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Abstract: Cellular senescence can be induced through multiple mechanisms, including telomere shortening, DNA damage,
replicative stress via oncogene activation, oxidative stress, mitochondrial dysfunction, and metabolic remodeling. A
prominent challenge in current research is that biomarkers commonly used to identify cellular senescence, such as cellular
morphology remodeling, B-galactosidase activity, expression of key genes like pl6, senescence-associated secretory
phenotypes, and DNA damage foci, are difficult to use for tracking the dynamic changes of senescence in living cells or
capturing phenotypic heterogeneity among cells. Here, we propose a novel metabolite-biosensor-based approach to
dynamically detect cellular senescence. Metabolic remodeling is not only a hallmark of cellular senescence but also a crucial
driver of its progression. By using genetically encoded fluorescent sensors, this method will not only enable real-time, in situ
visualization of senescent cell phenotypes at the single-cell and subcellular level, but also offer new insights into the
metabolic roots of cellular senescence, making it a powerful tool for studying metabolic senescence. Considering the
universality and specificity of metabolites as senescence biomarkers, we highlight a few key metabolites closely associated
including NAD",
fluctuations and roles in organismal and cellular aging, as well as the current research status of fluorescent biosensors for

with cellular senescence, lactose/galactose, o-ketoglutarate, and polyamines, and summarize their
these metabolites. We analyze the technical challenges in developing high-performance sensors for these metabolites and
discuss the potential applications of these advanced tools in aging research, including in situ, dynamic monitoring of senescent
cells and functional analysis of cellular subpopulations.
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Figure 1 Inducing stimuli and major features of senescent cells

Established inducers of cellular senescence include oncogene activation, epigenetic dysregulation, DNA damage, replication stress,
and severe oxidative or metabolic stress. Key biomarkers of senescent cells encompass morphological changes (typically increased
size and flattening), cell cycle arrest, elevated expression of p16 and p21, y-H2AX accumulation due to DNA damage, heightened
SA-B-gal activity, and the senescence-associated secretory phenotype (SASP). The mechanisms underlying its initiation,
establishment, and maintenance are complex, involving genomic instability, epigenetic alterations, dysregulated signaling
pathways, proteostasis stress, and metabolic remodeling.
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Figure 2 The application of live-cell metabolic monitoring technology in cellular senescence research

A: Metabolic features of cellular senescence; B: In situ and real-time tracking of senescent cells in various organs and tissues using
fluorescent protein sensors; C: Establishment of senescent cell subpopulations by joint use of classical senescence biomarkers and
metabolite sensors, and analysis of the metabolism, function and molecular mechanism; D: Analysis of subcellular metabolism in

senescent cells via fluorescent protein sensors



1128 25

b 5$38%

T P A R 0 IE R A 1A A OGP . B
e, i TGS A R A0 D RE 1 Bl DDA G, 1 5
2 A0 P LS B A A QI A el BE AT A T AR AR
LB A A B BAR S v , DA Bk B A
SRR EIE A A S o BN, AR Z T2
5 AN — R, R B 2Ok R IR AR Y R
K022 Lk, TEANRT ST , e A A g e
AT A2 A L SUR IR 5 T g i AR T
(AN HITEFEE JEFE N5 T SDNAR & ) I
BB, PR BT AR R S e A A A R AT B9
PR ARRFIE . AN, SRR R e 8 i R vh &
LA e MR | 208 S i MR (RS L) RN AW 1K/ P S
HEL X LAY R A R IR Sl
SR A )G U SRR AL, AT B REAS B4
T4 5 AT DG 15 55 0 S A R WL A S 0L s i
AR P IB LA e 40 M 3 28 i A vh A 4 E 2
VR o

BT IRAL IO AT 40 QI el F AR
NV IRAL G BRI A S A P Sh 52 Al
A BT TR BRAE B T BB ERIfR R T 5. X
JORETREHRT H AR e BE SEI A2 A0 o m] g H ke
BG5S, DT TR 5200 0 ARSIV 40 i 3
I NGRS R E SR Aw e 7 e AV S B e v
FIYEREAN B BBl 2ok B i dr e e
FEERRIRSCR , I BEHR s SN A 28 2 4 i 1
FEMRE B ACPIR S , B IR R ) 70 I 3
EEt7/ ) )i

3 BERERAEERTEIT

YA G DO R R R T A EY
ISR A R T, B 2k
SR T OB LR BB IR 74 B2 (fluorescence resonance
energy transfer, FRET) JR BRI TG 22 , 18 & K H
“=WIR A B — MY 45 S R H B HEFRET
POCHEE H 0 — RN 45 & A B S
PO RS, BT ORI 45 6 8 F 4 A9t
P ES Bz 6], o] DUR 5838 0 9G8R A A
R 4G EANT. s EE, ZEARE
W A UE 5 H RS PO EE B PO
AR . BT IR B, R B HES (1) 2%
6% M (circularly permuted fluorescent protein,
cpFP) . TEcpFPH, AR 1 i i A9 N i F1 C i 18

i — Bt 22 K% 2 B P ROk, [R] B AR 2 6 A 1A
(Ser®-Tyr®®-Gly®7 ) Bl 7= £k 397 f N A1 C i , i 15
A A AT o0 RO B 10 8% Az B R A, DT 4 ey 4
o 1

PREF DGl B G R E B 3 9 Ham o
e i B AT DL 3 2 U L i A SR
Z I RE MR A S5 H FUAER RN , 2 50 Sk i 28k
B . FRETHEE BA — AN A C M &
S, IFRETZCE , RIS & SHE A FUAEAE s
PRGN BT R 55 B RN HL R i R
BT R BN VRN A e S, Ll
5V RS2 M T A2 AT TR B (AN T 40 B Hh Rk KT ) R
REMFRRE I o RRIREF DL B Xk
PRI B R 38 R DL TS ) 2 FUEAE M1
3 Fb SR AR AT DL R B A i A
XPHRRE o oA th Al Ak A5 B 3
A ], O A2 B e, AN TR LU B 5
B AN AR D H

AR 154 G D SR (1) OB e A 6 - X
ERANSI Y/ NE R 6 3 | I il ) VA ) B
R N VBT 951 ) iy A = vl - S A DO = s
FHA R, BUAS I 3 2548 2 9 sl Fo A 43+ 7
AR s R, RS  | e i L BE RN 3 1Y
SR AT DA R B AR N7 2 5 RN B AR o7k
7%, TARHELRET IR AR s I A B 3,
R R AEOEE 0 AR 15 A0 LA G5 ) Ay S o iy FH >k
D AR BE B i, TENE LG TR AR W I A% i 5
BRI SERE ERED  IXRE A BEARAS (5 MR LA U i s £
G -

PREFTE R 2 A1 Sl i A FH i I B R Bk ik
I EEGEE St KDL EES . wHRe
KIRINDCHE ABE 2R TR ardsE A, g
R ANE S , E TG A I v B TR R
HE N T IR TETS R s s AR TP T B A 3R
B, 58N B R FEK ERK i 2L A s 21 A b o
M, s 2N BRI T o e i . 2 FE Y
TRERET, AT RE A ARG FR P, iR A RPN ] 1Y
A CHE ABE . A% FFRETERE , Hod ik
HEE A R it 2 @R g . o, 7otE
F PR R 50 A B (R K A R S T RES |
AL FE M, AT AR K B B R L S A (i
iRFP713123145 ) fufb ek T-Be L i 22 1k B AT e



63

FAE A T AR TR A A0 S ST v 1129

A G L, SR D A i e sl SO 1 IR 5507

4 KRR ERENE Y EE R R
SN

AT R AU TR R b A AR
AR, BasThe e e g AR Ve,
K HEARET O 2 DR AR AL
4.1 NAD"'

NAD R AL U AAZ U5 e , 76 200 M fi
U ER A AR R i B G E R . FLah
YA RINAD & ik A2 T8 =, (4% DL &R
RISk B g A2 AR AR P i 3 R A W e B
Hifg Mg AR , LA LUIRER A7 IS 497 ¥ Preiss—Handler
B, NADBR T # A8 lUNADH , it i — L B E A
Tit JEC ) 4 6 A 5 R, 2 R A0 G I R (R A il
CD38 . Z K ADPME R 5 EPARPs | SIRTHE H K%,
LI A 20 FINAD K R EESARML, B2 5
DNABE (555 T MRBE %,

NAD /K75 Z R 2 440 il 8 ok A v TR
X SENAD A B /D R g 45 i 3 W) A A 4
S AR RN RS T RS
W NAD B /K F B 2 1 1% A 280 B i e
AR el HHGE LG I AT 18 R S
il g b P SNNAD THFERFCD38 KA , B & PR MIK
TNAD K200 BB 18 2Rl T
14 52 36 49 B 75 #h FEN A D 55 3 1T 4 BE 4E 22 28 1y %
22451 K, NAD L RE SR A0 w5 L
/N BV I T A A /IS ST, A B AR 8
AT A2 H T HLEN S INAD e Lk
BARACINE 3 DL M 5 cGAS-STING IR AR Il 4% Jay 348

W FNAD R HE 22 Ff A A FRLE i v ) 56
HAER, HATE 22K 8 T 28T F 16 40 i1 it
M PNAD BREr . G T A DOLHE I I LigA-
cpVenusMFiNadig £ 3031 L4 R4 NAD-
LucP2 HINAD-Snifit !, LA J2 3 TBRETHIFRETJ5
FHNS-Goji \NS-Olive FIINS-Grapefruit?s £ 51 5
234 S e T T A I 40 A
. Hrp FiNadR & nT AL R R T ER Hil 1w %
A ey R L K [ AR/ N L2 A
AN [ A AR S A R TR 41 FPNAD /K

fRER B,
4.2 FLPEFNEZLNE

B-2F FUB T (b AL LB K i = A 2 2B, o
Ve A (0 B2 FLBH T T kA6 2 A b R
Pz AT HaE &R e U R
W B -2 L i FE 1 ) 20 M B R SR B B A, 3.
ERLEFWIT R T H R NRTZE P37 p-2k3
BRI M TZ FVE NI R fbR G, AN a4k
TR 22 TC . 5 15 20 0 25 e 4 L ) i
PR B-2F UM ARG Mt 2 T IR L 3h P 40 e
BT AR UM , B~ ZUBH T BTG 4t xfE LAAE Ry
R AN R AR

AT ELTF & T ARG B~ UM 1% 1 (4 fk 27/ N
Oy THRET AR IT L RRAT | R IIET R L
RIPRER TLTAN —IXAREF DY R, T R 4
9 A AR E AT SRS H AT B ), X A i ) 3
BB WA B B AT R WARE U2k
FUNE B 1AL AR . —SE A A b~ S S
B R A AR AT X A R L AR R B
BRI I, TS e S e B A% B T T 0 R BR A )
PR 5 2L S FUBE AN ZUNE R e LR R TR AR
AR B FE P 0 s LB R U L B RO PR S
4.3 o-fFX ZER

ol TR S RRRIEA TP A RMR.
BE T LA PR AT IR R ok 2 A R 28 i I R B P A
WA A R R A . TP R, o1
TR AT RE R 2 L SR ) R A AR W 1 R R
i, R A 04 B A i S A
FEAXTR D . FERE R K I, #h T o- R 3 R AT
DAV 7% 1) 9 3 200 M A 2 i 0 s e R 42 30
o-Fi 3 g AT LA it 2 Mgt R IEVER L B T 4l
A = SRR G PR AL LA QI 1 , o A Jrs iy i
AT A L H IR EE TET HIDNA H JL46 4 Bilf
N 2 3 A A8 , 8 T LG i P 42 405 B LB AR ATP
B B R B R, DL TOC R 5k
R RIEVE RIS RAE o-BI —RREIITEE A
F# R s 4 A4 5 3% A LA 3 5 F b i
IR AL HAS T4 A2 BRI B8, 9 A e
LR, o R Fr AL A S R S A
v T 7E 7 S ARG R 4 i e o vh L R a4

BT E & B - B I BR 92 O6 8 IR AT, f 35
PII-NAGK'*) 0Gsor!*®! PROBS1-4'47) PII-TC3 %



1130 25

b 5$38%

5 148) F-mT &5 V4 FRETEIGAT | LI K3 T 25k
J6HE 1 BIER T mOGsor ), (B2, BUA o- B 1%
PR 72 3h 28530 Bl K7 T AF PR b, B
Fvh B AT Z AR A IE . R, R &
PERERY , 305 FH T I L 3h 9 o 13— 1R S5 A S sl 2
I 38 1 i e e iR%L
4.4 SR

LAY T E T R e A R A e =
AR EIRN Y . 2R s
MU ZAE I C AT 21 V2 AT, (5] an i 2o Ji kb 72
STV P R 34 5O JUL AT M 9 1 e RN 2Bk 4 [ e, AT
37 0 U A T2 70 R4 2% 5 3 55 78 0 B Y B4R
i R T A 2 R R R A R R, R
0 1] D 3 2 8 e A A i A i AR G s 40 A 1 e R
A RN LA AR 5 A e o 154 s b 7
5 e o Rl Ao R 1 R A b e A Y
WA EREZ M B R B, il b AR
il 0 R 240 B 5 IR R KT Bl 2 98
ST IR RN R R I YR R , 2 R
(1 S BEAR IR T R 7

H T, 5t ZReHTARE 208, © 4 & & TFRET
TR LS8SUA MBI TR AR 62 03] P STARIR T
FUELR XSRS o N, R R AT
20 v AT AR ZE 1 wmol/L %) Jf Ak 2 1% b 3 i
N o W FIZIRER , FRATT R IR B A0 A L IR A v 25 )
TR AN R A, DL AR e i R RS
i o AR i, M P 2B T R, RIZPRS R AR %
RN L RAE , RN T R A -2 3L b
HHHE M, D DNASMIR ) y-H2AX K A R,
FHAM T E AN TR HR, T2
A — A bR RE E g F & ok, B
mCherry Flle Y FP 4 4ty )3 471 rdd AR 22 iz 1T 15 5
B RAS M RNATCA: , g0 TG A h Z e 1
I ] 7% B R 3 A6 5 PR ) s 64

5 EABMAHENEAREMEBREATPL
BEN A

AL A DOCIRE HAT Z R, 3k HLFRAT TN
RER % NN L1 Y 2 U W P T e R = A3 = )
)RR s — A i AR LR B T, SEm b e 20
e b A B 0 2 5 i S B s R AR OS TE AR
PO HEARIC , S B T fUHPR S RO 22 2 4H i

WHESR B, NS AR S 5 = 2 40 Th g
IR ZIER 7 5 — SRl 245 Al VIR (R
B, W98 0 2 2 A b I A i ROBE A 43 A 3 i
R e R LA (K2) .
5.1 BRAIEAERER

2 AR A AR A I AR 1 AN AR T2 Rl 5
TR AR O EE Mo B B sl A
AF o — FRGN A AT, an W S Ak S AR
AHMISIRTHG P FINAD 4 S WL TC AYE IR 12
FIRAL VAP AT o-FR I —FRARED e
fi AT Re i FUME A ZUM R ET 5 AW D) Gk £
WA, SR RIRA B T A58 A A S s A X1 4%

X A% R ) AR BT T LA 2ok 4t 2 AR
KRR B 308 4 2 UR M R AR S AN [ 20
ZUREE ML A2 ARIE (2B o 5 BT A 40 i 52
LIRS RS (INFETplomip2 1 FHE R SN
HATHRAG WS Z S EOE MM AR . X AR RRAT]
BRI — R A A BRI ), G, 76 2 e
T s 5 T, SRR AR anfar ek
A AU AR N AR AR AE S I, R
Bt A A 2 i A R AR, FRATTRT X
AN TR ZE TR A0 (0% 52 S 3 04 SR 40 B L P9 B 4
M A ZETT | B IR BT A 20 B | i 0 A4 | fe 28 A Y
AR A S T . AL PRI
IR A, JEp16™ Y p2 1 55 ek e 1, iR
NAD Y Rl o-Fi 1% —BRAG UL Sh i T2 fE e
SEAAERFE AR R e s R o R ) A R ] e 2
TATTS AN R 2 4 R B Ak i AR AR A ] 6
1562 IR AE Sl A WD J T A LA, 3R AT o] LAXE
AR IR AT EOUL R R
5.2 ¢HAETEBEThAEREHT

TR B T A A M0 3 1T LA g — il
R AT T 5% 2 B, T 53 30 2 A AT 2 o J P PO 45
1 , 2 W5 L A0 BA TIRE S v o071 R, %)
WM — D5 T R LD RE A BT
LSRRG TP, AR B 2 I X S AN ] 1)
REFR AU OCHENLE . DR, R A PRET , 21758
TGP AR 43328 , A7 B2 i 0 22 At L )
e 2R, FRATTAT LA R332
EAREY A —Fh sk Z A RET B9 Rl L
RN A 7 21 SURE A v 41 AT v 4 4y ik (TR
2C) Bt FFARCSHEE A b, T AR kAL



63

FAE A T AR TR A A0 S ST v 1131

FFRE R IS 43 e p167/NAD™ Ik .p1 672 FUBE-FL
WE LA p16 /o I R - \p16 "/ 2 R~k A5 AN IR
18 LA N B AR MR . B2 TR A% OBy
[P < 3k SEA TR AR AR , LA S 2 53k
HAMR WAL HA MR R IE? EATE S a B
2 R R R OV HEUE SR A A A R
HOES A ANE B TIRE? i X H X sealifh WY
Thag , AT DL HE R U AR S W] P e A0 i i
S Bl A ) BE

e L UL A2 B TR IR I R 8 R BR
AR GHA BRI P EE AL, G, FeE R
FIF K T T Dre/Cre XU H 2 i 2 5t 1) 55 & 21 fg 15t
R S H R Sn-cTracer. ZH ARMKIEpl63E
PRl 315 P, TR e PR ek 9 g S i s S B
EREANME R K AR IC S 7 B o 1k, 7 B AR e A
SELOST AR AR B 310 T R T 4 S R <
FRONREARAS , RE B2 S et A Qs iet 1 , IR0 i
AL R TC A [RIEACIRIR 2SR ) B VE R S A 2 .
1 P B SR W 25 5 —— i, S g AR AR ARl
p16 MREE AR, PR AR AR 4 HINAD "5}
KRR K V- AT A0 7 —— KRR 2 Hh PR
T FE P BMCHPIRAS DL AR A D RE T S A R 58 3 |
K20 20 M A iz B
5.3 IE4ARaiSIREAT

B LA A M A ) 22 A e A i %, A5
TEBI R I 2 DA RAE . AN R E 4 X 28 FY
AR AL AR A0 ST, R DX 58 [ 14 40 Jo A8 3t B, 3
FEGE A PR S — AR LA 5 R
Rt , A S Sy n A B SR,
EFRY) T B TR IS AR s oAb dR A 5 5
2 X E R A AL, FRE i Rl e i iz
ST 5] -4 55 M T 5 SRR 2 [B) SRR R - KA
MR RGN FIHINADHFSZ |, L) K ARH TN 2 R - TN
ViR T A 2P A Y 155 X 2 i M

T 24 s 2 458K, S 448 )22 1 ) A R R 2 AT A7
TEE 2 AR ey RL A R, an , A8 S AE
P40 52 9K B 20 i o 2 1A% O R R 2 — (B[R] 4
i A 5 )95 e 1 b R R G R )T AR AR BT AR
X LR RPN AT BEAFAE B 22 . XA
H At ol LA 2 R L B 32 AR AR I A T A
AL T TR SR 00 S S5 M oA, A7 22
AR S BT L 2 Sh A A R A ik 258

Ak, EABFFEUESE , M55 A A% 2 R NAD 5%
e o3 BC AT R 45 B 105 40 A A Ak, (B T o- i 3
iz NAD 45 e H AR A5 D) 5. 5 40 A% 2 LI
FEAE A Z DI ReAC , Hos IX %= 1y 4L 5 1)
BESLINMEAT B = RGEEDSE') . HAKT 5, a-BRIR
TRAE MRS Fe o~ IS R ) XU 42 IR SR
(—2SDNA H LAk 20 88 1 H SEAR G ) 1 A 75 IS
Y ,NADfEH PARP12/- FHI4LEH LK ADPAL
&4 (SIRT FKGEMEA I H BT 5 WA, LA K&
RNARYS 3 NAD g &1 i) L RR Y, LRt
W 7E A0 2 3 R v A ] S BT 40 DX = ] A 1)
RETE 4 SR, A R AR A 2470 A,
it AR AR Sy B0 5% B 1 IO A A O A i U R i AR
J, LA R i T 5 M L D9 B ) R R AR ) B
P o 128 1 R e B A —— AN A S TR AS [ ) SIF 4
L DX 5 1) 8 1 O 0 A R 5 e 45 2R
ERMRASEE. ETEARRBSKME ZAEE
L AR PRS2 — VR e D A0 X R S
() SR AR 7 IR 25, o T8 /s 3 3 1 4 F-HIL
HABEZE L,

T2l AN [ AT A AR 7 155 K, B AR i iR
S R {6 S IR 200 RUBE A AR s B, 30T
SR BB i B — A ST MEART-BL. F
FHFLERERET , FoA1 & PUAE L A i At rp B 4R
WEIEAR RGO , FLRR A BRI 3 2, Sl I NADPH 4
AT R 1 A2 A, E T R ESASP ™A, T il L
iR = A AT e LGS Sh DI RBRRE RS, I TS AR AH OGP
sl A 4N X 2 A A
iz SRR I, FURSRET 1 9O (5 5
i, BENS 5O R v A e s AL AR S A 2 A 2
e fE s i A R A (512D) .

6 SEESHINE

25 LTk BIZENAD™ o-FR % 1R FLE/AEFL
Bl 2 e A BE mAC I IT A B s L SR R e,
A BT TR AL T RTTRA B R T HAE . BT
R 2 DI 225 A4 i o S AR B0 g 2 A < S 1
807, IR D RETEA QA 23 8 AT 5 2 20 i
STV R e R

LRI, A 05 R AT 42 T fs B 22 A B8 A3k
e HIL, CARIIOCE AR KR T a5
JeEE HEE B OIOEE A, R T ARSI N



1132

E S

38%:

s HR 96 A RET TF R TR AR R 15 1T
E [ AL K 978 SCRETRE , ROCRA Frift— D4R
s B, POLHE AIRE 4SS B 0l w5 Y
GO AR 235 K6 T A 28 1, %o AR T e R A
EREAEF AR It , 3T IR S L GbL s
> B R A R A ST RN R ) AR AL TR
[Ty 575 Ak, B TR T & 2 R
i e 7 1%, A4 TR I T B AR (A AR 1 2 A8 Ak
A= R BRI 5, LA RAR B A sS4k 43 B i 1 41
AR BT e 7 4574 T B AR A B
PR T HRE BT & -

C A 2GR AR AN T 2 i AR Y o
WHT SRR, A FHINAD 4 FiNad , 3 A% & il P
TEEANMIBERY | 7 ORI BN /N SR
DL Rk AN ] A % G RE G PR U8 T 41 i A A o
NAD K470 5 , 3 — Bt b /R NAD " 5
BB AR A RS STAR, A 48 /R T & i
WL ACTT 255 S AN R AR oS S R KT
(R 4, 1 T STAR-HA I PREEAAR 540 F 58 200
7R T I G 2R 7K - 25 A 078 1) 338 T 328 i 14
It b 25 B AT Rl 2 I RS E R K 32 B HLIA
H AT, 8 R AR R SRR
RO, JFEFHE IR

Ak , T8 SN I L S e ) i A AR T | B
il 2 20 2E R R ROE AR UG R AR R B R TR A
SEHH: (1) 7E 2P A DB TR v JELA 25 ) <A
- S RIS, OB R SR A M 55 1 5
(2) % Wk A R A (W5 EFISASP) (1) AR,
WKL, I & AL AR ST UK 5 (3) K BUIE A
FHREEA i 52 R (UGBS 1% P9 B2 A1) 1 A
FRGHRRAE PR SV . R HESh R A W2
PG ) LT A BT FIDRG VT T4 28 8% o

Sk

[1] de Magalhaes JP. Cellular senescence in normal
physiology. Science, 2024, 384: 1300-1.

[2] Nakao M, Tanaka H, Koga T. Cellular senescence
variation by metabolic and epigenomic remodeling.
Trends Cell Biol, 2020, 30: 919-22.

[3] Wiley CD, Campisi J. The metabolic roots of senescence:
Mechanisms and opportunities for intervention. Nat
Metab, 2021, 3: 1290-301.

[4] Moiseeva V, Cisneros A, Sica V, et al. Senescence atlas

(5]

(6]

[7]

(8]

(9]

[10]

[13]

[14]

reveals an aged-like inflamed niche that blunts muscle
regeneration. Nature, 2023, 613: 169-78.

Herman AB, Gorospe M. Molecular tools for analysing
in vivo senescence. Nat Rev Mol Cell Biol, 2024, 25: 954.
Aging Biomarker Consortium, Bao H, Cao J, et al.
Biomarkers of aging. Sci China Life Sci, 2023, 66:
893-1066.

de Mera-Rodriguez JA, Alvarez-Hernan G, Gafidn Y, et
al. Is senescence-associated [3-galactosidase a reliable in
vivo marker of cellular senescence during embryonic
development? Front Cell Dev Biol, 2021, 9: 623175
Wiley CD, Velarde MC, Lecot P, et al. Mitochondrial
dysfunction induces senescence with a distinct secretory
phenotype. Cell Metab, 2016, 23: 303-14.

Siddiqui MS, Francois M, Fenech MF, et al. Persistent
gammaH2AX: A promising molecular marker of DNA
damage and aging. Mutat Res Rev Mutat Res, 2015,
766: 1-19.

Kim Y, Jang Y, Kim MS, et al. Metabolic remodeling in
cancer and senescence and its therapeutic implications.
Trends Endocrinol Metab , 2024, 35: 732-44.

Liu B, Meng Q, Gao X, et al. Lipid and glucose
metabolism in senescence. Front Nutr, 2023, 10: 1157352.
Yu DM, Jung SH, An HT, et al. Caveolin-1 deficiency
induces premature senescence with mitochondrial
dysfunction. Aging Cell, 2017, 16: 773-84.

Song MJ, Park CH, Kim H, et al. Carnitine
acetyltransferase deficiency mediates mitochondrial
dysfunction-induced cellular senescence in dermal
fibroblasts. Aging Cell, 2023, 22: ¢14000.
Tighanimine K, Nabuco Leva Ferreira Freitas JA,
Nemazanyy I, et al. A homoeostatic switch causing
glycerol-3-phosphate and phosphoethanolamine
accumulation triggers senescence by rewiring lipid
metabolism. Nat Metab, 2024, 6: 323-42.

Liu X, Hartman CL, Li L, et al. Reprogramming lipid
metabolism prevents effector T cell senescence and
enhances tumor immunotherapy. Sci Transl Med, 2021,
13: eaaz6314.

Yamauchi S, Sugiura Y, Yamaguchi J, et al. Mitochondrial
fatty acid oxidation drives senescence. Sci Adv, 2024,
10: eado5887.

Berardi D, Farrell G, AlSultan A, et al. Senescence
cell induction methods display diverse metabolic
reprogramming and reveal an underpinning serine/
taurine reductive metabolic phenotype. Aging Cell,
2025, 24: ¢70127.

Wang Z, Ge S, Liao T, et al. Integrative single-cell

metabolomics and phenotypic profiling reveals



FAE A T AR TR A A0 S ST v

1133

[19]

[20]

[21]

[22]

(23]

[24]

[25]

(26]

[27]

(28]

(29]

(30]

(31]

[32]

metabolic heterogencity of cellular oxidation and
senescence. Nat Commun, 2025, 16: 2740.
Desdin-Mico G, Soto-Heredero G, Aranda JF, et al. T cells
with dysfunctional mitochondria induce multimorbidity
and premature senescence. Science, 2020, 368: 1371-6.
Smith HJ, Sharma A, Mair WB. Metabolic communication
and healthy aging: Where should we focus our energy?
Dev Cell, 2020, 54: 196-211

Ito K, Suda T. Metabolic requirements for the
maintenance of self-renewing stem cells. Nat Rev Mol
Cell Biol, 2014, 15: 243-56.

Xu Y, Xie W, Zhang J. Metabolic regulation of key
developmental events during mammalian embryogenesis.
Nat Cell Biol, 2025, 27: 1219-29.

Humpton TJ, Hock AK, Kiourtis C, et al. A noninvasive
iRFP713 p53 reporter reveals dynamic p53 activity in
response to irradiation and liver regeneration in vivo. Sci
Signal, 2022, 15: eabd9099.

Covarrubias AJ, Perrone R, Grozio A, et al. NAD"
metabolism and its roles in cellular processes during
ageing. Nat Rev Mol Cell Biol, 2021, 22: 119-41.
Vinten KT, Tretowicz MM, Coskun E, et al. NAD"
precursor supplementation in human ageing: Clinical
evidence and challenges. Nat Metab, 2025, 7: 1974-90.
Camacho-Pereira J, Tarragd MG, Chini CCS, et al.
CD38 dictates age-related NAD decline and mitochondrial
dysfunction through an SIRT3-dependent mechanism.
Cell Metab, 2016, 23: 1127-39.

Hou Y, Wei Y, Lautrup S, et al. NAD" supplementation
reduces neuroinflammation and cell senescence in a
transgenic mouse model of Alzheimer's disease via
c¢GAS-STING. Proc Natl Acad Sci U S A, 2021, 118:
€2011226118.

Yang B, Dan X, Hou Y, et al. NAD" supplementation
prevents STING-induced senescence in ataxia telangiectasia
by improving mitophagy. Aging Cell, 2021, 20: e13329.
Kasprzyk-Pawelec A, Tan M, Rahhal R, et al. Inactivation
of the SLC25A1 gene during embryogenesis induces a
unique senescence program controlled by p53. Cell
Death Differ, 2025, 32: 818-36.

Cambronne XA, Stewart ML, Kim D, et al. Biosensor
reveals multiple sources for mitochondrial NAD".
Science, 2016, 352: 1474-17.

Zou Y, Wang A, Huang L, et al. Illuminating NAD"
metabolism in live cells and in vivo using a genetically
encoded fluorescent sensor. Dev Cell, 2020, 53: 240-52.
Yu Q, Pourmandi N, Xue L, et al. A biosensor for
measuring NAD" levels at the point of care. Nat Metab,
2019, 1: 1219-25.

[33]

[38]

[39]

[42]

[44]

[45]

Sallin O, Reymond L, Gondrand C, et al. Semisynthetic
biosensors for mapping cellular concentrations of
nicotinamide adenine dinucleotides. Elife, 2018, 7:
€32638.

Chen L, Chen M, Luo M, et al. Ratiometric NAD"
sensors reveal subcellular NAD" modulators. ACS Sens,
2023, 8: 1518-28.

Lee BY, Han JA, Im JS, et al. Senescence-associated
beta-galactosidase is lysosomal beta-galactosidase.
Aging Cell, 2006, 5: 187-95.

Cai Y, Zhou H, Zhu Y, et al. Elimination of senescent
cells by beta-galactosidase-targeted prodrug attenuates
inflammation and restores physical function in aged
mice. Cell Res, 2020, 30: 574-89.

Dungan CM, Murach KA, Zdunek CJ, et al. Deletion of
SA beta-Gal® cells using senolytics improves muscle
regeneration in old mice. Aging Cell, 2022, 21: ¢13528.
Yao Y, Zhang Y, Yan C, et al. Enzyme-activatable
fluorescent probes for beta-galactosidase: From design to
biological applications. Chem Sci, 2021, 12: 9885-94.

Li X, Wen X, Tang W, et al. Elucidating the
spatiotemporal dynamics of glucose metabolism with
genetically encoded fluorescent biosensors. Cell Rep
Methods, 2024, 4: 100904.

Chin RM, Fu X, Pai MY, et al. The metabolite a-
ketoglutarate extends lifespan by inhibiting ATP
synthase and TOR. Nature, 2014, 510: 397-401.

Asadi Shahmirzadi A, Edgar D, Liao CY, et al. Alpha-
ketoglutarate, an endogenous metabolite, extends
lifespan and compresses morbidity in aging mice. Cell
Metab, 2020, 32: 447-56.

Ye X, Li X, Qiu J, et al. Alpha-ketoglutarate ameliorates
age-related and surgery induced temporomandibular
joint osteoarthritis via regulating IKK/NF-kappaB
signaling. Aging Cell, 2024, 23: ¢14269.

Cui Z, Li J, Li C, et al. Identifying the target,
mechanism, and agonist of alpha-ketoglutaric acid in
delaying mesenchymal stem cell senescence. Cell Rep,
2025, 44: 115917.

Zhang XY, Zhang YH, Liang NN, et al. The m°A
modification-mediated upregulation of ETS2 translation
drives arsenic-induced spermatogonial senescence. Free
Radic Biol Med, 2025, 240: 384-96.

Liiddecke J, Forchhammer K. From PII signaling to
metabolite sensing: A novel 2-oxoglutarate sensor that
details PII-NAGK complex formation. PLoS One, 2013,
8: e83181.

Zhang C, Wei ZH, Ye BC. Quantitative monitoring of 2-

oxoglutarate in Escherichia coli cells by a fluorescence



1134

38%:

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

resonance energy transfer-based biosensor. Appl Micro-
biol Biotechnol, 2013, 97: 8307-16.

Chen HL, Bernard CS, Hubert P, et al. Fluorescence
resonance energy transfer based on interaction of PII
and PipX proteins provides a robust and specific
biosensor for 2-oxoglutarate, a central metabolite and
a signalling molecule. FEBS J, 2014, 281: 1241-55.
Liiddecke J, Francois L, Spét P, et al. PII protein-derived
FRET sensors for quantification and live-cell imaging of
2-oxoglutarate. Sci Rep, 2017, 7: 1437.

Chen HL, Latifi A, Zhang CC, et al. Biosensors-based in
vivo quantification of 2-oxoglutarate in cyanobacteria
and proteobacteria. Life, 2018, 8: 51.

Zhang C, Ye BC. A single fluorescent protein-based
sensor for in vivo 2-oxogluatarate detection in cell.
Biosens Bioelectron, 2014, 54: 15-9.

Eisenberg T, Abdellatif M, Schroeder S, et al.
Cardioprotection and lifespan extension by the natural
polyamine spermidine. Nat Med, 2016, 22: 1428-38.
Jiang X, Baig AH, Palazzo G, et al. P53-dependent
hypusination of eIF5A affects mitochondrial translation
and senescence immune surveillance. Nat Commun,
2024, 15: 7458.

Zhou Y, Wang D, Xiao Q, et al. Spermidine alleviates
diabetic periodontitis by reversing human periodontal
ligament stem cell senescence via mitophagy. Free
Radic Biol Med, 2025, 227: 379-94.

Zhang H, Alsaleh G, Feltham J, et al. Polyamines
control eIF5A hypusination, TFEB translation, and
autophagy to reverse B cell senescence. Mol Cell,
2019, 76: 110-25.e9.

Luo D, Lu X, Li H, et al. The spermine oxidase/
spermine axis coordinates ATG5-mediated autophagy to
orchestrate renal senescence and fibrosis. Adv Sci
(Weinh), 2024, 11: ¢2306912.

Vasilogiannakopoulou T, Begou O, Karali CS, et al.
Putrescine functions as a metabolic checkpoint in
replication stress-induced senescence. Cell Mol Life
Sci, 2025, 82: 410.

Liu Z, Li W, Geng L, et al. Cross-species metabolomic
analysis identifies uridine as a potent regeneration
promoting factor. Cell Discov, 2022, 8: 6.

Bogner M, Ludewig U. Visualization of arginine influx
into plant cells using a specific FRET-sensor. J Fluoresc,
2007, 17: 350-60.

Okada S, Ota K, Ito T. Circular permutation of ligand-
binding module improves dynamic range of genetically
encoded FRET-based nanosensor. Protein Sci, 2009, 18:
2518-27.

[71]

[72]

Whitfield JH, Zhang WH, Herde MK, et al. Construction of
a robust and sensitive arginine biosensor through ancestral
protein reconstruction. Protein Sci, 2015, 24: 1412-22.
Vanoaica L, Behera A, Camargo SM, et al. Real-time
functional characterization of cationic amino acid
transporters using a new FRET sensor. Pflugers Arch,
2016, 468: 563-72.

Li R, Li Y, Jiang K, et al. Lighting up arginine
metabolism reveals its functional diversity in physiology
and pathology. Cell Metab, 2025, 37: 291-304.

Wang C, Zhang X, Mao H, et al. Development of a
genetically encoded sensor for arginine. ACS Sens,
2025, 10: 1260-9.

Sharma P, Kim CY, Keys HR, et al. Genetically encoded
fluorescent reporter for polyamines. Nat Commun,
2025, 16: 4921.

van Deursen JM. Senolytic therapies for healthy
longevity. Science, 2019, 364: 636-7.

Zhao H, Liu Z, Chen H, et al. Identifying specific
functional roles for senescence across cell types. Cell,
2024, 187: 7314-34.

Cheng N, Kim KH, Lau LF. Senescent hepatic stellate
cells promote liver regeneration through IL-6 and
ligands of CXCR2. JCI Insight, 2022, 7: e158207.
Murphy MP, Bayir H, Belousov V, et al. Guidelines for
measuring reactive oxygen species and oxidative damage in
cells and in vivo. Nat Metab, 2022, 4: 651-62.

Ryu KW, Nandu T, Kim J, et al. Metabolic regulation
of transcription through compartmentalized NAD"
biosynthesis. Science, 2018, 360: eaan5780.
Wolfram-Schauerte M, Hofer K. NAD-capped RNAs-a
redox cofactor meets RNA. Trends Biochem Sci, 2023,
48: 142-55.

Dou X, Fu Q, Long Q, et al. PDK4-dependent
hypercatabolism and lactate production of senescent
cells promotes cancer malignancy. Nat Metab, 2023, 5:
1887-910.

Unger EK, Keller JP, Altermatt M, et al. Directed
evolution of a selective and sensitive serotonin sensor
via machine learning. Cell, 2020, 183: 1986-2002.
Koh HY, Zheng Y, Yang M, et al. Al-driven protein
design. Nat Rev Bioeng, 2025, 3: 1034-56.

Lin C, Liu L, Zou P. Functional imaging-guided cell
selection for evolving genetically encoded fluorescent
indicators. Cell Rep Methods, 2023, 3: 100544.

Koveal D, Rosen PC, Meyer DI, et al. A high-throughput
multiparameter screen for accelerated development and
optimization of soluble genetically encoded fluorescent
biosensors. Nat Commun, 2022, 13: 2919.



