Reviews and Monographs ERud=kars

)) ) EUFES LR R
Progress in Biochemistry and Biophysics
' '12026,53(6):1622~1637

www.pibb.ac.cn

ATaEmirmGnENES
EEEUE B ERET R B
MRk 0 #iHgde ' REE"Y KEEYY F FY RmUT Rkt EREDT

(" R ER BRI BRI BE, P EREBER A AR A IR, AR YOK RS T, I 518055;
2 I R KR ER AR, RII1518100; ¥ dbniA:anRHEaFsEEE, dbat 102299)

WE MRS (AKD EREHEF WAEELE, IhR 3 2RI U AR BT W, (HIX SEH R bR EAAA TR
Jo e AN S EAT BRI, DTS A TR SR i B . AR SCERIR T AKLRUSH PI2E T 20 TR BE M, £
7R WA R o S TR S i B S A SRR DG A 2y o S B S 5 (9 T AL, s BASEAS IAEh hk
PR SR RO iR 328, Horh i RAT CAE I REEAS S8 AT AP RAIE , $m— e AR 0 o MRS LR DU ]
BN TIRERS , U8 TR SCHE M ARG R AR S DRI B AL RS ™ 2R 055, ARSI B AT 6 2, RIS B2 1327 1)
PRI ) 2R ZRSE LYY IR R R S AN, ARSCE T QORI R s X AR T A ]
MAEL, IFo3 b FUl PRAE AT I 09 32 22 RERT, A% AKDIRZS N RN 251080 Ty B (iR MR et . RIZ et 2,
UK il £ SPFH bR AN GE— SR IR 455 I KR S A SR TE SR | AR A IR R T MM 5 AR AT BT A AT R A M 2R
ARSCHE— DR T 0TI E 1 PR A AT BB AS o B IE B CERMER AT R R L, ASCB TR AKDRSHER R 12 WA 22

e fit2%

KR SRR, ROVRRET, BERMOEEIREE, RHI2W, SRR

FES%ES R318.08 DOI: 10.3724/j.pibb.2026.0036

2 #i45  (acute kidney injury, AKI) J&fF
BE MG HRE S R DT AT, ARG . R
FRHAMRZERBE, ARG N EZ IR IR 7
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PG, BHEHZEME, R IS TsekE A
4, JF Bt 5 IERS  (chronic kidney injury,
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Yo TS B sS4 T AKL YR
BRE S T BRI EE CL ek 20 i B R A
g i iz 3 85 11 (neutrophil gelatinase-associated
lipocalin, NGAL) . ¥ #1155/ F 1 (kidney injury
molecule 1, KIM-1) . 2214 )& & H B0 6 K 12
(tissue inhibitor of metallopeptidase-2, TIMP-2) |
JiE & WA K 7455811 7 (insulin-like growth
factor binding protein 7, IGFBP7) 45, FEHB4rIm R
Yrsseh iR th— 2 M2 Brsl ks o )2 M E, AR
PR AR TR B L ARV R, R
PRz X AR B Py b3z 45 . Ttz 45" 1Y
2 EAL S AW ARE L, HAES I RAE L
CKD sl Ho A S Al i, AR S5k 5 T R
ZHFm 1

MHEZ T, BIGEARRESAER . oAl fite
WEDIReEE, T TAmBEDT, A2 AKI
TEAG B 2 R Y BRI, YT R F
B R s s A LW JZ A (computed
tomography, CT) HIH HLAL 4R 152 (magnetic
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Fig1 Schematic diagram of probes used for AKI diagnosis
Bl RATFAKLZHHR REE
ROS: Jfi %25 (reactive oxygen species) ; NOS: — %A fb & & W (nitric oxide synthase) ; GGT: y# Z Bt % B i (gamma-glutamyl
transferase) ; AAP: N2 MR 2L KM  (alanine aminopeptidase) ; NAG: N-Z.it-B-D-24 2% 49 W41 (N-acetyl-B-D-glucosaminidase) ;
MRI: #3407 1% (magnetic resonance imaging) ; PET: 1EHLF & $F Wi 24 (positron emission tomography) ; Caspase: bt K 2 [ fiff

(cysteine aspartic acid specific protease); NTR: fifJLif 5 (nitroreductase); ALP: A LSRRG (alkaline phosphatase) .

0l B AL A SRR A 75 SR B Rz 7 (EHG R
11332 Z B INZR W20 . S-S SRR ] AR IR
IFHIEsE R ATRENE, A RTOCET RGP
M0 L S ek 1 SR OGRS, AKLK
A B ILRTETE B /NBRIE I R KB /N S L
WehBE R Hh B e, BT R B A 23
fii . WEREN A SRR, ORI R s ]
6 Jr A LA B ) AL TP sl i A R, S
TFEEBAEENE . N ET R B FZEOE
TRELEmE , ARG —IPI4ERE, R SR
PR BB B LS AR, B A0 DX i 4
g e SR AR e, ERAE S TER
PES N WA AT L, Db AKTZE BRUR S X 24
B 7725 5 AR T RS2 AR B S0 3R AL, 43

MERR T T IOCIRET 5 AR DO CHRET i BT R
B IEZE i SO R PR

LA (hydrogen peroxide, H,0,) J&%& 1k
I B A i, R AKT SR A S B
A S N RS AR 2 — . Kong 55 ') kit F-h: 22 IR
B i P4 R MR M - P 7R A AR TR 18 3 67 48 HL O, Wi i ¢
BE, FENER AKTRR b 2 0GR F g5 . D BUERET
XPENEE S SE S ER, IF5 5 DIRetabs AR
BitEoe, (HMVZ0ARE S uEE AN A o ST Ui B 1
FEXTRFAYT S A5 % P IESCRAILEI DS, B4R
BT S BRI 010 22 7 SR YT i X H,0,7K
PRSI, LisE T 4 L2 A e R
128 1) UL T R 4L (ratiometric nanoprobe,
RP-SC), i if —FF— £ Ao+ th b3 e
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B, TENUEA AKIASRL PSS 1 h BVATAG: I iT
[ W 25 60 ho BHFFE LA KIM-1 3 {07 A BH I S2 0 45
AN-LFEEER (N-acetylcysteine, NAC) -1
sk 7 SHLTIEE S, HAURE T Rt 55
UIETETOE SO (ER N W =R/ 378l NP pri el
s E— 80k " . Ouyang 55 ' fRIB T L7 —
X (near-infrared I, NIR-II) JF & =X ¥ £ HP-
H,0,, HHEEERIAT7E S e B E S, B
SR Il S T) S TR AR DG . B AARES USR5 A 82 K R
PR SR SRR ARG, (il 2R
e AR A, BN IXGEPE A X A R Y. Zeng
5 201 I & NIR-I 9O B TT IR R ET PEG3-
HC-PB, 7EXT L Bl i P A A v {5 5 T
JG 295 hikWETFAE 24 h NG R o B AR RS s B IE
WA, HSIMIETEbr AR BRES AR B EE, (HA )
o W AT P B8 AZ Yo A B 25 i e A ey o
— I 82 ) L AE B G B e i S B
S AKT I R DR HL0, VR Bt 2 3 T8 AKL 47,
H.28 dAET- 5 (IR H,0, /K Pt 5 35 w5 A7
$E7R IR H,O, W & AT e VE R B0 A B 935 i v 7E A=
YirrEy 2
AR SR (peroxynitrite, ONOO™) 2%
b St BRI A OCHE™ , 7F AKT AT 5% 1k
P R BT = N BHA — WL 48 M . Ding
4 2 JF & NIR % NRN FH38 1 25 A e T 3R 948
PEEENE, TEZ9WE T AKIER Y P55 5 B it
FHOG . AR LI g B S ARl x BR LRI
PEB TR, 455 SR A 5 FAE sl il
SO T U R AL DG, (H AL AE LM ZE 1538 XL
RONATS AT s f5 S I R 22, Lin 4 2 2t
H Jk fE & % #  (fluorescence resonance energy
transfer, FRET) FC3RAUIT L1400/ 7 SUBTER &L
SiRho-HD, F| FHXF ONOO™ F 45 53 1 1) 1) sz 3 7] 4
WA E 5 1G5 . P AL B AT 3B i i sz i
HAEF I/ N K S GRS B A B Tiiel
RIRZR, JFE 5 ZUR PR, X BR S A IR
Pk 0 BRI, ONOO HREF T H [R] i 5
ke cor e S E T Awe o I (SR =R/ SV N F 6 785
Ty AR RS ONOO 2t X K SE-HY R I X 2R
W& R (hydrochloric acid, HOC1) 5##id &
LW (mastoperoxidase, MPO) 41 5HY R AEAH
AU RERUIA DG, AR SR A 48 B F 7 AKT 42
BET A AR A . Xie 55 ™ #i2iE, Cy-PITC AJ #
HOCIHE A, TEImIRFEAS th 7R AKLE & IR

T e TR R AR A AR B R AR R, S
PR, RGBT IS IE2S1E, IF 5T
MO, MMISCE H NAC FAb BT BEAIRAE 5 . HOR
JETE TR0 HBAIEYE X 53 HOCL 4R AR, JFoR
A MPO 1 il = 35 4% =7 75 2k 6 ik MPO 3 i 1) a0 2L
P2 Liu 8 2 & 7T 7K % M HOCH 33 48 &
FDOCI-22, S8 NIR 25 6P MUK, {E4
M A AR b T 28 0 A5 1) I 4 i HOCL =7
FE AP E A TSR S AR B A G . A5 iE
. RIS S E D Re e be o) B A T iR
NS RIERR A O, (HXHAR PSS R IR I AT
ATy, HABRUE S AAXA B 2, FHik, HOCI
PREF AT I WA E AR OGS AL T gy, (HEM i T
HORS A AL PR 53, A B R A0 ke U A8 1) 5 3
Bk

2 B H K (glutathione, GSH) 5 2 bt & iR

(cysteine, Cys) F4pU4HHE N H 2 AYI0 R 22 iR &
HACH AR AT VE AR AL Rl A B AME bR, R
AKL i B A AR JFF- i B 98 . Zhao 55 P FF R
WGHETE ET MB-NAP LISk (a8 8 i W Cys, 7EIEA
HEERWANE/NE L4 (human renal tubular
epithelial cell, HK-2) 5/l AKTHE A b 44 3 5% 3]
BEA i e Cys FHim i iass, B RUS oR B IE &
R HIRRTET FEMARERI, ez LR
E S WM E IR, [RIREXEBRESAE5 8 H s
A REW AR FE FEITAN AN R . Weng 85 7 A
() IR ot 22 24 IR/ Dk K 35 1 -3 (phosphatidylserine/
cysteine aspartic specific protease-3, nPS/caspase-3)
XU ] ¥R %1 1-DPA2, 1 caspase-3 4 5714 U1 I B¢
WO LT AME S, RN AKT AR v B 24~72 h i F2
Ve RrLes , JF 5151k Caspase-3 T vt i i
—E, HBB RN T FEALT B R BT /I
W, PRW S OB AE 3% (high performance liquid
chromatography, HPLC) 43#7 it — 2 3 FFH B i
bR B N GE G R, B HGE R AR Sy T, Hk
X I B AR R LS B I RGP T B,
AR 5 PR T A CIREHR AL TR R T4k U
S0 1, AEAR R L SRR oA S R e DL
SR ZUEEYE A B EE . — X 124 1] e mi i
fEEAE B E ST o, TEAIF AKIREE T, N
IR B (intensive care unit, ICU) APEES 1K
B 1 13K GSH YR 15 14 R 2R BB R X
5 3 0 i A OC (PR Lk (odds ratio, OR) =
2.80, 95% & {Z X 8] (confidence interval, CI) :
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1.17~6.72, P<0.05), #&7~ GSH n] REAE A F0m B ik
e W SRR bR 2

SRS, RN ZOEIE o] SERfflife
AKIR T T ) T H, JUILAENLHIEE
RS BA BT R AR (B2), &

1, el REE A m R 2 Ff . 3 2k AR R

Tt A N AER

FHTE

&5 TITR

%/‘

FHEAEER RGP AR R RO sl . a2l
JEBIPRLETENE . AR K (B S — Bk 22 |
bR SR, LA LA PP A R A hn
fRsRR 20 Aok, Z5E LRI 28 AP
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Fig. 2 The design and application process of reactive probes based on fluorescence signals for the detection of AKI" 22224

E2
AKI: 2M'B#i1 (acute kidney injury) ; KIM-1:
ONOO™: i %A W i iz £k (peroxynitrite) ; NIR-II:
testing) .

1.2 EBETHS5ZHMEESHRMERS

MRI %Eﬁ,%?ﬁﬁ]‘ BAALXT W EEm, Al
et 22 Hoe EE R, 78 AKL IO G PEAL
5%@%&% JCHGE A B K ot 55 4 o )22 1T A 2

RE S MO . 1E AKTBFSE T, MRIFEEN 5 %)
tbi‘¥%$ﬁﬂéﬁ§m§Bﬁit>éﬂﬂitﬂ:ﬂi e, BT
YEFME . HEVAE . KT HORES LA R 4
Rt R i, AR 55 T 5 A i?fhﬁﬂ
B AL OG5 724615 . Mariager 55 2
TR AT AR T AL 12C, N, IR R IRET, LL
IREAE NN S 7+ B E R eCfF S, 18
AKIT R BRI 5 WLEL 2] 2C R T2 g i 6] T [,
It HH5 i & AR (blood oxygen saturation
dependence, BOLD) i3t Z [H] (HE & O FR kAL
A%, PRIZOTE AR RARE ST N A S S5
PRES S8 . Nijiati 25 O 42 HUSR i 2RS0T
0 IE B & 5 W )2 33 (positron emission
tomography, PET) 5 "F MRI % *ﬁ S A PAD,
ZIREHEFe (1D 500 T R AR 24 T E RS

T 41 7 — X (second near-infrared window) ;

RFRHNE S ORI RIRSHEAK U Mk 187 5 R A 12022
B IE 4145 5+ F 1 (kidney injury molecule-1) ; H,0,:

A LA (hydrogen peroxide) ;
POCT: #LI7TRH K % (point-of-care

tﬁ%%%%%%%,ﬁm%m%Amﬁﬁﬁﬂ
AR B TS Bk St w4, o F MRUEE (L
P S IHE T i, R T LUR AL
A5 W) s F R BB . 5 MR EERE IR
ﬁ,mmﬁ?mﬁﬁmeMm%%%%%ﬂﬁ,
16 B R2 L5 5 X0 B/ INVE AR A B Bl A e 1

Drae ko AL B NVE DI Re &, R %$£
RHE (acute tubular necrosis, ATN) AHICIIREFE
AR B AAE T 5 — o U 30T lfe R P S 1M 1 O 6
SRR, MRIAHICH WS 7E AKT 5% A6 b A7 T i =
TS, —RE et R, FEREAEE )
RESZ UG BE LG AL HE B XU e M A 52 4
THBR, HTTERET IR P 2 A Pt 75 BT 7 AiE
P SCHE o R AR AT (] 5 R ARy A BT A
VERL. —EtnifE A e, wifiemEfmmng—

B (B35 55 085 e ] He o FﬁTWT%EEmE
W IR R, B EZSECRES®
R, DLRCE KRR B R FE R ST il S5 A 52

GG . it BFIIE L, Group I



2026; 53 (6)

Brigk, %&: RTRMEBRGRGNRNESER SRR

<1627

ELRAENS A B F A T B R RGP E£F A A XU 1
&, AT, Group TR L7 M) DA BH A IXUBS:
IV 3BE B T T /N BR U8 A A B (B (estimated
glomerular filtration rate, eGFR) <30 5 i&HT %,
X MRI K LG TR B D BEAS 42 5 v () 65 3800
SRt T ARAE

FZBE 2 URAE AKT AR P 58 H R U RS
L, B FoRER S E e, ALHARIREHTE
R 3 A AR R, DI 4l s e 5/ )Nk
UEI SO iS4k, PET/CT AEIE M 1t
B g5 B IE AT Jie 7 Pk B e R
YA . RRGLNE 22 B LA K TR ZE R 4 A
B B 0 A g )z A B R AR BRI
PLYF-FDG A &, FIT P RAE R, “Ga-FAPI
FEVEAR B /INE T FET A A6 7 T R v B
Ding % ' R i T LU®Ga bR iC i & — % U 4 R
(ethylenediaminetetraacetic acid, EDTA) YE & PET
7NERF, FIF EDTA A 28 B /N ek HAS g J Wz fic
PIREPE, XS &5 GFR a8 &k, 7E3)
YRRt n] 4 R HE AKT S A2 eGFR T [, A8
=S E LS, (B P 1 R i) i 4
PR 22 A7 AT BE 52 e Jy 0 S RE E . Chi 55 P L3
TUF B ZF 4 40 i Ak & B0 R (fibroblast
activation protein inhibitor, FAPI) 5 "F FDG 7£ &
JEAIEAKURE PRI, BT IS8R £T 4 4 M ik
15 E PR DG I A5 2 UGS 1] B 2 4E 40175 2h i B i 4 1)
PE T R AR B 4 H 49 BE (fluorodeoxyglucose,
FDG) ™2 WA SHI IS &, W e E
AKT Al B S B R 18 vk e O R B, b
HRRAHLRI X 3 585 RSt TRk R, W
BERMIE, T PET 2 HOL TR ST
M. 1% R (singlephoton emission computed
tomography, SPECT), Hilfi RIS #R 32 258 5 5
w5 AR R, [FR AKITA S SE I8 -5 HE
ZAR SRR OHR R R, AT S0 i ]
Pk, IAME T AR 5 5 AR bR AL 5 R
Ji S S AT DB e AR ) e PR S RRUE PEAT,
S5 GRS E RSP T R, JfE
1 B 22115 R BA S 56 F A E AKT 3750 545 B v (g 34
Wl Rt — 42Tt FAPLER B TE B 245 4 AL 1%
AITERE , BEFEFE T A T AL B HR B “Ga-TE-FAPI-
04, LT H| A & 4S5 A HE A T K G 2 =
99, SR e SR TRk I - PR R N R A
e, U RIS W ) AT e AR E (R=0.847,

P<0.001) K Ifit # WLAF 7K ¥ (R=0.857, P=0.007)
PRt 2 EAROG, SR T ARS8 FAPLIREFPRE P
[JRIRR 7

TEERM L, JOIE PET 6 & SPECT, Hilfi
PRAHAETHB 32 B4R S0 2 5 AR R 2R, [l AKTAS
B SIS SHE 2 i B R 2 OMA R
s, NI E 0] e, ARTEH—LIT B
ARG RBFSE, Ak PET/CT 78 AKI /31 545 B iy
O AR B, JF DB R AR ) R M SRR e
AT, GG E 5 R OE R R B T
i 7
13 ETHXEESHRMEBREREMRNLE
Rt

75 1% (photoacoustic imaging, PAI) [93E
AJFPRIETF RN, RIR A B o s e A= 2
41, IR a E HWOBOG R S 7 AR R I K
PR R ST AR, WS B IR A R,
MTSEETCA . 2B R DIRERR . 1E AKLiZ
Wrrr, PAT PR 32 B /NERDE ST RIPAl L E
Joy P8 ML AT TR 3 5 1 U F A A R ) 237 RS 3
AT ETFF PV, PALES Gkt L 5 M 2R & fig
71, R AKUERHE T — S 7 IR 2R T AR B R X L
FEMEEAR, WSS TESTE AR i — D
170172 W1 -8 ) NI A A s i X o L et Ao
Zhang % " JF & K T 5 W — mE 1% (boron-
dipyrromethene, BODIPY) 174 ¥ 09 /70 + R 51
BDP-3, HAEAPRMET A 4128 T 5 I ERR Y
JRAERUSG O 5, AEZMZiYisE T AKIEL
AU SR ETTE S N R S5 R 3N A A s S e
ISR DIREAZ 4, I ok 5 R Rl G e 6 ER
PR, SR 6 R D) AR AR A A BURME . Bin AF
i 8 g 15— AR AR 19 /N7 4R ET Rho QL, - 78 D6
LU ARG AKIAERY 8 AL s USSR Et
X AL BL (sulfur dioxide, SO,) i s ] £
TS s, WK 550 nm £I % 700 nm, HA
RAF0) SRR e T, 456 20600 Wz AT Se
BIE 4 =g, AT SR L LS R
R TH i LS G EA0 05 ) 1 R TT 2270 12 h

BRI — 2 R T OGS R 1T TR
Luo & it i T — P iz 97 — & 1k 90 K 45 &
CPACSC, i i L- 22 28 B 18 i 1) 5¢ 58 0 4 [
KIM-1 & T8 /NS L Aifl)E, 5 ki
Jitd B B il AH G iR iz 2 25 11 (neutrophilgelatinase
associated lipocalin, NGAL) %54, B CY-1005
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T IFAEJRAITE B NIR-TT J-3R4E . SR AE 5 WAl 2T
21005 nm, SEPLRZE = 4EPAL, [R)I£RE
18 991 K Tl P79 3K T 5 0% ME 48028 (reactive oxygen
species, ROS), K#HIHITIEM . CPACSC ALH]
TE B0 KR S B AR, B T A R BR ROS,
P i M2 AL E w4 e . BRI A R
(interleukin, IL) -6, M A FE A+ -a (tumor
necrosis factor-alpha, TNF-a) #F1IL-1p 55498 4E K+
Fik, MR EZMEBG (B2). ZsEiks
TR AR SIRIT OIRE AL A, S AKLIHS E2
St T R

PATH AR IIEHAAE T IO Sha8 g . i i
HEERUR, I TR M VLI A R AU AKT, 5
HAF 5 28 1 VR BE PSSR BEA A g T BY 0 (B
TR, TR G/ 43 PEE 75 RURE S iR B
ARBY I TR IRy PR HE T AT RE . Zhao
8 0 IF R ) ARG R A R R DU BUS He
A, T LA M 3 A L2 8 PR G
W, e SRR T AKTASE R HOUL S 1 B Il 45 2 R
TR 54% ., SEURAIE AR 14.1%  FHX 12 0 20
61%. ZFARTCFAIMEEE R, AT AKLTY
FHHIZ W A R W, E H RS G R T
BB REAERR ] L ROk, A R A IR
BRI L, PATA BEAE AKTIG R IEAS H & 14
HEEER.

2 EEARRIS TR

AT LA N AL~ P Rh ) R B BUERE T, SR
S PRI PR B A O AE 0 A G B PG R it
P sEAL FA il R (5528 4k, RITE R
LN U5 = RN S 7B s o SRS e A R
R ELE AR B o
2.1 B/NEINREERME IR $

BN B A, JUHOR T /N, 2 AKI
W B Gy S A ERAL ), SF T 3K S A TR % 5%
PP b AR WS, TE A B JS TR AR
B S /NS DR s R U R A . b,y
B RABERE (gamma-glutamyltransferase, GGT)
FIN AR ZFLKEE (alanine aminopeptidase, AAP)
AL T INVE PR S, 4352 54N H BRAC AN
JRISIK M 5 1 N- £ BE-B-D-H 2 B 17 (N-acetyl-
beta-D-glucosaminidase, NAG) NI st/ NE 4
MIFSHEA T, 2 SHEE s . 78 AKTIR
BT, TCIR T2 IR 25 5 T 30 2 17 ik A 553 175 1 4

i, Bl B A R K B T
I PRAFST %, FR NAG il AKT 55 77 22 B %
RIBIFEIET- (2 E TARRFAE R P FY (area
under the curve, AUC) 7]i%0.71~0.81 ', JR GGT
T AKI A9 SUSEA — e Ml , (IR AZ R
BRI BIHEFERREEM, R—bRE iy H
DA 2 BEAR A W0 AR A W B T bR e R,
W3 e ELA B A e O P TV A T S R A 1Y)
S, A IREET S — I R T, Feib
HA 2 e 1R B SERHARE B

%8 GGT, WFoE A B IF & H ZF0 ] s i
£t. Cheng %5 " #BE MR A WHRET FPRR, H45H
L5 AT GGT RS VI B0 y Bk, VI
JeE BSOS IR, [RBTG5 1. #E
T 461375 5 19 AKI /S BB B . FPRR {1 4t 5 24
60 min PN B 0] 76 B X S S %, HiEad GGT
TG AL BT B E RIS, BRI YRR
S RIRE RS T O MBS
eI 2 U S RS RE T, 0 GGT 76 5 4h4
LU R FRER T ST BBz,
HX-GP #4&F i — 28 T GGT K A 4k o %R
B SR P HE B . 155 R GGT VIEI4 bk H Ak
Wy, BT EH (613 nm) S GGT M4,
B, %7 B AKT A 56 AR B b i 4]
WAHRREE (ONOO) #E—2b%fk, Ak asdt
Al (518 nm), MISEE “GGT+ONOO™” XLl il
W A% . %A 5T % GGT ARG FRAIK 22 0.42 U/L,
FE AR 755 (1) HK-2 20 M A 8 b B 0y B 7R GGT 5
ONOO 5 - Wi 461453 I T 1 # 5, 16 A g BT AKT
At AR A5 A R B e R R A T TR 9

£ X% NAG, Ruan 5§ “8 B3+ T B0 194k
RO, HAR D BRI NAG B U] LA
BCNIR 545, FH e i P9 v 44 & AKT B
W AT 1 fih 37 L U AR S s, PRI
FFATES 5 MR REN . Huang 45 ) N4 4
T % A B 5 NAG WU I G # 2R 4 ADR,
Hod NAG B4 17 52080 NIR 96638 . 6 57
7S AKIF AL ADR 9 H T b S8 A0 N 35
AR G K R, (ARGHEIB IR R T REAAAE(R
RV AURS: , LA H ) B T B 2 R4 A USSR 1 o

[ % U P N A E i L S g | P E
Cheng %™ JF & M £ & IR W & R &
(multiplexed urine reporters, MURs) ] [f] fsJ A il
PR GGT. AAP FINAG (3G PE . KR L3 Fh
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EEUERY o3 MR CE . BE5 NIR G, 7EIEs S
A AKT/NELR, £F% GGT i MURT 541 % NAG /Y
MUR3 W 7E45 25 )5 24 h T /R AR 268, IF
FLF R4 M R AR A8 A . X RIS
W, AR PR AR AL 5, Sl
PRPRAS ELAT BT e

BRI, PLGGT, AAP, NAG MICHEME
NEDIRERE, PR RS e SR S B LR )
BHOCHK, RO E TG R AR . B
AR DB 1) DU 55, . BB AR,
TEAN AN sh A ep g0 T HR 2 W 1. IR
WFSEHEN, S SE R A2 B U B A T 2 2 AR ik
&, WGGT F AAPER G HEFREINAG Ik & KIM-1 7]
PLETNAS RS R IIRE S ) ek, WRERET mif%
SR Z R ARZS G, 30] S AKT AR 55 EAG Rl
BLH o3 BB HE T A T A5 B
22 BTERMEXIRET

YRR TR AKT B /NG - B A L 2 9 O
ML Z —, T caspase Z G AE R I8 715 518 I 10 i
KPATHE, BT IRAS L R Wi J i s i A ml 3
HEFE Y, TE AKIHY, caspase-3 J& A% /0 RV 43
T, FLURE bR AR A A R AR T R B
caspase-8 Fll caspase-9 73 5l A F AT 32 AR i 4% R 2k
BRI IR0 IS B, 1 caspase-1 2 5 £ 173 #%,
FEMEEEIE AHOC AKI 1Y) 5] GSDMD Il it 4 4k Al F
B =2 IR PR AT SE Wos ,  caspase 11 il 551 AT i
FUE D N A T O ek e T I RE, R
Caspase NMUEA MBI A S, HEAHRIT T
WSy B BRI, TERREEAE AKLHY, P R9/EH]
el . A8 ZHUBE AR IR S DhRekEss, (H
B 22U I A ER B B PR TR, RN TEIR IR
AH AR I TR BGIE caspase UGB B 153,

£ XT caspase-3 iX — % AN -, BESEE CHF
K Pl R T . Weng 45 7 HRGE Y 1-DPA2
PRAEF SR FH B IR0 AR A 5K, L Zn-DPA JE 4]
A ) PR T 40 B T IO BENR 22 R, SCIE
5, PR 40 N 1 AR 1 caspase-3 V)] DEVD kBt
BEOR LA . TEMEAFBUABRES T 1 AKL/N
BRI, 1-DPA2 155 24 h B A] 4G 1) B i 7 5
Wi, 55561k caspase-3 R HOL I E—3L .
Huang %5 % JF &% i MRP3 45 41 I 58 48 T = 5 05
KTl I NIRZEEH . DEVD IKBEAT (2-32 14
L) -B-IORWIRS AL, TENEATE 5 AKT H 48 h A
FMF SRR, WU S e aT 236 h, A

TS 5T IR MRP3 5 4 1 2+
#EH (MRP1) FINAG#E (MRP2) HKHI, HiK
SEILT AKI A AR . VA BT R A R T 1)
P A% B BEPXF I T E B B UE, Zhou 5 Y I
% B ZCRR 4T # 0] Caspase-8, kT IETD KB Y]
ENAIHHLER, A AKI R fp S 15 min B
ATRA%, FERTONE I 2R 72 ho 3 3 E4REF 70 A A
MG E | B BRI B 5B R AN
[l R, LRI T MU sh 234 THY Caspase iif5
THA,

BRI S, Caspase ZWEIREN ) & AT IF 57 &
RERNETE G AR KB BE AKT AR R T A B 25 sh 2
s R 527, SRS Caspase 7E sl Y i ) £ 4
YER A, (HAE A2 AKT Y, J0HUZ I8 0E AH ¢
AKI, FT-HsTER T IEAS . Kok, Pk
A ) £ T3 [ caspase-1 B RIRER . IFH caspase
EYERUR S B E 2 S, 307 AKIAKG 12
SRR UL LA
2.3 HEgMEXIRE

R/ INE T REREAE TR OGS, oA 5 AKI
o L 28 VTR G Y IS A A TR R 1Y
U . LR RS (nitroreductase, NTR) 2 —Fh
FEGRASRA T R8BI R 5w, BB PR 4k
APREY . 2 AKTH, B /N ] B U e I e
0 FOGUR B 25 1k A L R FRARAAE . Guo 45 P i
iE 1) 3-MeOARh-NTR #8456 T PHI T AR W s T
TENTRAATE T RAERIEIRN, 50+ WIRIREEH 4T
TF, WRE ILHA R I RO E S . TENEE 2
AKI/N BRI SRS IS AT R 215 2
W, R 5PV R IEADC, His ik
FISEER IS UE 7 BRI ME o 2R I R BRYEAE T3
PRI T AT WOCIE B (29580 nm), A% %
RE I AR, BIE T B IR 2 S5 sl vk SR 0 1
oy e

B PE W2 B (alkaline phosphatase, ALP) M
FESEA T v NE AR RARE I |, i@
if R AR R A2 R ) = B2 B T (adenosine
triphosphate, ATP) . — % ik I #¥ (adenosine
diphosphate, ADP) HAb AR MIIRTT, S HIEE
REfR B IY, RIS LR B B e e
FPCRARIVER 78 FERRTEARE . SR I/ P v A
YN AKL Y, T NS RS B8 i 7%
MMy, B ALUR IR ALP IS M BT
K, TiPRIE T ALPKF- T, XA AE LR T AKT
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RIS = IRIRIESE B, AN ALP IR AT
REXT M BEAEAHOC AKT A PRI PERH . —T44 A 301
151 Jie 75 i AH ¢ AKT BB E 19 [ Br 2 bt T 56
(STOP-AKID) 7w, FHEL T2 fIxs e, 52
N ALP AT 28 dAET-F M 90 dSET-F
PR ERRAL, 8 ALP AT A B /NG 5493 1
PR, ] BEIE AL JH 15 SERE FME ML 52 K
e s

EFXT ALP i AR PRSI AR UG £ € o Chen
A5 10 JR A B CS-ALP ¥R 41 3 T2 A0 3 Ye bl ik it
o rh 5| A8 RR EE 55 A T /E iy ALP 945 5%
Y. TEIAAE S0 AKILRC R S ALP 3G 14 1
PRAT PR BF A A K i, o> T AR A8 5 g1k
685 nm AZb YA W R, FFAE 716 nm 4k ;7 A= NIR
P06 TP G5, SEET X ALP 5 R K sl
DAY B R AR > e A RAFRK
VEPERIE AR I RE S, AR T OO 5 SR AR
W B IR T, Qian &5 Y HF KM
BOD-P-Gol 4R AT “Sef RIGHIE" MR
W A A5 A A B e R R R ) B T RO R
T O MBERR LA, AEUE ARG 25 A IR Y
TE SR, R 1 v (R T R AR AR P 1Y
ALP F5 VIR B IF K A o AR ET X ALP A9RGB
iz 0.72 U/L, TeMUEAT5 51 HK-2 4 fo A8 vhiE
YA R T W R B ALP 335 M 65 475 0 2 i 8
MG, HCE VAT SCHERR T 3 2R ¥R 4 A 2
B 5 A TR 7 25 263k ALP J 7 AE R BAPE (S 5,
ST AR M S KT RS HERR

FRNTR F1ALP 4, HoAh 55 AKI A A 5C 1) il
KWMALNEAR . EE4EEENEH (matrix
metalloproteinase, MMP) 5% 4 B R 5 &
MITEAERE . BRI, DABARN 25 HH G A9 NTR
FURR 45305 K 6 19 ALP AR R 0B 2E 485,
JR T BEOE R SAR AR PR, A R g AKT
FIPLEI AT AL T T H. Aok, FFRE 24 e
WA F R R, IR R Z RIS BRI
B, A5 AKI B HLE] 53 BRI AR iR T B A T
F B AR
3 BRESRE

AL RGLER T T AKI AR B9 #3501
BT ORI o S PR 3 2o ) o 4R PR SR A DG Ak 2

Fb sz B0 1 0 T Ak, R S N EAL A
ONOO™, HOCI¥" B8] —EALri, MG AT 35 9¢

I, AR BRSNS TAE
W Cy-PITC H%H B 7RI PR IR FEAS v F B 5 AL
Jy L TS BT MK FC N T e . A
TR G S A B R S e D) R sl R, 4R
PET T LS R AR . PSR 1 &
FEAERRAR A Sr, RUGHES ARG 27 SRS E
BIF— LT Y SRR, IETEHE S TR
IR 0] Z D RE VR R E . X SE T RE RSB
B9k, X RE e i far S e (A& Y
TARMEE T, SEEUE S ROR . S ki e 2R
B e

Il ARG A A FHRE I IR 2l B,
RFEFTRE MBS NS AER, KIM-1,
FAP. ALP %S C 7RI K B & P A BB 0E . IR
NAG Tl AKI £ 3 75 22 5 ARG 7 s sE T 1
AUCT] 35 0.71~0.81 “*); FAPI PET/CT 1 AKI %
Ho 8% 2 5 4T dE AL A DE B R SR I Y A
ALP &Y FAEMEERRE A ¢ AKT 1 11T b i HH
fRBET R 1 o X B RAEHE R AH N T 1
FEARARAE T AR YR 3hml . MURISTE , JOGHE
TR S8 P A I 2+, PAT AT 7E I LT TH 5 R
12 h BV 0, MRIFIPET/CT M5 {8 H i R
MPERERRES, EHLHRISIEAERE 2 P 2A R
Pt PR T A AR R AR LS B R R R
B EIRAELE . Sl TS, X
TERIHB TR BO AL . X RAGIK Y
TRER, HARPNAT MR TE | KI A att &
R A AT A, I REG b rh R B A1 e
() e Kok, HEsh A FHREDEMIGIR, &
B PSR S R, T B S
W ERIRRRE VPN AR ELE ) AR
GEARER 1 S R S B B RE i R R, R
S5T CREERET TR ) 4T A AR, A e SR
BTSRRI L T 2% (F3),

TR AR, AR SCRET AKITHFSE H il
I IR —— B M3 i SRR A R T 7R
WREr . HAbm AL, G . FAmR . LA
M o 55, A IRE S A A 5 B 2 ) s 6 AT
AR, HFE AKLPAYRFSE AL TR 2 B, 3
BRFR B D BORIAARSCIHE . BEAl, AKTHERE
H PR R RS St . BB AR Ak B B ML 7
S, HE R RTE R A, AR TS
KA AW, I & T AKT 35 B0 o R % .
F5 1738 B caspase-1 iR Y . Z WL A AR K
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Fig.3 The potential of probes in the clinical application of AKI
3 ﬁ%-I.EAKI[]ﬁ}*Em EF E{]igj]ﬂl, 24, 28, 34, 36, 44-45, 59]

DUBE /N T e MM TR, /s AKTR A R e B2 o A2 o BB CAeUAR IR . RETR PR CS . AN T . RAE/AFAEAL) ST (1 S
TS . AT T CAE ARRTSE P Sc 5 AKIA G . EALRTIHGHEAR, H,0, 2", HOCI. GSH | ONOO™; MG MM A XHEAR
GGT | NAG 5/ ALP ™), JHT-#ICHAR, caspase-3. caspase-8; #FE/ZFZAEALAICHIFR, KIM-1 2 FAP B3 %)) ROS: iEMEAS
(reactive oxygen species); GSH: Mt H Ik (glutathione) ; GGT: y&H 2% BN (gamma-glutamyl transferase) ; NAG: N-Z[it-B-D-24 35k
AP EE (N-acetyl-B-D-glucosaminidase) ; ALP: #i{I:#§f2MAE (alkaline phosphatase); NTR: fiJ&ifJ5ififi (nitroreductase); Caspase: /b
KIEHM (cysteine aspartic specific protease) ; KIM-1: ' HE#i44rF1 (kidney injury molecule-1); FAP: JREZTFZEAMAIH TG A (fibroblast

activation protein)

g S DU R E S SR E RS R IRRBEIRE AL AL L R
B, WIS S TSR T I T ISR R R, DU AR U AT 5 4R
HACR OIS, BASCHER ARy 2%,

Table 1 Summary of representative molecular probes for imaging acute kidney injury

®1 RATRUHEBRGEGHRRES FRILES

WA HAk TREF TR M [ AL ] 4 25 e AR AFH 5 R/ 1 e

eS| Bl SCHR

AR 9 PAMAMF 1 22 S IR A itk H,0, Tz (DA MRS EEAES, 55RdR L6l
bR S i BR A5 A73 A4 6

7Y % RP-SC H,0, L-22 SRR B M 58 JRAH S A UL IR LR R B, WSk [17]
I L 26 A1 H A ]

SR 7 HP-H,0, H,0, NIR-IJFJE RFE, 155 5 B (] 2 IE ARG (18]

RRIR e PEG3-HC-PB H,0, NIR-IZ66 5 AT | R e, F 5 5iMigEfssf [20]
I L5 FLAH IR

SRR 7% NRN ONOO- ILLAMARED, W S B IR B e R, 5SS [22]
AR R G

KRB ek SiRho-HD ONOO~ FRET b 3 BT 41 41 56 56/ 745 SR £ SR FTONOO 4 [23]

FEVIRIEOR, SCBL 75 53808
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PREF Ak PREF TR Wi S ATL Al /4 I PR 2 R/ 2L =4

et el JCHk

R} Pl Cy-PITC HOCI CEIR PR JRBFEA P IGAE, AKURF RS 5 & T [24]
HEXTHR, HFRF s WL A2

KRR B FDOCI-22 HOCI1 KT EHOCIBEARES ,  SEIULLLAM R e 5 WU [25]
K, A B4R I HOCTT T m

S R o MB-NAP Cys ROBTERET, BTG COEE NN Cys, ELIAZhEE  [26]
R e W5 B Cys Bt 13 477 338 Jie T v

Ve 7t 1-DPA2 PS/Caspase-3  WUEFIHREF (BEHGH LM TEES0)D, EImsiath  [27]
55 5iE b Caspase-3 % et i —

RN BHRMAZES BIRILEC, PN JRERES JRE FIRBRAGH R BFE W ECE S, WA A SHE  [30]
e 5 e

R IR R PAD Fe(ID PET/"’F MRIXUE S IREM WiFe (D S UES0E 2%, [31]
BEMESICT AR AN A i B, SEBLRE ) 4R

SN REIEARA R Ga-EDTA PET##%} FNERIE  ZhAPETEUE, TIXEEE Ky EGFRIET R, F [35]
THHEAKIS| AL GFR T %

RRA BEALIRA%E S 'SF-FAPI 42H1"F-FDG FAP/H#I @ HEACHT 7598 I & JF AKLIE 3 1, FAPI-4245 [ [8) 5T 7 44k, [36]
FDG R W 4 i, B J3 AT 9 3 359 ] HH B0 S ok 78
P B

R BRI Ga-TE-FAPI-04 FAP RACTIFAPIEREL, SINAE AL GHEBEK W, [37]
U 8 B T 5T 4 4 A R B R L UL /K T 52 O
A

it JeE BDP-3 JEIEThRE JE T BODIPY M/ 7y TR %, B &M FAAFEE [39]
JRIFEAEAR, I i B R e Th e 245

SRR e Rho QL SO, XSO, MR (£455s), BTG, 55 EL [40-41]
ML S FE bR fe il 22212 h

KRB GREART CPACSC KIM-I/NGAL &7 — A PekaREr, #IMKIM-1E £ /5 5NGALL & [42]
RIS, IR KB BRs v U URE iR T 1E

[E5 SRt = N vl FPRR GGT PN RBEE RS WRE, GGTYIE R EES, [47]
Ot 750 S 6 B o S

BESCE Y B /N D) RE B HX-GP GGT GRS TR, e GGTYIRITF 4 s, =] [48]
BONOO B AL Gk (e e, S NGB IR 5

BRSO BN T RERE BRI AL 2 R o T NAG FCHGE BT, R KHNAGE VI BOL 4 4ME S, [49]
FH T L P 4k R AL s

BRSO Y BN D) R B ADR NAG Xof R A B B S NAGXU L IR 06 2484, Tl [50]
T RES B AR AR 1 S JE DR R

BESOE T ENEThRERE £ EIRHRE RS (MURs) GGT, AAP, NAG AMNRRHGII RS, W RN FEREE, ¥eis [51]
TR AL AL 5 S

580 gt ATl 1-DPA2 PS KA “HiE (JEMPS) +#UE (Caspase-3UIHD 7 X [27]
A SN, SRR T AN M R e M AR

BRAGETY AT MRP3 Caspase-3 F AR RE, (S S R mE WU s R = > [55])
36 h, AEGITIEE ST

EEBET TR ZCRR Caspase-8 SETIETDIKEVIFEIBOE, 4515 minBPol g, nr [56]
PRI 272 h

MRgoER HAbng 3-MeOARh-NTR NTR FETEFFATAEY), FENTRAAE Fi&JFIFRORE G,  [57]
G5O S R B EARSS, (HEEIR A R

BRsm Y HAhAy CS-ALP ALP HTTEEFYRL, ALPK ARG 5L R o iz [61]

LLANICITIR, KBRS &




2026; 53 (6) Brigk, %&: RTRMEBRGRGNRNESER SRR 1633+

g1
PREF Hik PREH R W JSASL /4 M PR X /AR A %
e el ik
MEMGEA  HAthy BOD-P-Gol ALP R “HMRJEROE” R, SRR HEAR [62]

WALPIEVE R mr R E I 25050, HERR R P RS 5
H,0,: % fk% (hydrogen peroxide); ONOO™: I %(ILiHR%EL (peroxynitrite) ; HOCL: K% (hypochlorous acid); Cys: J:Jit2d /R
(cysteine); PS: WilRHEZ£Z AR (phosphatidylserine); GGT: yW &AM (gamma-glutamyl transferase) ; NAG: N-Z[Et-B-D-j 4 Hi 1
fiff (N-acetyl-B-D-glucosaminidase); AAP: NZARZAILAKHE (alanine aminopeptidase); NTR: f3LifJAME (nitroreductase); ALP: BliEmk
fRMf (alkaline phosphatase); AKI: 215115 (acute kidney injury); KIM-1: 'F#i154>F1 (kidney injury molecule-1); NGAL: A
411 it B S Tl AH 6 g 52 B . (neutrophil gelatinase-associated lipocalin) ; FAP: T 4E NI # G & (fibroblast activation protein) ;
GFR: 'B/NERIEIL®R (glomerular filtration rate)
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Abstract Acute kidney injury (AKI) is a prevalent and life-threatening clinical syndrome characterised by a

rapid decline in renal function and diverse pathological etiologies. The condition has been demonstrated to be
associated with elevated mortality rates and an increased risk of progression to chronic kidney disease. At present,
clinicians depend heavily on conventional functional markers, such as serum creatinine and urine output, for the
diagnosis and staging of the disease. It is evident that these conventional indicators characteristically manifest a

considerable temporal delay and only undergo modification subsequent to considerable tissue damage. This
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severely restricts the timeframe for early detection and timely therapeutic intervention. Furthermore, standard
markers fail to provide specific biological information regarding the underlying cellular injury mechanisms. The
utilisation of advanced probe technologies in molecular imaging offers a robust alternative to overcome these
inherent diagnostic limitations. This comprehensive review systematically evaluates recent progress in the design
and application of two primary categories of molecular imaging tools for acute kidney disease, specifically
reactive probes and enzyme-activated probes. Reactive probes are engineered to specifically interact with redox-
active chemical species, including hydrogen peroxide, peroxynitrite, hypochlorous acid, and sulfur dioxide.
Because oxidative stress constitutes a primary early event in acute renal tubular damage, these probes enable
researchers and clinicians to visualize early cellular injury and radical accumulation well before global renal
functional decline becomes evident. We discuss the application of these reactive probes across multiple imaging
modalities including fluorescence imaging, magnetic resonance imaging (MRI), positron emission tomography
(PET), and photoacoustic techniques. Photoacoustic imaging combines high spatial resolution with deep tissue
penetration and has successfully demonstrated the ability to provide diagnostic alerts up to 12 h before any
detectable rise in serum creatinine levels. Additionally, specific reactive probes have shown promising
translational potential when tested by high-throughput screening in clinical human urine samples. Enzyme-
activated probes target the specific catalytic activity of disease-relevant enzymes. These include well-documented
renal tubular structural biomarkers such as NAG, GGT, and ALP, along with apoptosis-related caspases and
specific nitroreductases. By responding only to enzymatic cleavage, these tools provide highly specific and
pathology-directed imaging readouts. Recent structural design strategies in this field have advanced significantly
beyond single-enzyme detection. Researchers are now focusing on sophisticated dual-target recognition to
minimize background noise, multimodal integration to cross-validate imaging signals, and theranostic applications
where probes simultaneously deliver diagnostic feedback and therapeutic agents to injured tissues.
Nanotechnology serves as a fundamental enabler for realizing these advanced probe functions. By precisely
optimizing nanoparticle parameters such as hydrodynamic size, surface charge, and targeting ligands, researchers
can achieve amplified signal output, highly precise kidney delivery, and protection against premature degradation
in the systemic circulation. For example, modifying surface charges can significantly enhance the active uptake of
nanoprobes by damaged renal tubular epithelial cells. While preclinical probe development has progressed rapidly,
moving these technologies into routine clinical practice remains a major challenge. We analyze the translational
feasibility and current obstacles from biological, technological, and regulatory perspectives. Although biological
targets such as KIM-1, FAP, and ALP have been validated in extensive patient cohorts, practical barriers severely
limit their immediate clinical application. These obstacles involve complex changes in in vivo pharmacokinetics.
During an acute injury episode, the extreme drop in the glomerular filtration rate alters probe clearance and can
cause unwanted systemic accumulation or confusing background imaging signals. Other major hurdles include a
lack of comprehensive long-term toxicity data and the absence of standardized manufacturing protocols to ensure
batch-to-batch consistency. Future successful translation will require rigorous multi-center clinical studies to
confirm the true diagnostic value of these probes over traditional markers. Researchers must also establish strict
standardization of imaging procedures and comprehensive safety evaluations. Ultimately, this review provides a
thorough reference framework for designing clinically translatable molecular probes and building a precision

diagnostic imaging system for acute kidney injury.
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