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Abstract

Premature ovarian insufficiency (POI) is a reproductive endocrine disorder characterized by the
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decline of ovarian function occurring in women before the age of 40 years. It severely impairs female
fertility and physical-mental health, while its pathological mechanisms remain to be fully elucidated.
Cathepsins are a class of proteases predominantly localized in lysosomes, involved in various physio-
logical and pathological processes including antigen presentation and extracellular matrix remodel-
ing. Recent studies have revealed that cathepsins play pivotal roles in the pathogenesis of ovarian
function decline, affecting ovarian function through modulating granulosa cell apoptosis, follicular
atresia, oxidative stress, and inflammatory responses. However, their causal relationships and clinical
translational value remain to be validated. This review summarizes the roles of cathepsins in prema-
ture ovarian insufficiency (POI) and the recent research progress in this field.
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1. 5l8

L B B D AR IRIE R —ANZ R R, POL A2 UF ST BE IR & — E M BT R AR E, 5
R IR B 53 AN PS5 IR ZS 0 ) A2 BF 5L 2% T BE 93LR (Diminished Ovarian Reserve, DOR) 1 G £ 5. 32
(Premature Ovarian Failure, POF) [1]. 7E 24 i 1 [ P AR 224008, BT i fg 12 B 5 v 97 bl 2 R T PO
X BE[2], MOASSC T B L 1 R S Th AN 45 (PON)BEAT )3k o % P U S D) B R 4= (POI) & 48 e M 7E
40 % LAHG H LI OF S0 BRI, BIY NE oh BRREAH i AT/ B B SRR (3], IR IELL YN H A
M BB PR 228« ME T (E2)7K-F T AT 7 RS I B 98 3932 (FSH) 7K1 T (>25 U/L) (3 el IE] R 4 Jel) FY
A 5E N 43 W IR [4] [5].

HAE AN R — R ELAAE THMIE AT R AR, K20 THS T, Wi, B, R,
Jifi. MiEE[6]. 1929 4F, BURHNAFF(R. Willstatter) 25— kI H T “4HZIE AN (Cathepsin)iXx —&F8, I
HAMEE W ZR&[7]. ERERRRE, TEHFTARI, €25 — R EENAEERE, SR
b WMEEEN . BEBUNALSBE S ES ., EREFNT, AT W B4 S ECE A R H
SRR AL, AR R A o O VBT B 9 0 T 5 FR R HE OGS E I [6] . IR, 2 I AL
RIMA L E A BGAEIN ST RE IR R AR B h AT e K45 EEAEH . POI P E M & W LA d R T
W istads R, HHEBURNGEIE 2, HATimK B = A 2005 T B . B 5P A i
I EAR S TREALE], X TF48 PO B 5 B2 Wi AR VbR S A FIH BTG T ¥ md B 8 2 1 R AN (B AN R it
B o MUORSORXT A2 8 ARG AE PO WP RS IR F BEAT 34

2. POI #Eik

“POI” — il F-AE 1942 AR 22N 432~ 2K Fuller Albright B IRIEH, BWIFRZ A “ Rk
Y S T BEA 4 7 [8]. 1967 4, De Moraes-Ruehsen F1 Jones 45— X # %] “ Premature Ovarian Failure, POF” ,
e SUR 40 B 201, HEMZ G HIEHEA B2 [9]. 2008 4, 55 E A HH P 25 24 25 (ASRM) 5T
PEHh T IR VRN ELThREA A (PONRIMEE, DAL AL “OPREH5” (POF) [10]. 2016 4F, KK ARATH
SRR 54(ESHREYF “ J5 & 1 U0 8 1B A 45 (Primary Ovarian Insufficiency, PO S 4 4 “ 5. 1 i # 1)
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AEA4x” (Premature Ovarian Insufficiency, POI), Jf 557 12 Wiknit: . ¥ FSH 112 W7 {8 H>40 U/L [%)y>25
UL, il Omigs). FE, ERR4L 4 (IMS) & #£ ) (Recommendations on women’s midlife health
and menopause hormone therapy) 24 POI Hi) “ 5 & M (primary)” #ioh “ FL & 1 (premature) ” [11].

POI &35 FERIAH & 55 A B JIFEAC IR (FSH) KT & BEBER AP i sl i R 1]
S AFEREE R EELER, Wi, ST, RIR. BE TS, SErN, HEEAZ. SRR
FAECE T O MLE IR . RBERGEHA 1 BRI 1 B B 0 o B OB R TT T, S PRI K A
ZALEREN , FIVRIE K £ REORE B I 2R AN T i, NAIRE U] B I — e FEFE IR [12]. PRE RS [ 4
PERJ S OB RE . FEEMEE . il SEZ AN HECE. 4K, POl 2R BHREL ) 3.5%, fiihX
Xil7r: POI B HRAE R SR E 50N 5.3%, T RKIKE KK 3.1% [13], HEIH EIHEH[4]. HIRREECN
2%, HETMA, AIRefmA . 8L B & Rt IR R ER RS A RAE T,
YL RS, (R A PO TRIE K SEAIAS IS W, 8RR 2 e & M POI [3] [14].

3. tALRFRERHE
3.1. tAREREAIE X RS R

MR ARG RO E O E OB, T2 THRER R, AR
HAROE T BIE RS TR ZSRE AR A th =D Re s R ALK, B TSk, Ak, o
DX, b, (55 20~25 MEIERR, A TAHHAERAMR N i, FASTHT R ICEE R P95
iz, ARG TE SIS, RALVEAM ARG ERT AL, HA7AE R CART LB A 7 B i Sh i
Wl , KA TIFRMVER s Rl Xt 1 A AR TR I AT RERE S 73, 2 LU A i R % )
REMIAZ O X 3. A 21T, 2140 ARG £ B a-M e Rl - AT B2 R H =R S T L-g5i sk
R-GEH3 . G VERLAR,  EALTE AL s WL T PR G5 A SRR S F s o~ i R e M 2H U PR T B 2 1l
T Z IE Y B TR - ORI AT IO, B T ML PR AT BRI £ R SRk 6] [15]

3.2. tAAEREmHS %K

HEVE ARG R AR IR R R TR IR A oy il =R, B R B A (4142 A B C. F. HL K,
L. O. S\ V. X Ml W), 2% MEAMEHLSEAR A Ml G)ARAZAREAMEHLEAR D M E), H
e SR 4 S R 1 DR FLAE 22 R B AR A T R I A P T A 2 AT AR A TR RO VR A
EAE RIS, ZREABGRIEAKFFIDIRE M 75 SR BB O ML S 98 RE PP 45 2 M
i BRI R UIAHORL6] [15], b 5t HAE i 2 W R 97 #E AU BV

3.3. tAAEREHITIEE

331 ¥REMREALR

HZUE AN B (Cathepsin B, CTSB)/& Mt 2 R 8 FI B R I SRR, KA DISKRAEAR v e 1= 28 v
[ ER AN 7T« Joyce S5 Ik & A0 Mg A B E S, CTSB [ ¥G PEAE MU A= pli ke i 48 512 28 PR A
NG5 B, TS VAT R AR e . R er S AR AR MR (R AR [16]. i — AR
CTSB 7ER MR vp R 45 HEA/E /. [FFE, Chan, Andrew T ZF 58 kB, 5 CTSB BHYE R 1 i
HIEL, CTSB BRI ) 5 o 75 2748 B M i A0 T UK 2 2 4 N [17]. BRibz 4h, CTSB 7E &k BiR &
() A I ML T R R B A, (B BRAEE R, CTSB ZERRMEIAEE il s, i R WAL B RIS Ak s 7k
Fr CTSB JE PR fd bk J e 28 o) R 2 g Vs PR KR FE FRAIS, IR AR ZRIRBE0R /b, A T3 ek [ 18] [19].

HLE AN S (Cathepsin S, CTSS) I 3= BEAE Syl N iR BISCIEIEH ., 2 5HUE RN TS 2i46[20]
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[21]. Rupanagudi Z{§i Ff CTSS #4011 5175 MRL-Fas(Ipr)JRJE /N AR chiiE Sz, CTSS Wi MEAE S i 1%
BUR, AT PR S A pl0 A BAR SR, FHT MHC-I A BB I TR s AR AR, o]
PAREAICHR I IL-10 Sz ifn s i TNF-a BI7KF, 92 B R 19G . C3c HITTAR, M el ARt 1t 1 4 ) 3
PE, BB ThAl, X AT AL 0 H PR 2ok SeH[20]. AN, Thanei ZRIL, 1ERGMED KRG (SLE)
BEKIEM E NGt £ CTSS Mg A S, 2 R A 7 (IL-6. TNF-a F1 MCP-1) 1) 43 i 35 )ik
/b, MHC 11 281 CD80 [k T i, Mk EvEgn (e 2 R 8, Hazit fi b $E it CTSS #ifi e seps
RS TH =00 1L-10 K, T 78 A B4 T OS2 3] 1L-10 20 3881, $ 73 12 B0 158 0 40 L W A 60 8 42 %9
BRSO, X — PR RN L T PR 242, 1R T Bt 52 m NF-«B {5 5@ Bk LB [21] .

HAME IR E ARt 55 S BTG, AL E AR K (Cathepsin K, CTSK) & 41 g /-
SRR R SRR, LR RR MR OA BT BRI IR, A BT E RBAARE I EE R A [22]. AR
Wi L (Cathepsin L, CTSL)7E4S B w4 i 3L S vd 1, o oRg 40 ke (R g R FH (23] [AIR, LA o H sk
P RIEXNEAER, — S5 SR PR 28R R AR G %, 55— J7 TR 3 8 A= 1R i
[24]; MHAFEERIZ, CTSL ZRalidEid s MHC-II PrE 2. EVEgiiE MUM2 fib %16 K NLRP3 4
NGRS, TERR TR S B B G P R HE AR A A A% IR O e R TR [25] . HAVEE AR C S5
RAERN . 2 ERE AR B SE[26], (HAZUE AR O KALLVE AR V ThEE A

332 £FHREL

HZVE ARG A (Cathepsin A, CTSA)IRIINy B A It Mt el el AER JIR R ARV 10, 2 Vs Bl AR i 1) fR 7 2l
H, k5 H AR (P L A REEAN - AR ) &S TR E SV, KiE 5 by b H i B i e
T AE R B AT TGP, G R DT P 2 3 B0 FLBE M Y R I BURE [27] . 2R ER 1R G (Cathepsin G, CTSG) &
R IRE ARG, AT R, AR IOR A, KIS N ok 2 5 R E RN, L H
S PR (U BESE ORI 2R L R B ) YA N e R 28]

333 REEB®RELN

HZUE ARG D (Cathepsin D, CTSD)fE4ERFIABEATAAS . VA2 4H 0 5 MR 240 B A o M 28 T vh 2 R 5 A
H, HIhge RS BITHE . MRt R YIEIE[29]. AL E AR E (Cathepsin E, CTSE) | & #h14
PRI IRAT VR () SRR 1T (R T, 7R ERIRES TR BGE, BA (R % SR T IhRE, nll i s NF-
xB {553 B UK 2 9 [ M [30] [31]

i L odT, HAVRAMZFENFET R, SOERIE. SERER. AR S%EE, 5 POl F
BRI T ORV A B, A8 SR 3 A N SR L FE I O, AR FL AT REAE N SR I iR
FZ5 POl MRAEKRE.

4. tRAZEREAE POI RHIER

A LUR (A Bl T R AR T SRR A BRI RO NS E 4 igte, JLFIZE POl
MIRAERRE, HAHRIENIIRE RS N IR E M E R &K
4.1. AAZEREFS 5 Fki 40 E T X 5RE A

URIEEE S AU SO S DI RE R A N B R R 2 —, TN T R X i R A S AT [32]
76 POl 3, URVE AR R 5w . Ok 4n i 8 T2 SRR A B OB 0, L B N R
(BRI ISR FI AN (FU T2 2 AR IR A2) P 25 1% 0 JE B B35 [33] - Chien %58 A7 i A /) R A J508: 40 g H
CTSB /K Ve, RN A F I TR S B i TR B2 N, Pt T RN Bel-2 RIA B, X—45 1
PR T CTSB HAERFT IIRE. ZWF7tR M T AL E AR B 2 Hh 41 H R 5 5 M iz O 5 2
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—, Hom Rk 5 R A B AR s BRI R I S T B UIAH DG [34] 0 TR AL AR 4T 2 RIORL 40 I A R LR R I, 4
ZUE AN B R nM e RN AN T, TR ARG B X R B T /EHI[35]. [FIFE, Shan %
o {3 5 ATV DI ST 4T L P R 1 R 2H 2 o M BAIE S T VR (I B R BN R B E T
L5 R 20 B ) 7 W i T S R AR OC[36]. UL T TS, AAUERARE B T SR ERR AR, S5
PRV BOL AR . BRItz Ah, HEAVEARY DY L RS 5. Zhou SETEXT L 250K 4H AL R BIF 72 h
B, CTSD mufiml ¥ 25 PR UR 20 f R T2 28, (I k40 o 184 5 45 400 B ) A2 [37] . Morais 55 2 T 1 25 B
SRR g, SR PR AT R I DL B O T, ORI i = 2RI CTSD Al beclin-1, 3@ id Wi
FAAP R B DLEFF MO TR TZE PG, caspase-3 Al Bax SR T AN T8, &SI
T2[38]. CTSL MHIT FA A7 2 REER A IV R RGN U0 S S A s Bk, sk B S 33 A S AN iker 41 g
it 74 K% 4 it A1 3 Jo B 8 2 5 PR R [39]. B |, Oksjoki &5 (1) AR 5t th CE S, 2Rl 48 A (B,
H, K, L, S)TE/NEROP Sk 2 2 BepE 325k, Hil CTSL 76 M0 34 BRI 1% 38 % P 7 v R BN A R IA KL, (H
H ARG TR AR ER[40]. 45 BRTIR, AR Al el BOE U T . A E - TR A
AN I I i S 22 SEALA, Uk A R R T R IR B, R TT BE S BN A A ThAE R RE, S5 POI 1)
RARE: H AT A WL LVE FIRE(E AR POI F8 3 O 514 41 1Y) RIB TS AH AT 5E

4.2. ARERBMSNETHNHHNHEE(ERA

FALRLEE POL R A% oML 2 —, IEFERE Fi a7, 2R B ] 535 1% 4 (Reactive Oxygen Spe-
cies, ROS)Z [AIJE BUBHENE IR, —#H XA UK. HoNFER, 54 FHEMALTI[41]. Zhang 5 K ILRE /)N B
SRR, SR K P REAH M R N-BERSAL CTSL R B E I, s B kAT ge. N ROS P4k
SEON RN 2 [42], XKW CTSL & A NS UF BR324 5G4k 5r 1. 55— 7T, Mohanty
GWAEE LMV RAL R I CTSB Fhimy, Hodd FEMEE S R AEKE T 1 Z(GFIR), i PI3K-
AKT-mTOR-PINKL i@ 10, FEZRLR B DI Re 3240 ) ROS HERR, JE (et SR eIt T-[43]. HF1E
HEAIAE, Li SENE A (BPA)E S I E MR A8 PTG 5 2R AL BEON REAH RS, 40
CTSB £ KA TR, [FR ROS /Kt 2 FEE%, X—45 REHFE & i 7 i CTSB /31
oM, ZEff BPA J5 30 UK & AN REAH A R AARE RS [44], $&7R CTSB Al REA SRR . 47 b
Bk, HEVE G E s R 2R R AR T RE R S IS T@ B 55 7 Nk § ROS FeA SR, #is
POI FIRERAL, T i vl N A 2 ARG R M A i, AT R IR S ThRE .

4.3. ARERMSINRIIER MHHEE(ER

RAERPLE POl (kA BEARDE, T AL ER FBGAE 98 hE SR B 2 15 (8, m i POI s B i
o BFFIR IR SR 5 2 [45] (RPBE ARG I Bt v B2 FE IR SRS 2 POIL R AT ML,
H#FFe R POl B Mg th e R4 A 140 1IL-6. 1L-8. IL-17. TNF-a Al IFN-y JF&, MR 4R+
IL-10 2L T FF/KF[46]; BRARSEEWAE VCD 3 S 271 PO B HHIER] T NLRP3 %8 JiE /IMA S 2 B
HIOIReA B, B H0H NLRP3 J5 Al S 0P ST RE[47]. ¥R RAELE POI A ML) v b 3 22
YEH . CTSB RI U NLRP3 4&5E /M, ek 280E Rl 1 A SR, X —HUHITESI BRI REREAL . #2258
AT VRSB 55 2 Pl JOE PEPO T 45 BHIESL[48]. Hmfik CTSB ZEK 5 Al > TNF-a 858 SE R 1703, 400
caspase ZRIEE N, I FEAR ST 40 M B T 2 [34] . CTSG i AL a3k v P b 4 Mt . A% & R R B i 2 32 200 D 1)
T, WO E MRS Z A& (PARs), HIIEUE % 41 K17~ 4 [28]. CTSS it s PAR2 3244, fractalkine
(FKN) & NF-xB/MAPK {55l B UKEN 40 Budh CTSS AT UIE| 8 (A RS 52 /4 F g o /35 7, (et
RIEAE 5 IOK[49]. CTSL Al it NLRP3 S&E/IMA IS R K2 KA [25]. &% bRk, HEUE ARgn]
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3 2 Mg AR 5 OB R AR SORE SN, (2 ik PO AH R SRE A BE T A, IR ML CUAE 2 A HhAE S,
(B2 75 R 4L 9 il 51 R JOE S S HE T 3380 PO R ZE H AT R AT SEB TR, @it — PR E

HHf, HREANS POl AHXH T C AU — it g, CTSB. CTSD. CTSL %5k i ik S5 ] i@ i 1
PERORI AN MR T ORI PR AR SOE R NS R S 5 I IR R I AR . DA BT 5T 2 O AE o
3T, HARE AR R RIAS POl KA AR RT3t — LB, A OCE5 0 vB = KFE A PRI
FCHE BUA SLUGUEHE £ 2R F S B Sk Ab Ak R, AHEVER FTBRTE NSO SZE 2 b 1) BB F L
AR B . HUE AR RS A A, B CTSB. CTSD. CTSL 4b, HAWALL POI KISLBERE 50474
NERZ, HAEINLR B AN A B R IARHE 5 ThEe(E DA 7f R AR R - 45 Labr, HZiE AlE ) POI
FHIS W5 T s I R EL, A7 78 B0 KA L o v R PO s R 3 — 2D B0 IE

R Y FTE FANAFAE S Z R iR in) @, (R ARE NS5 POl KA R GBS 72
—, HAER T ORI R 71, A RONEDIRE. PG POI $24t 7B g fEiRsT i, RIRHE
B S 0] B N CTSB RIA, ZAREALNIEAT SN B0 i i[44], ¥R, AR EESI @
P SE A LS SO SR, TR A SV R IR S VA s E-64. CA-074 554k 224 Uil 37 Re s = 12k
P S e SRR 2 2 B A B TE . [RIR, 2 2R Al A L I K AE POIL B 7 5 TS VRAG Hh
HAEEENANE, HASFERHAART POl I ARRER A F bR 1 B [34] [42] [43], HLHZH
T AT b 2 A E MRIERE, RERS SEILTE AR, AR SR AT I8 KRR AR I PR AT 78 B A L 1ML 2 % Ja Bl 5
LWIGFUE, TS FSH. BB e (AMH) S IGIRIEFRIETE POl LIRS fE .

SE WK
[1] FLdbte, BT, B R IM] &5 10 k. dbst: AR A RAL, 2024,
[2] "hiEhEZYs. SRR RTEERESI2ITIREN]. P E R VEES AR, 2024, 44(10): 1167-1179.

[3] Yuan,S., Zhu,S., Sun, C., Zhong, X., Hu, Z. and Wang, X. (2024) Advances in Cytokine-Based Herbal Medicine against
Premature Ovarian Insufficiency: A Review. Journal of Ethnopharmacology, 333, Article 118477.
https://doi.org/10.1016/j.jep.2024.118477

[4] PR, Rk SRR ORI REAN A Bk h A AR R[] rh I AR S 2, 2025, 18(6): 589-593
[5] Webber, L., etal. (2016) ESHRE Guideline: Management of Women with Premature Ovarian Insufficiency. Human Re-
production, 31, 926-937.

[6] Yadati, T., Houben, T., Bitorina, A. and Shiri-Sverdlov, R. (2020) The Ins and Outs of Cathepsins: Physiological Func-
tion and Role in Disease Management. Cells, 9, Article 1679. https://doi.org/10.3390/cells9071679

[7] Burster, T., Macmillan, H., Hou, T., Boehm, B.O. and Mellins, E.D. (2010) Cathepsin G: Roles in Antigen Presentation
and Beyond. Molecular Immunology, 47, 658-665. https://doi.org/10.1016/j.molimm.2009.10.003

[8] Podfigurna-Stopa, A., Czyzyk, A., Grymowicz, M., Smolarczyk, R., Katulski, K., Czajkowski, K., et al. (2016) Prema-
ture Ovarian Insufficiency: The Context of Long-Term Effects. Journal of Endocrinological Investigation, 39, 983-990.
https://doi.org/10.1007/s40618-016-0467-z

[9] de Moraes-Ruehsen, M. and Jones, G.S. (1967) Premature Ovarian Failure. Fertility and Sterility, 18, 440-461.
https://doi.ora/10.1016/s0015-0282(16)36362-2

[10] Welt, C.K. (2008) Primary Ovarian Insufficiency: A More Accurate Term for Premature Ovarian Failure. Clinical En-
docrinology, 68, 499-509. https://doi.org/10.1111/j.1365-2265.2007.03073.x

[11] Baber, R.J., Panay, N. and Fenton, A. (2016) 2016 IMS Recommendations on Women’s Midlife Health and Menopause
Hormone Therapy. Climacteric, 19, 109-150. https://doi.org/10.3109/13697137.2015.1129166

[12] Sullivan, S.D., Sarrel, P.M. and Nelson, L.M. (2016) Hormone Replacement Therapy in Young Women with Primary
Ovarian Insufficiency and Early Menopause. Fertility and Sterility, 106, 1588-1599.
https://doi.org/10.1016/j.fertnstert.2016.09.046

DOI: 10.12677/acm.2026.1641273 502 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.1641273
https://doi.org/10.1016/j.jep.2024.118477
https://doi.org/10.3390/cells9071679
https://doi.org/10.1016/j.molimm.2009.10.003
https://doi.org/10.1007/s40618-016-0467-z
https://doi.org/10.1016/s0015-0282(16)36362-2
https://doi.org/10.1111/j.1365-2265.2007.03073.x
https://doi.org/10.3109/13697137.2015.1129166
https://doi.org/10.1016/j.fertnstert.2016.09.046

LA

[13]

[14]
[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]
[33]

Li, M., Zhu, Y., Wei, J., Chen, L., Chen, S. and Lai, D. (2022) The Global Prevalence of Premature Ovarian Insufficiency:
A Systematic Review and Meta-analysis. Climacteric, 26, 95-102. https://doi.org/10.1080/13697137.2022.2153033

SLHm. on SR A S ARG SR IN]. H Ol RN R, 2024-12-25(005).

Turk, V., Stoka, V., Vasiljeva, O., Renko, M., Sun, T., Turk, B., et al. (2012) Cysteine Cathepsins: From Structure,
Function and Regulation to New Frontiers. Biochimica et Biophysica Acta (BBA)-Proteins and Proteomics, 1824, 68-88.
https://doi.org/10.1016/j.bbapap.2011.10.002

Joyce, J.A., Baruch, A., Chehade, K., Meyer-Morse, N., Giraudo, E., Tsai, F., et al. (2004) Cathepsin Cysteine Proteases
Avre Effectors of Invasive Growth and Angiogenesis during Multistage Tumorigenesis. Cancer Cell, 5, 443-453.
https://doi.org/10.1016/s1535-6108(04)00111-4

Chan, A.T., Baba, Y., Shima, K., Nosho, K., Chung, D.C., Hung, K.E., et al. (2010) Cathepsin B Expression and Survival
in Colon Cancer: Implications for Molecular Detection of Neoplasia. Cancer Epidemiology, Biomarkers & Prevention,
19, 2777-2785. https://doi.org/10.1158/1055-9965.epi-10-0529

Halangk, W., Lerch, M.M., Brandt-Nedelev, B., Roth, W., Ruthenbuerger, M., Reinheckel, T., et al. (2000) Role of
Cathepsin B in Intracellular Trypsinogen Activation and the Onset of Acute Pancreatitis. Journal of Clinical Investiga-
tion, 106, 773-781. https://doi.org/10.1172/jci9411

Sendler, M., Maertin, S., John, D., Persike, M., Weiss, F.U., Kriger, B., et al. (2016) Cathepsin B Activity Initiates
Apoptosis via Digestive Protease Activation in Pancreatic Acinar Cells and Experimental Pancreatitis. Journal of Bio-
logical Chemistry, 291, 14717-14731. https://doi.org/10.1074/jbc.m116.718999

Rupanagudi, K.V., Kulkarni, O.P., Lichtnekert, J., Darisipudi, M.N., Mulay, S.R., Schott, B., et al. (2015) Cathepsin S
Inhibition Suppresses Systemic Lupus Erythematosus and Lupus Nephritis Because Cathepsin S Is Essential for MHC
Class II-Mediated CD4 T Cell and B Cell Priming. Annals of the Rheumatic Diseases, 74, 452-463.
https://doi.org/10.1136/annrheumdis-2013-203717

Thanei, S., Theron, M., Silva, A.P., Reis, B., Branco, L., Schirmbeck, L., et al. (2017) Cathepsin S Inhibition Suppresses
Autoimmune-Triggered Inflammatory Responses in Macrophages. Biochemical Pharmacology, 146, 151-164.
https://doi.org/10.1016/j.bcp.2017.10.001

Moon, D.O. (2024) Review of Cathepsin K Inhibitor Development and the Potential Role of Phytochemicals. Molecules,
30, Article 91. https://doi.org/10.3390/molecules30010091

Tamhane, T., lllukkumbura, R., Lu, S., Maelandsmo, G.M., Haugen, M.H. and Brix, K. (2016) Nuclear Cathepsin L
Activity Is Required for Cell Cycle Progression of Colorectal Carcinoma Cells. Biochimie, 122, 208-218.
https://doi.org/10.1016/j.biochi.2015.09.003

Niedzielska, A., Bossowska-Nowicka, M., Biernacka, Z., Gregorczyk-Zhoroch, K., Toka, F.N. and Szulc-Dgbrowska, L.
(2025) Shaping the Immune Response: Cathepsins in Virus-Dendritic Cell Interactions. Cells, 14, Article 1900.
https://doi.org/10.3390/cells14231900

Zhao, K., Sun, Y., Zhong, S. and Luo, J. (2024) The Multifaceted Roles of Cathepsins in Immune and Inflammatory

Responses: Implications for Cancer Therapy, Autoimmune Diseases, and Infectious Diseases. Biomarker Research, 12,
Avrticle No. 165. https://doi.org/10.1186/s40364-024-00711-9

Fan, K., Wu, X., Fan, B., Li, N., Lin, Y., Yao, Y., et al. (2012) Up-Regulation of Microglial Cathepsin C Expression and
Activity in Lipopolysaccharide-Induced Neuroinflammation. Journal of Neuroinflammation, 9, Article No. 96.
https://doi.org/10.1186/1742-2094-9-96

Kolli, N. and Garman, S.C. (2014) Proteolytic Activation of Human Cathepsin A. Journal of Biological Chemistry, 289,
11592-11600. https://doi.org/10.1074/jbc.m113.524280

Gao, S., Zhu, H., Zuo, X. and Luo, H. (2018) Cathepsin G and Its Role in Inflammation and Autoimmune Diseases.
Archives of Rheumatology, 33, 498-504. https://doi.org/10.5606/archrheumatol.2018.6595

Prieto Huarcaya, S., Drobny, A., Marques, A.R.A., Di Spiezio, A., Dobert, J.P., Balta, D., et al. (2022) Recombinant
Pro-CTSD (Cathepsin D) Enhances SNCA/a-Synuclein Degradation in a-Synucleinopathy Models. Autophagy, 18,
1127-1151. https://doi.org/10.1080/15548627.2022.2045534

Xie, Z., Meng, J., Kong, W., Wu, Z., Lan, F., Narengaowa, et al. (2022) Microglial Cathepsin E Plays a Role in Neu-
roinflammation and Amyloid B Production in Alzheimer’s Disease. Aging Cell, 21, e13565.
https://doi.org/10.1111/acel.13565

Harada, Y., Zhang, J., Imari, K., Yamasaki, R., Ni, J., Wu, Z., et al. (2019) Cathepsin E in Neutrophils Contributes to
the Generation of Neuropathic Pain in Experimental Autoimmune Encephalomyelitis. Pain, 160, 2050-2062.
https://doi.org/10.1097/j.pain.0000000000001596

PG, 2K, SR ONEAEATIRE T MR A AT FOE R[] AT IR A &, 2025, 34(2): 261-268.
Giaccari, C., Antonouli, S., Anifandis, G., Cecconi, S. and Di Nisio, V. (2024) An Update on Physiopathological Roles

DOI: 10.12677/acm.2026.1641273 503 Il R 125 23k i


https://doi.org/10.12677/acm.2026.1641273
https://doi.org/10.1080/13697137.2022.2153033
https://doi.org/10.1016/j.bbapap.2011.10.002
https://doi.org/10.1016/s1535-6108(04)00111-4
https://doi.org/10.1158/1055-9965.epi-10-0529
https://doi.org/10.1172/jci9411
https://doi.org/10.1074/jbc.m116.718999
https://doi.org/10.1136/annrheumdis-2013-203717
https://doi.org/10.1016/j.bcp.2017.10.001
https://doi.org/10.3390/molecules30010091
https://doi.org/10.1016/j.biochi.2015.09.003
https://doi.org/10.3390/cells14231900
https://doi.org/10.1186/s40364-024-00711-9
https://doi.org/10.1186/1742-2094-9-96
https://doi.org/10.1074/jbc.m113.524280
https://doi.org/10.5606/archrheumatol.2018.6595
https://doi.org/10.1080/15548627.2022.2045534
https://doi.org/10.1111/acel.13565
https://doi.org/10.1097/j.pain.0000000000001596

[34]

[35]
[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

of Akt in the Reprodaktive Mammalian Ovary. Life, 14, Article 722. https://doi.org/10.3390/1ife14060722

Chen, C., Ahmad, M.J., Ye, T., Du, C., Zhang, X., Liang, A., et al. (2021) Cathepsin B Regulates Mice Granulosa Cells’
Apoptosis and Proliferation in Vitro. International Journal of Molecular Sciences, 22, Article 11827.
https://doi.org/10.3390/ijms222111827

FHZLI. CTSB 2 [K] X 47 3 O SUB0RL 4 H DI RE A FE R [D]: [l 22608 30). fRsg: bRl K2z, 2021.

Shan, X., Yu, T., Yan, X., Wu, J., Fan, Y., Guan, X, et al. (2021) Proteomic Analysis of Healthy and Atretic Porcine
Follicular Granulosa Cells. Journal of Proteomics, 232, Article 104027. https://doi.org/10.1016/j.jprot.2020.104027

Zhou, Z., Chen, X., Zhu, M., Wang, W., Ao, Z., Zhao, J., et al. (2021) Cathepsin D Knockdown Regulates Biological
Behaviors of Granulosa Cells and Affects Litter Size Traits in Goats. Journal of Zhejiang University-Science B, 22, 893-
905. https://doi.org/10.1631/jzus.b2100366

Morais, R.D.V.S., Thomé, R.G., Lemos, F.S., Bazzoli, N. and Rizzo, E. (2012) Autophagy and Apoptosis Interplay
during Follicular Atresia in Fish Ovary: A Morphological and Immunocytochemical Study. Cell and Tissue Research,
347, 467-478. https://doi.org/10.1007/s00441-012-1327-6

Kushawaha, B. and Pelosi, E. (2025) Spotlight on Proteases: Roles in Ovarian Health and Disease. Cells, 14, Article 921.
https://doi.org/10.3390/cells14120921

Oksjoki, S. (2001) Differential Expression Patterns of Cathepsins B, H, K, L and S in the Mouse Ovary. Molecular
Human Reproduction, 7, 27-34. https://doi.org/10.1093/molehr/7.1.27

Voronina, M.V., Frolova, A.S., Kolesova, E.P., Kuldyushev, N.A., Parodi, A. and Zamyatnin, A.A. (2024) The Intricate
Balance between Life and Death: ROS, Cathepsins, and Their Interplay in Cell Death and Autophagy. International
Journal of Molecular Sciences, 25, Article 4087. https://doi.org/10.3390/ijms25074087

Zhang, K., Xu, R., Zheng, L., Zhang, H., Qian, Z., Li, C., et al. (2024) Elevated N-Glycosylated Cathepsin L Impairs
Oocyte Function and Contributes to Oocyte Senescence during Reproductive Aging. Aging Cell, 24, e14397.
https://doi.org/10.1111/acel.14397

Mohanty, A., Kumari, A., Kumar. S, L., Kumar, A., Birajdar, P., Beniwal, R., et al. (2025) Cathepsin B Regulates Ovar-
ian Reserve Quality and Quantity via Mitophagy by Modulating IGF1R Turnover. Aging Cell, 24, e70066.
https://doi.org/10.1111/acel.70066

Li, Y., Dong, Z., Liu, S., Gao, F., Zhang, J., Peng, Z., et al. (2022) Astaxanthin Improves the Development of the Follicles
and Oocytes through Alleviating Oxidative Stress Induced by BPA in Cultured Follicles. Scientific Reports, 12, Article
No. 7853. https://doi.org/10.1038/541598-022-11566-1

Huang, Y., Hu, C, Ye, H,, Luo, R, Fu, X., Li, X., et al. (2019) Inflamm-Aging: A New Mechanism Affecting Premature
Ovarian Insufficiency. Journal of Immunology Research, 2019, Article ID: 8069898.
https://doi.org/10.1155/2019/8069898

Chen, D., Hu, N., Xing, S., Yang, L., Zhang, F., Guo, S., et al. (2023) Placental Mesenchymal Stem Cells Ameliorate
NLRP3 Inflammasome-Induced Ovarian Insufficiency by Modulating Macrophage M2 Polarization. Journal of Ovarian
Research, 16, Article No. 58. https://doi.org/10.1186/s13048-023-01136-y

Kunicki, M., Rzewuska, N. and Gross-Kepinska, K. (2024) Immunophenotypic Profiles and Inflammatory Markers in
Premature Ovarian Insufficiency. Journal of Reproductive Immunology, 164, Article 104253.
https://doi.org/10.1016/].jri.2024.104253

Chevriaux, A., Pilot, T., Derangére, V., Simonin, H., Martine, P., Chalmin, F., et al. (2020) Cathepsin B Is Required for
NLRP3 Inflammasome Activation in Macrophages, through NLRP3 Interaction. Frontiers in Cell and Developmental
Biology, 8, Article ID: 167. https://doi.org/10.3389/fcell.2020.00167

Gao, H., Zhang, Z., Deng, J. and Song, Y. (2025) Cathepsin S: Molecular Mechanisms in Inflammatory and Immuno-
logical Processes. Frontiers in Immunology, 16, 1600206. https://doi.org/10.3389/fimmu.2025.1600206

DOI: 10.12677/acm.2026.1641273 504 I IR 22 it g


https://doi.org/10.12677/acm.2026.1641273
https://doi.org/10.3390/life14060722
https://doi.org/10.3390/ijms222111827
https://doi.org/10.1016/j.jprot.2020.104027
https://doi.org/10.1631/jzus.b2100366
https://doi.org/10.1007/s00441-012-1327-6
https://doi.org/10.3390/cells14120921
https://doi.org/10.1093/molehr/7.1.27
https://doi.org/10.3390/ijms25074087
https://doi.org/10.1111/acel.14397
https://doi.org/10.1111/acel.70066
https://doi.org/10.1038/s41598-022-11566-1
https://doi.org/10.1155/2019/8069898
https://doi.org/10.1186/s13048-023-01136-y
https://doi.org/10.1016/j.jri.2024.104253
https://doi.org/10.3389/fcell.2020.00167
https://doi.org/10.3389/fimmu.2025.1600206

	组织蛋白酶在早发性卵巢功能不全中的作用及研究进展
	摘  要
	关键词
	The Role of Cathepsins in Premature Ovarian Insufficiency: Mechanisms and Research Advances
	Abstract
	Keywords
	1. 引言
	2. POI概述
	3. 组织蛋白酶的概述 
	3.1. 组织蛋白酶的定义及结构特点
	3.2. 组织蛋白酶的分类
	3.3. 组织蛋白酶的功能
	3.3.1. 半胱氨酸蛋白酶
	3.3.2. 丝氨酸蛋白酶
	3.3.3. 天冬氨酸蛋白酶


	4. 组织蛋白酶在POI中的作用
	4.1. 组织蛋白酶参与颗粒细胞凋亡及卵泡闭锁
	4.2. 组织蛋白酶与卵巢氧化应激的相互作用
	4.3. 组织蛋白酶与卵巢炎症反应的相互作用

	5. 争议
	参考文献

