4.2. 卒中结局的昼夜差异
	4.3. 治疗的时间窗效应

	5. 基于NETs靶点的辅助溶栓治疗
	5.1. DNase-1与NETs靶向干预
	5.2. PAD4抑制剂与NETs源头阻断
	5.3. 秋水仙碱与微管依赖性NETs抑制

	6. 精准医疗路径展望
	7. 总结
	参考文献

