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Abstract: Apoptosis, or programmed cell death, is a common phenomenon which involved in a variety of
physiological and pathological conditions in humans, such as neurodegenerative diseases, ischemic injury,
autoimmune diseases and cancers. Apoptosis can be detected in vitro by morphology, biochemistry, molecular
biology, immunology, and other techniques. Probes for cell apoptosis detection in vivo are still under research and
various reagents and methods are constantly emerging. However, none of apoptosis detection methods or reagents
are perfect and they all have advantages and disadvantages, as well as suitable scope of application. With the
increasing application of apoptosis detection techniques, researchers will be confused about how to choose a
suitable method to detect apoptosis and define the application range of each apoptosis detection method. Therefore,

it is necessary to compare the benefits and drawbacks of existing apoptosis detection techniques as well as their
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applicable conditions. This article reviews morphological characteristics, molecular mechanism and specific

biochemical changes in apoptotic cells. We summarized various apoptosis-detection methods based on these

characteristics that can be used in vitro and in vivo, the advantages and disadvantages of each method and the scope

of application. Also, we highlighted the existing tracers that have been used in apoptosis detection in vivo, their

potentialities and limitations as well as the clinical applications of apoptosis imaging in multiple disease fields.
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Figure 1

Pathways of apoptosis and targets for apoptosis detection. The dotted boxes with different colors showed various targets for

apoptosis detection. Red: Targets for DNA fragmentation assay; Green: Targets for detecting expression levels of apoptosis-related proteins;

Black: Targets for mitochondrial membrane potential assay; Orange: Detection for cytochrome C release; Blue: Targets for morphological

detection, eg. apoptotic bodies formation; Violet: Detection for caspases activation; Yellow: Detection for altered cell membrane, like

exposed PS or PE and altered membrane permeability. DISC: Death-inducing signaling complex; SMAC: Second mitochondrial-derived

activator of caspase; IAPS: Inhibitors of apoptosis protein; PS: Phosphatidylserine; PE: Phosphatidylethanolamine; Bel-2: B cell lymphoma

2; Proapoptotic Bcl-2 family proteins: Bid, Bax, Bak; Antiapoptotic Bcl-2 family proteins: Bcl-2, Bel-xL; tBid: Truncated Bid; TRAIL:

Tumor necrosis factor-related apoptosis inducing ligand; Apaf-1: Apoptotic protease activating factor-1
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Table 1 Comparison of different apoptosis detection methods in vitro. EM: Electron microscope; WB: Western blot

Target Advantage

Disadvantage

Scope of application

Morphological

features the observation

Simplicity; convenience; intuition in Can not recognize apoptosis in a small
area; easy to confuse apoptosis and
necrosis; qualitative but not quantitative

Light microscope and fluorescence
microscopy: mainly suitable for observing
late apoptosis; EM: suitable for detecting
apoptosis in different stages

DNA fragmentation DNA gel electrophoresis: simplicity, DNA gel electrophoresis: poor specificity DNA fragmentation assay: suitable for late

qualitatively accurate; TUNEL:
sensitive, specific, quantitative
High sensitivity and specificity;
commonly used and well-accepted
assay

Biochemical
features processing
Expression level of Sensitive and specific; qualitative
apoptosis-related  and quantitative; can be used to
proteins reveal the mechanism of apoptosis

Can not absolutely quantify and localize
apoptotic cells

and sensitivity, semi-quantitative; TUNEL apoptosis; TUNEL: detecting apoptosis in situ
assay: yielding false-positive results
Expensive; requires complicated

Mitochondrial membrane potential assay and
phosphatidylserine assay: suitable for early
stage of apoposis

Being suitable for detecting apoptosis in
different stages
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FII PR S B 11— 350 23 1) B AR i %A S 8. Retis il
PRE0 YR T2 5T UG B SR Bz R 2% DU JLAMEE
fiE: @O BREF ST T 40 M 45 & B A S RE S I AR R
P, BERT CUF T 40 B 0 T S B B A N, i mT BAAR 47
Hiy X 23 8 T4 BRI SR SR A L, @) PR AT BTG A A AR N A
FH, Wik es 2505 45 7853 (A9 43 A, AT DAAE 4 B pis
I3 A DA S AR B 5 5 A s B, B RIFIIGE S
Folb; @ AN L8, H A2 B AL 5 R G 9% N
@ REF B A B AR AR E M, © BRER RS B
PR SE B AT M. o 75 T30 F2 H % 2B 1) caspase-3 0
Y1 RS b B i [PS AN AR Bk £ B % (PE)] A X RR P
DA B2 24 B F 308 375 1 4038 R AREALE 350 ] DUAE 3 ORI R
PR TR TR IR BT, P T 40 B R T 1 e B AR B
5.1 LIPS ¥ SMEHBRIRE
5.1.1 Annexins J8 T #& MR & CH AR 2 10
AnxAS A TR T TR I, 1% A8 7 T LR
MR PPAR 15 R P AR T 28 o I R P R 58— A
Y R T A AR S 2 P Te-AnxAS, 3 T " Te-AnxAS
(1] SPECT A& 7 & il = 2% s e AT P8 T2 i LA
AT AT PR ST TE I R P T AS MR 57 o " Te-AnxAS
AT A DU 1002 0 D 4 PR O T B, e
YEIT RO, a0 Sk 30 ot DL R 5 B B G (CD)
B BT TNF-a PUARIETT 75 T 40 A T8, il
SIPEARIE ) AnxAS 4 H T PET %% . PET &) iz
i (1 (R 67 2 72 °F, (B L= 32 W%, DRt T DA A 2
T WL F B KR U P R 2R AT B AR, W0 %G,
P, AnxB1 5 PS A w1 g, R R FRIC

AnxB1 4% H T PET 4

AnxAS & A 5 RAPEGCK R T K Gd-Fi FURECH J5
Al PLEEAT MRI™, SR H 28 657 12 1 AnxAS 7T LLEAT )6
A% . AnxAS ) MRI ] DL £ 2 i 46 of 28 5 1
M AR, HR AR FE 5 AnxAS [ 35 HURE B AH 5 PR 1R
U, Head 5™ K 7 —Fog BU R L LA R R JE
Bl 1) Anx AS U8 TR I EREL, A6 B0 (1 4k 3 A1 0 B 9 12
R RS o 3K 2 1 AR (1 T FH 4 R ARSI ) A= 4 1k
R I AnxAS #R 5 . Zhang ] BRI IF & T — Fi o
AnxAS BREF, ZIREN BB TE R B I T AR RO LR
Re % #% (BRET), W i 45 & e n] DLETE AR B 1)
RIZH S Sz 15 . Zhang S50 41 €8 %6 6 B A
(TagRFP) FRic ) AnxAS F T-shiG 4k 4 g 28 350067 PS #b
BHAAS I, HF HAEBH T PS J& AnxAS V697 i 48 (O #E £ o
512 EMEAEBI-C2A LM ETHRMIRE =
fil &5 & B 1) C2A 25 32 — Fl Ca™ KA 1) W LA
PS &5 A BE TR A R A, © R EAZ B AR IEH T
AHRRIH T AR . C2A 4r FHRET B4 N B FH 2 49 32 B2
£ i TE SR O URE BE J5 40 B R T 16 43 A R AR I
™ /b B 8 R U AR IR 1) C2A 43 TR %
F K AT 5 B TR A R T, P Te BR ] 1 C2A
FNF-C2A-GSTM, TRk 2 B /) BRL bk 98 AN 2L e
Y R A GBS, A8 98 AR g 1) C2A S5 itk T
DK I 31 5 28 L FR T B9 AnxAS AR 5] 7K F A 40 R T
5 AnxAS HH b, C2A &5 #3805 3% 41 M 11 45 & W 2 0k
/b, DR HEGH R T R R BEAH M (1 S 1 25 S 3G 0 T 4 A5
R 45 G 8 H 1-C2A NI R I B — AU S P B i )
iy 240 P O O AR PR ET R T — SRIBTE S R
52 ETZREATERNIRE

B0 PRE (A4 P 37 B ZR S, 1T 22 KPR AT
DL G IX AN i) /. 5 PS 284, PE (5 A B AR 1 20% ~
40%) 7E 41 Ff 3 THT 6 3 300 A0 A2 40 PR R T2 (1 32 0 48
LB T4 B i PE S s T PS, Bl 5 PE 45 &
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HIEREr S RA RG] /7%, Duramycin /& —Ff —
T ACER MK, EH 19 AR RR A AR, R4 101 1 bl v o
R0 B B M 45 4 PE), K {20 9 4~6 nmol L9,
Duramycin B 5 & 8w M mog Ay vk, &%
O Te brid Bl £ Cy5.5 FINIR790 %Ot brid Ja, BA
558 K 1R 45 A LI RR R 4 I 254K 3 0 SRR AEDY, R e
R—MERRNAER AL T 0 FHE. BTH
PS FI PE # #& LA, HEE A& R TR T4 x
T, B AR AT DAAE N A0 B 08 T O RRAE 2 — B, 2 kR
1E, Zeng ZEPYIF & Hi — Fl CQRPPR 75 ik (Apopep-1),
BEFXT S S R AR I A A HL.
PER (") A& 1 1) Apopep-1 15 [/ 983 41 B R T~ ) PET Kk
1§ BT RE, AT DL IE At b R I iR s g 2459 )
WIS . BEAL, BB 5] caspases H U PE AR A0 Bk 5 4%
TR I 40 B U T2, @) 92 1Y caspases #1571 Z-VAD-
FMK"™. Kolb [ B\ %5 % JF 5 AE T "F-CP18 W] LAfE
NTT AN caspase-3 175 P4 W T A0 A5 B 77, B A2
— i caspase-3 JE A R I EAA
53 Ny FUHEDIRE

&5 FEMAA Y KA PET 355 oK 8 R
AR AL, — & OO AR i AR eI AT, B
K5 T EAE Y5 TN YE R 3 B 456 58 i B 4 R
AR R N g F PET RT3 4 1 AR 4y
A AR ARG B 2, =R B AN T EA 5 5]
S 958 5 1) S B DU A DR R /N 93 T A 0 B 45 o j G
T, X R RAIREHERE T L T M. HAT, T4
K ()77 F PET ¥R 4F 32 2245 3 F: %15 caspase Wi
PR L I 8 A A S v A5 i 2R 1 R At R L o) 4 o e
FR A IR E
53.1 %t caspase BURRIIRET REH A & YIEF
FEHE T IR ECAA b, {52 B 5 8 Y 7N 73 T caspase #1)1 il
FII I, M RIS T E KR . BN T
wEMHAH LA "CECCF FRid T PET AU, 2
FEHE 40 251k & "F-ICMT-11 F1 "F-caspase 4% & i 5F
P i A —""C-WC-98 Fl "SF-WC-IV-3, iX £ 14 & 4 7] LA
FAAEAA SRR P 20 B ) T o IR D £ Tl Ik i 2%
L4 42 caspases [ A 57, 4F Jy— Fb B 0 AE ik St e 4
Tl P e 5 AL — W C- 11 -89, & ] DA &E & v T i A
W H caspase-3, 36 T °F BICET bR S, R TSR
PR AL B R A o0 AR R, v DLAE 40 5
TR BT A AR 9 TSRS AT R . PF-WC- 11 -89
S —FBAE B PET 7< B3 77, 7T FH T caspase /13 Y 2 Jfd
PR AR N A
53.2 KMNZRAEB AR RITHRERN—
Fh 71 72 A FH T8O 1 A 1 1 P BURR R, B F JECH

P [A) A7 2 Aw il 1A HLBA 1, o F- R i = R R
FHES 7 ("“F-FBnTP), 18 A i 206 467 4 J5E e 437 38 2K T
AU T REAT SR . TR TS T 2 ), B Rk
AR P B P LA 2 B B 2 R, 1X 2 B BUR BRI
B HRk D o BRIk, 5 At S IR WL 82 21 (145 5 1
T BRORT Bl 33k A I 2 R A i FEL AV 38 2% (1 HR 1 7E 48
MO T R BoR B SRS . (R X R ERE A A
AFAE— /> )8, 502 6 40 PR 7E RS AL R & 4R &
T, SR AT AR ET A HE S A0 M T RE 4 R AN 2
TRt

53.3 PR[EZAAEAERRICAOIRET A M R AH B UE T
)RR BOR AR — RV E A A8 Ak, BLHE 15 40 B JE AR
FRESEREVEMI TSR R, H 0 5B F 7 () AN AT 3 38 2 L b
B /I P R0 48 5 £1%) 7K AR R AX DA B B 1k i T 28 4 P I
AR, JE T X L [R]I R AR B 4 PR AR AE AR A T T AR
D735 0] DX 4398 T 20 B - 3 40 L R SR A 4T B, S
BN T4 A W) ApoSense Z % H Damianovich 7115
TF, e A AR A AR AR B B e T an M o o
FE A 40 i B pH ARk o %50 T B 2 AN shi A A v
KU T m R e A E D EEE
Tl I 2K Bt 2 R (DDC) . 5- — H 4 Fk-1- 25—l e H -a- 2
FE R A &R (NST-732) K HATA Y 3% (DFNSH)
F4-(5- = F Bk - 2% -1 - Tl I k) -3- (4- T R ) TR
(DSNBA), VA f T 2 -2- H1 B - — g (ML-9) 1 2-(5'-
R FE)-2- I FE - R (ML-10). DDC 7 f5 ¢ to %
¥, Damianovich 5% SR FH SO 14 4% = EAT AR, B
105 1) DDC ¥ 72 3 B 2t B /N IR S8 sh i 7 |
A DL SIS 05X 3 AR AR A o N A R B, IR
M Ho o3 A 53R LY, DDC £ BAE 7R T 4N i
B, AT PABORAS 5, 3 {5 e HBY, NST-732 & A °F
HEAT U ie, JFE 15 HUTE Ik 298 ik o 20 P A B A RS
S 40 B T e g e, ML-9RURT MIL-1057 () ¥ it
SRR T —ANE I b HE N R EARCY, S AL AR E R
SRR, AT DUAE R — S0 R TR W N2 A8
PF-ML-10 7E AR H BoR R AP I &5 A 50 AR
Fam b U R ST Rm S S 0% BT
N o7 RS R D R D RESE ], 5 " Te-AnxAS
AH L, B 00 RS B IR PR R . T4
SEPEVE B RO IR ES, SR M40 R AR R 2 ),
PF-ML-10 ({5 5 2 2%, IRk e ] DAIX 58 T 40 ffg A
INFIELNMI . Reshef 25027 YK SF-ML-10 FH AF 44 P i
b A8 B PET 38 %T, B2 B A NIRRT R P B
() PET 8 T MR, CLAE TLAS N BB 1) 11 PR 3 56
B T ARENS R, NIER ISR T 5%,
HAEFEBEMZE L. PRt RInme = %R
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BAEFEA S PS 45 & MR, NIRF A7 1K (1) PSVue %
FIPE T2 A% 7, 10 PSVue643. PSVue794, £ H & J& i
S HIEnE R BAGH) . BF FRiC K PSVue643 4 ¥ ik
SN N 5, AT LLJE I 3E AT PET 2 4% Al NIRF
AP
5.4 AT MRRIRERT

AR SR, SR AL R TR TR AR B AR I
W NGB AR AL T WL 2 R ] g T BIHA IR 40 15
1O FA /B A BEAFAE 19 5 U AR SR o A O AR R
B ) B W T ) R AR R U TR T R AR AR,
HEAT U FRiE BT e bR e, M5 5 G H R 45 4
F 2CHONGF T 22 ol HRLYE T ARSI
6 RES5RE

M T RV 2R TR EYIL A
P8 B TR — 0 A B I S P AR I AR 4K, oF 200 0 Tk
HEAT R 75 A B AT TR PR A2 W ) 7 ok, B
MO E . FH - 40 M 08 T A e S SR 2, B 1 B,
X LG SR S A TR T 2 A AR T B
2 M R T RS I T VE AR 2, R A% O T L
3ANTT I @ SR A BB AR 45 A G % 9 ek
G 925 200 LA, 272/ 6 92 2 234 2 e 00 R T /N AR G

Table 2 Tracers of apoptosis detection in vivo

JREAT W55 @ L B L Uk B K\ TUNEL A6 3
T2 A SE 73 11 77 V5 R AGL D DNA B IR 2% 7 1 DNA
i BOR R @) 2T T AEM S R A IR A 5k
5B D I G 5 73 RS DN M D 3 T ) 4 A% PR ) iR
TSRS Sl B AL AL TR M 5 MR IE
& JURMBORTR I, #0530k 5 55 iE & 0 7T H A HOAS
Jitke AIERR T RTINS AL VR R R
EACARAANE 5 e SRS, JFR 4SS T3 T IX SRR AR
AT 32 ST PR AR A AR T ks U 7 v B R R (B 2)6

FERL 1) 104 b, AR T i IR R R 2 2 0 T
BRI . XEEHE R TAE S & 8% 1 T PET B
BB PEARICH AR PET A5 5 € & 43 #7 (1 B Bk
ST R R R P REAT o 2 A RHATTS ) B8 15 7T e
7 240 R T R TG ) AR TN B A I PR 5 Bk ) SR B
A P9 2 PR TS I B AR AT AR AN W e B e i a7 AN
Wir 384 22, {EL 408 K 22 B I 5 2 B T B S IR I i
Fr, TR 3 TR RS I AR R TR g 9k 5 A A T
KRBT NATIRN AR 2 0 M T AL AT AN I 52 25 38 T A
DEAR A A A5 1R, FIAE R 7 R S0  RBUE
B FE 3 A i PR S K 7 SR A0 % P9 240 O AR Tk
FIEAA B K — % 2 i

Target Probe/Label Class Definition Human study
Exposed PE Duramycin-""Tc Peptide Ki:4toll nmol-L" None
Duramycin-"*F K:11to21 nmol-L" None
Cinnamycin-'>I K10 to 200 nmol-L" None
Exposed PS AnxAS5-"In Protein Kilto7 nmol-L" None
#"Tc-BTAP-AnxAS Unknown In phase I trial
AnxA5-""Tc (HYNIC) K, 1to7nmol-L" In phase II/III trial
AnxA5-""I, AnxA5-"'1 K,: 7 nmol-L" None
AnxAS5-"F K,:2 to 10 nmol-L" None
AnxB1-""Tc K, 50 nmol-L" None
AnxB1-"F K, 10 nmol-L" None
C2A-GST-""Tc IC,,: 90 nmol-L" None
C2A-GST-"F Unknown None
#nTe-lactadherin®®! Unknown None
Radiolabeled ZnDPAPY Low-molecular-weight AnxA5 mimic; be independent of Ca®', None
compound but requiring Zn**
Altered membrane DDC (fluorescent) Aposense family Uptake is specific for apoptotic cells None
permeability NST-732 (fluorescent)-"°F None
NST-729 (fluorescent) None
ML-9-'H None
ML-10-"H, ML-10-"F, ML-10-"*F is used in
ML-10-""1 phase I/I1 trial
Activated caspases WC-I1-89-"°F Isatin family Caspase inhibitors; detecting activated None
wC-98-''C caspases, such as caspase-3 and caspase-7 None
WC-1V-3-"F None
ICMT-11-"F In phase I trial®™
CP18-"F Peptide Caspase-3 substrate In phase II trial®”!
DNA damage and repair  PJ34-'"'C Olaparib derivatives ~ PARP-1 inhibitors; being specific for None
BO-"F PARP-1 None
PARPi-"*F None
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In vitro detection

Light microscopy (eg.HE staining);
electron microscopy (eg. TEM);
fluorescence microscopy (eg.DAPI)

DNA ladder assay; TUNEL assay;
comet assay; PI staining;
mitochondrial membrane potential
detection; AnxA5/PI staining

RT-PCR; Western blot; ELISA;
immunohistochemistry;
immunofluorescence

Cell apoptosis

Features

Cell shrinkage (pyknosis); DNA
fragmentation (karyorrhexis);
nuclear condensation; membrane
blebbing; apoptotic body formation

DNA fragmentation; decressed
content of DNA; decressed
mitochondrial membrane potential;
exposed PS and PE; membrane
permeability

Cytochrome C release; caspase
activation; Bid cleavage and
expression of the Bcl-2 protein
family; expression levels of other
apoptosis-related proteins change

In vivo detection

PJ34;

BO;

PARPi +

Radioactive
. labeling or
]).ummyC{n, fluorescent
Cinnamycin; labeling
AnxAS; AnxB1; Combined

C2A-GST; DDC; + o
NST-732;

2 techniques,

IR, like SPECT,
ML-9; ML-10 PET. MRI
and optical

WC-I1-89; SRASIS
WC-98;
WC-IV-3; +
ICMT-11

Figure 2 Summary of features of apoptotic cells and detection methods based on different characteristics

EE DT =2 A MR IR S LN SRR AT &

I BT HERARSCE AR E, 32 IR € Zhd 10 1 J L4k
M, Z 5 EBLEETA.

FEEASE: JrA 1 B A SCTER 25 oh 5%

References

(1]

(2]

[10]

Cheng SY, Wang SC, Lei M, et al. Regulatory role of calpain in
neuronal death [J]. Neural Regen Res, 2018, 13: 556-562.
Galluzzi L, Vitale I, Aaronson SA, et al. Molecular mechanisms
of cell death: recommendations of the Nomenclature Committee
on cell death 2018 [J]. Cell Death Differ, 2018, 25: 486-541.

Hu XM, Li ZX, Lin RH, et al. Guidelines for regulated cell death
assays: a systematic summary, a categorical comparison, a
prospective [J]. Front Cell Dev Biol, 2021, 9: 634690.

Kari S, Subramanian K, Altomonte IA, et al. Programmed cell
death detection methods: a systematic review and a categorical
comparison [J]. Apoptosis, 2022, 27: 482-508.

Fadok VA, Bratton DL, Rose DM, et al. A receptor for phosphati-
dylserine specific clearance of apoptotic cells [J]. Nature, 2000,
405: 85-90.

Hakumaéki JM, Liimatainen T. Molecular imaging of apoptosis in
cancer [J]. Eur J Radiol, 2005, 56: 143-153.

Kothakota S, Azuma T, Reinhard C, et al. Caspase-3-generated
fragment of gelsolin: effector of morphological change in apoptosis
[J]. Science, 1997, 278: 294-298.

Obitsu S, Sakata K, Teshima R, et al. Eleostearic acid induces
RIP1-mediated atypical apoptosis in a kinase-independent
manner via ERK phosphorylation, ROS generation and
mitochondrial dysfunction [J]. Cell Death Dis, 2013, 4: e674.
Parton RG. Twenty years of traffic: a 2020 vision of cellular
electron microscopy [J]. Traffic, 2020, 21: 156-161.
Nazarparvar-Noshadi M, Ezzati Nazhad Dolatabadi J, Rasoulzadeh
Y, et al. Apoptosis and DNA damage induced by silica nanoparticles

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

and formaldehyde in human lung epithelial cells [J]. Environ Sci
Pollut Res Int, 2020, 27: 18592-18601.

Li N, Wen SY, Chen GH, et al. Antiproliferative potential of
piperine and curcumin in drug-resistant human leukemia cancer
cells are mediated via autophagy and apoptosis induction,
S-phase cell cycle arrest and inhibition of cell invasion and
migration [J]. J Buon, 2020, 25: 401-406.

Yang E, Al-Mugheiry TS, Normando EM, et al. Real time imaging
of retinal cell apoptosis by confocal scanning laser ophthalmos-
copy and its role in glaucoma [J]. Front Neurol, 2018, 9: 338.
Kiechle FL, Zhang XB. Apoptosis: biochemical aspects and
clinical implications [J]. Clin Chim Acta, 2002, 326: 27-45.

Ruan Z, Orozco 1J, Du J, et al. Structures of human pannexin 1
reveal ion pathways and mechanism of gating [J]. Nature, 2020,
584: 646-651.

Majtnerova P, RouSar T. An overview of apoptosis assays
detecting DNA fragmentation [J]. Mol Biol Rep, 2018, 45: 1469-
1478.

Ly JD, Grubb DR, Lawen A. The mitochondrial membrane
potential (deltapsi(m)) in apoptosis; an update [J]. Apoptosis,
2016, 90: 2745-2761.

Parks RJ, Murphy E, Liu JC. Mitochondrial permeability transi-
tion pore and calcium handling [J]. Methods Mol Biol, 2018,
1782: 187-196.

Wang J, He LQ, Chen DH, et al. Quantitative analysis of annexin
V-membrane interaction by flow cytometry [J]. Eur Biophys J,
2015, 44: 325-336.

Samarghandian S, Shabestari MM. DNA fragmentation and
apoptosis induced by safranal in human prostate cancer cell line
[J]. Indian J Urol, 2013, 29: 177-183.

Ansari SM, Saquib Q, Attia SM, et al. Pendimethalin induces
oxidative stress, DNA damage, and mitochondrial dysfunction to
trigger apoptosis in human lymphocytes and rat bone-marrow

cells [J]. Histochem Cell Biol, 2018, 149: 127-141.



2068 - 252 %4} Acta Pharmaceutica Sinica 2023, 58(8): 2059-2069

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Kyrylkova K, Kyryachenko S, Leid M, et al. Detection of
apoptosis by TUNEL assay [J]. Methods Mol Biol, 2012, 887:
41-47.

Konca K, Lankoff A, Banasik A, et al. A cross-platform public
domain PC image-analysis program for the comet assay [J].
Mutat Res, 2003, 534: 15-20.

Guo MJ, Lu B, Gan JL, et al. Apoptosis detection: a purpose-
dependent approach selection [J]. Cell Cycle, 2021, 20: 1033-
1040.

Wang JC, Wang HJ, Zhang M, et al. Sesquiterpene coumarins
from Ferula sinkiangensis K.M.Shen and their cytotoxic activities
[J]. Phytochemistry, 2020, 180: 112531.

Fischer BM, Neumann D, Piberger AL, et al. Use of high-
throughput RT-qPCR to assess modulations of gene expression
profiles related to genomic stability and interactions by cadmium
[J]. Arch Toxicol, 2016, 90: 2745-2761.

Jan R, Chaudhry GE. Understanding apoptosis and apoptotic
pathways targeted cancer therapeutics [J]. Adv Pharm Bull, 2019,
9:205-218.

Green DR. The death receptor pathway of apoptosis [J]. Cold
Spring Harb Perspect Biol, 2022, 14: a041053.

Wang S, Chen DH, Jiang CZ, et al. Design and application of
GFP-based FRET biosensor [J]. Chin J Cell Biol (1 [ 41 Jjil 4= 4
SE4R), 2012, 34: 1258-1267.

Chen DH, Hua ZC. A more accurate and efficient fluorescent
probe of caspase-8 activity based on flow cytometric fluores-
cence resonance energy transfer [J]. Acta Pharm Sin (24 2% 2%1t),
2015, 50: 291-297.

Liu H, Wang Y, Zhang Y, et al. TFAR 19, a novel apoptosis-
related gene cloned from human leukemia cell line TF-1, could
enhance apoptosis of some tumor cells induced by growth factor
withdrawal [J]. Biochem Biophys Res Commun, 1999, 254:
203-210.

Nezi¢ L, Skrbi¢ R, Amidzi¢ L, et al. Protective effects of
simvastatin on endotoxin-induced acute kidney injury through
activation of tubular epithelial cells' survival and hindering
cytochrome C-mediated apoptosis [J]. Int J Mol Sci, 2020, 21:
7236.

Peng XL, Ruan CL, Lei CJ, et al. Anticancer effects of lanostane
against human gastric cancer cells involves autophagy, apoptosis
and modulation of m-TOR/PI3K/AKT signalling pathway [J]. J
BUON, 2020, 25: 1463-1468.

Liu N, Liu JY, Wen XB, et al. TRPV4 contributes to ER stress:
relation to apoptosis in the MPP'-induced cell model of Parkinson’s
disease [J]. Life Sci, 2020, 261: 118461.

Qin XY, Jiang H, Liu Y, et al. Radionuclide imaging of apoptosis
for clinical application [J]. Eur J Nucl Med Mol Imaging, 2022,
49: 1345-1359.

Tait JF. Imaging of apoptosis [J]. J Nucl Med, 2008, 49: 1573-
1576.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

Wolters SL, Corsten MF, Reutelingsperger CP, et al. Cardiovas-
cular molecular imaging of apoptosis [J]. Eur J Nucl Med Mol
Imaging, 2007, 34 Suppl 1: S86-S98.

Hoebers FJ, Kartachova M, de Bois J, et al.”"Tc hynic-rh-
annexin V scintigraphy for in vivo imaging of apoptosis in
patients with head and neck cancer treated with chemoradiotherapy
[J]. Eur J Nucl Med Mol Imaging, 2008, 35: 509-518.

Gao MY, Huang ZJ, Hua ZC. Application prospect of annexin
AS in disease diagnosis and drug discovery [J]. Prog Pharm Sci
(#5530 ), 2019, 43: 3-11.

Reshef A, Shirvan A, Akselrod-Ballin A, et al. Small-molecule
biomarkers for clinical PET imaging of apoptosis [J]. J Nucl
Med, 2010, 51: 837-840.

Zijlstra S, Gunawan J, Burchert W. Synthesis and evaluation of a
"*F-labelled recombinant annexin-V derivative, for identification
and quantification of apoptotic cells with PET [J]. Appl Radiat
Isot, 2003, 58: 201-207.

Kemerink GJ, Liem IH, Hofstra L, et al. Patient dosimetry of
intravenously administered *"Tc-annexin V [J]. J Nucl Med,
2001, 42: 382-387.

Head T, Dau P, Duffort S, et al. An enhanced bioluminescence-
based annexin V probe for apoptosis detection in vitro and in
vivo [J]. Cell Death Dis, 2017, 8: ¢2826.

Zhang YL, Hu J, Yu MJ, et al. A novel BRET based genetic
coded biosensor for apoptosis detection at deep tissue level in
live animal [J]. Apoptosis, 2021, 26: 628-638.

Zhang XR, Song LL, Li L, et al. Phosphatidylserine externalized
on the colonic capillaries as a novel pharmacological target for
IBD therapy [J]. Signal Transduct Target Ther, 2021, 6: 235.
Wang F, Fang W, Zhao M, et al. Imaging paclitaxel (chemotherapy)-
induced tumor apoptosis withmTc C2A, a domain of synapto-
tagmin I: a preliminary study [J]. Nucl Med Biol, 2008, 35:
359-364.

Wang F, Fang W, Zhang MR, et al. Evaluation of chemotherapy
response in VX2 rabbit lung cancer with '*F-labeled C2A domain
of synaptotagmin I [J]. J Nucl Med, 2011, 52: 592-599.

Alam IS, Neves AA, Witney, TH, et al. Comparison of the C2A
domain of synaptotagmin-I and annexin-V as probes for detecting
cell death [J]. Bioconjug Chem, 2010, 21: 884-891.

Kawai H, Chaudhry F, Shekhar A, et al. Molecular imaging of
apoptosis in ischemia reperfusion injury with radiolabeled
duramycin targeting phosphatidylethanolamine: effective target
uptake and reduced nontarget organ radiation burden [J]. JACC
Cardiovasc Imaging, 2018, 11: 1823-1833.

Marconescu A, Thorpe PE. Coincident exposure of phosphatidyl-
ethanolamine and anionic phospholipids on the surface of
irradiated cells [J]. Biochim Biophys Acta, 2008, 1778: 2217-
2224.

Johnson SE, Li ZX, Liu Y, et al. Whole-body imaging of high-

S . S T
dose ionizing irradiation-induced tissue injuries using ~ " Tc-



Fe A A AR T I A Bk S R R

2069

[51]

[52]

[53]

[54]

[55]

duramycin [J]. J Nucl Med, 2013, 54: 1397-1403.

Ohsawa S, Hamada S, Yoshida H, et al. Caspase-mediated
changes in histone H1 in early apoptosis: prolonged caspase
activation in developing olfactory sensory neurons [J]. Cell
Death Differ, 2008, 15: 1429-1439.

Zeng WB, Wang XB, Xu PF, et al. Molecular imaging of apoptosis:
from micro to macro [J]. Theranostics, 2015, 5: 559-582.

Su H, Chen G, Gangadharmath U, et al. Evaluation of ["*F]-
CP18 as a PET imaging tracer for apoptosis [J]. Mol Imaging
Biol, 2013, 15: 739-747.

Challapalli A, Kenny LM, Hallett WA, et al. ""F-ICMT-11, a
caspase-3-specific PET tracer for apoptosis: biodistribution and
radiation dosimetry [J]. J Nucl Med, 2013, 54: 1551-1556.
Damianovich M, Ziv I, Heyman SN, et al. Aposense: a novel
technology for functional molecular imaging of cell death in
models of acute renal tubular necrosis [J]. Eur J Nucl Med Mol

Imaging, 2006, 33: 281-291.

[56]

[57]

[58]

[59]

[60]

Gao C, Hua ZC. Progress on detection of apoptosis [J]. Chin J
Cell Biol (* [F 4l A= 45 254, 2011, 33: 564-569.

Grimberg H, Levin G, Shirvan A, et al. Monitoring of tumor
response to chemotherapy in vivo by a novel small-molecule
detector of apoptosis [J]. Apoptosis, 2009, 14: 257-267.

Wang XL, Li GQ, Zhang JH, et al. /n vivo detection of tumor
apoptosis using a novel PET/NIRF imaging probe: "*F-PSVue643
[J]. Chin J Nucl Med Mol Imaging (" H4% 5= 2% 5 4 T 5015 7%
%), 2016, 36: 529-532.

Zhou D, Chu WH, Rothfuss J, et al. Synthesis, radiolabeling, and
in vivo evaluation of an '"F-labeled isatin analog for imaging
caspase-3 activation in apoptosis [J]. Bioorg Med Chem Lett,
2006, 16: 5041-5046.

Rapic S, Vangestel C, Elvas F, et al. Evaluation of ['*F]CP18 as a
substrate-based apoptosis imaging agent for the assessment of
early treatment response in oncology [J]. Mol Imaging Biol,

2017, 19: 560-569.



