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Abstract: Ferroptosis is a novel type of cell death, which is distinguished from the traditional cell death
pathways such as apoptosis, proptosis, necrosis and autophagy in terms of morphology, biochemistry and genetics.
The main features of ferroptosis are the iron accumulation and lipid peroxidation. The regulation mechanism of
ferroptosis involves glutathione metabolism, lipid peroxidation reactions and iron metabolism, which are closely
related to the pathological process of tumor, aging, neurodegenerative diseases, ischemia reperfusion injury,
cardiovascular and cerebrovascular diseases, kidney injury, hepatic fibrosis and so on. How to effectively study the
role of ferroptosis regulation mechanism in the treatment of diseases becomes the hot spot and focus of the
ferroptosis research. In recent years, with the in-depth study of ferroptosis, the identification, confirmation and the
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mechanism of ferroptosis have been developed significantly and have come forth continuously, in the meantime,

techniques based on the morphology, biochemistry, molecular biology and genetics have been widely applied in
the detection of ferroptosis. In order to deepen readers' understanding of ferroptosis and its detection methods, this
paper will mainly review the current research progress on the detection methods and their application in ferroptosis,
summarize and discuss their advantages and disadvantages in the detection of ferroptosis, this knowledge are
crucial for better understanding and studying the biological function of ferroptosis.
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Figure 1 Schematic diagram of the signaling pathway of ferroptosis. There three main pathways involved in the regulation of ferroptosis.

A: lron accumulation mediated Fenton reaction contributes to the production of PLOOH; B: Remodeling mechanism mediated by ACSL4
and LPCATS3 enhances the incorporation of PUFAs into PL to form PUFA-PLs, which are easily oxidated by ALOXs and POR to form
PL-OOH; C: Glutamate/cystine antiporter (system X.") containing SLC7A11 and SLC3A2, participates in the biosynthesis of GSH. GSH-
dependent GPX4 and the CoQ,, oxidoreductase FSP1 parallelly inhibit the lipid peroxidation and block ferroptosis. TfR1: Transferrin receptor

protein 1; DMT: Divalent metal (ion) transporter 1; ALOXs: Arachidonate lipoxygenases; POR: Cytochrome P450 oxidoreductase;

ACSL4: Acyl-CoA synthetase long chain family member 4; LPCAT3: Lysophosphatidylcholine acyltransferase 3; PUFA: Polyunsaturated
fatty acid; PL: Phospholipids; PLOOH: Phospholipid hydroperoxides; iPLA,4: Calcium-independent phospholipase A2/; GSH: Glutathione;
GSSG: Glutathione disulfide; CoQ,,: Coenzyme Q,,; GPX4: Glutathione peroxidase 4, FSP-1: Ferroptosis suppressor protein 1; Se: Selenium;

HMG-CoA: p-Hydroxy p-methylglutaryl-coenzyme A; IPP: Isopentenyl pyrophosphate; Acetyl-CoA: Acetyl coenzyme A
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Table 1 Summary of the representative inducers and inhibitors of ferroptosis

Small molecule Structure Mechanism
Inducer RSL3 "w’ . Inhibit GPX4 activity
oY
H & \
H
ML162 \ Inhibit GPX4 activity
ML210 Inhibit GPX4 activity
FIN56 o 'S’ Decrease GPX4 levels
E)\ 5 /f‘f\' \\_\ |u>n_f
H fJ —uh
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032‘=4‘N G
Lq_ Nt a —~d
Q=§ )_ L) _§:
Sorafenib T Inhibit system X
L{":/ O
‘I‘w./‘t: o =
.\)\R;\ﬁjﬁ/\ﬂ
BSO W Deplete GSH
H“/K.E;\/ e
FeCl, - Iron overload
(NH,),Fe(s0,), - Iron overload
Inhibitor Deferoxamine (DFO) b o, i Chelate iron
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' CH, S0, H 2
Vitamin E Inhibit propagation of lipid peroxidation
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Ferrostain-1 Inhibit lipid peroxidation

Liproxstatin-1 Inhibit lipid peroxidation

CoQ,, Inhibit lipid peroxidation

Monounsaturated fatty acid Inhibit lipid peroxidation
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Table 2 Differentiation of diversity type of cell death

Type of cell death
Ferroptosis

Typical morphological feature
Increased mitochondrial membrane densities
Small size of mitochondria
Mitochondrial crista vanished

Apoptosis Membrane blebbing

Pseudopod retraction

Cell shrinkage

Chromatin condensation and margination
Necrosis Membrane rupture

Cytoplasmic and organelle swelling
Dilation of the perinuclear space
Cell rounding and swelling
Membrane rupture

Necroptosis

Pyroptosis Cell swelling
Membrane rupture
Deformation of organelles
Chromatin condensation
Autophagy Formation of double membrane structures

3 BERESEHIEN 5 A

20 L Ml i ) I SR AR AR SR T AR R AEAZ O
FHUH, - SRR B I I A A 4 W AR S 2 Bl
SEAGZE AR TR, stk 6 i o S A B AR B =)
(105 ARSI 77 1 9 SR 5 RO % BT
T o RO - B B BRI R AL IR
JR4H 2243 41 (liquid chromatography-mass spectrometry,
LC-MS, based oxidative lipidomics) £ J7y2:, H rf 3 F
LC-MS [k I o2 41 2 452 AR mT ofe ik A ) R 245 0 Ak
T i S AR = ) 2R 2



- 1548 - 2% %4 Acta Pharmaceutica Sinica 2022, 57(6): 1544 —1556

31 ETRARGHERIEUHMENGZE B
IS T R B 2R B A 2 BB IO It
R BB R R G S AR, TSR B A0 i Bl
4 B &5 #4 i 5 i AR A KT REAT I s

C11-BODIPY ™" J& — Ffi 2 i VE 1% 715 41 f 42 &L,
AT A 4 B Hp ) i e S A K, IR SR T AR B
T TR R B A0 T4 9 i P A i R
Gao 24119 Fj C11-BODIPY *Y%*L %5} 4 Jfd 44 ¢, 3 F i =X
ST A ARG I 2 A, R I BEL BT =R R A B RN F T A 3
RERE A M i 240 B g o i E A AR SR AR BB T . Lei
SSRGS T R A A S 4 1) C11-BODIPY %%
FEPE 20 i 22, 5 BhAE B T P RS AR G e e 5 S 4E iR A
BRIET. . CL11-BODIPY™™ ' 7E IE IR A B R N4
e, (HY L R T —HE et s, S8UE
L HE T 1 5% 6 A Bt 08 M 590 nm 34 8% £1 510 nm, M
T A 5% 6 B0 8 AN AT € 3 78 S 2 P9 (] 2A) 0 IX o
SR L ALE T E X 0,0 . —E AL & (NO) L E T /1
A (H,0,) AU, BA 3 & 1 FR e PR R,
HEM/N. FT C11-BODIPY VS (e il A 24, Ho
FAAE AR 2 FLABAS W 2 A 1) 7 7 8 7= 71, 40 Wang 220
FIH 7 C11-BODIPY®** {1y Jig i ik AL 48 7~ 771, HF
BT b Xt 1E R e g i A7 2L 4B Ak B T s v gk
T R G AR . A LI, C11-BODIPY®s*
XF i v PR T A A% Bl g M 4L (reactive oxygen species,
ROS) Flid 420 ff 2 £k (ONOOY) th %5 A iUk, ke
Xof i o I S A A P R AN LA R R

— b 3L T 7 M R TS A Click-iT LAA (3IF Jih Bk e )
PREF 1 9 B 8k 8 T A0 ¢ i R I AR A K 9
MEA (] 2B). I Ff PR EF 3 B ) F 4 4 4K ¥ Click
SN AT R N 2 RS 74D IV ek Bk ke i 7, E [ 2
JfL r ol I o o SR A AT AR B B AT A U, £ B
T¢I AU A QA A3 RT XoF 4 B R P A o et S Ak K
SEHREAT AR E . AR R, IR ERER X i T A
AP S I [ AS LA o S P

Spy-LHP & — Ff FI T & W A5 i & ik 4 4k
(LOOHS) % Y 4l Spy-LHP H A7 [ 2 AN e H 4k
P T S OB B 45 A R 71, o BLRERE R Bk
L5 LOOHSs ¢ I ¥ Bt ¢ 6 i 48 Ak Spy-LHP (UK K
FUR 5 K 43 99l 524 F1535 nm). 3T Spy-LHP [
e, A — e TN AR I 7T A0 T A i 2 i
AR S 4 ) AR O A AT AR T (BN R
J2&, Spy-LHP A~ 5 ¥ 1 H R0 — FF O 0 0 S5 M1 400 il 25
P BRI TR, 32X A A5 7 G 4T RS I ) B A AR A
K= PR

b5, Yamanaka Z:* YR AL 1 Spy-LHP [yt 1) &,

FER T —F Spy-LHP (4T £E4—Liperfluo. Liperfluo
0 s 12 Ji L 5 GPX4 3& J IR o & S A i 7 2R 4L,
‘B AE 5 LOOHSs 1 H J5 23 7 A i & 8 2 Ol 1 S A Y
Liperfluo, %4k & Liperfluo 75 7K & ¥ 1 J1 - A 317 ¢ s,
{5 1E 241 Pf R 55 T v 12k v 1 S AT 2 7 AR B B ) 2
D¢ (U R I K R R St i K 43 il 2y 524 1535 nm) B
(B 2C). Ak, 8 2 ' B s i X4 M AN S A 28 T
XoF Vi 24 R 240 B PR IR B e AR A A AT s W A
. HAl, Liperfluo © AN A 8k B8 T2 AH ¢ iR i i 4
A B — Fh B EEEREL, T2 N F AE BRSBTS 1) AH SS9
B3 R Liperfluo PR 5 37 40 i 5 47 #REF S bric
I B S LE 20 M K P i R R B AR BT AR
1M, Liperfluo A FEAZTE B AL 2 4b: @ X FhERE A
I FR) A2 A i s 6 T e Ak T @ ANBEIX 20 AN
() 28 1 ) i o ot S8 A, an AN TR AT g 7 IR st AR Ak A7) Bl
Jig i S5
32 ETUFLAAREMERISK~IENS
B CBRAET ARG G T A A S B R R AR R
[ AR R Ak 7=, b LOOHS AF b g st 4804k S 1
IWIR =), 2 8 A Bt A2 H g T 43 i i — R 51
SRR KA, 4 N 8 (malondialdehyde,
MDA). 4- 2 5 T & B (4-hydroxynonenal, 4-HNE). 14
P AN LI A8 X LR PR R Y L 2 W R A E AR
o F, T RIN-E W0 5] R 4 ik AR i — 2B a0 XX
e g oo A ) S = B HERR D, 7R — AR BT
DA B ER Y TR it v i ot o A I R BE AR BT A% K
4 i 52 10 R P

AR L 2 (TBA) N2 (TBARS assay) #&
H A7 F T g BT A A oK P B D R — Rl
R, MDA TER & i FE R YE ST, 5 5 TBAK
A SERZ N R L, T KA ¥ MDA-TBA I &9 1%
TG H1E 535 nm &b 7= Az f R IS, 9 b rT BLIE ik B
35 R 8 B R E oI S A K o T IR ER AR T
FERRHE T FRIRIE 7 rh i 1 T R i 1R i o o 28 A 7K P
HEATRE O, (H BT TBA B = I B B & — 1, Kk,
{5 1% 5 V2295 5 (8 S B F b AR BV o 2,4- 1
F KBk (2,4-dinitrophenylhydrazine, DNPH) %5 i§ Jz &
PRET W] SR o — B i Jot i A 7 ) —4-HNE | JE &
R, DNPH 1f LL 5 4-HNE & B, % e i 1) 2,4-
TRE BRI, TR R R RE W] DLE I b ek AT R
ME & AR, XEEHRE A & Tk X 7 AR 1)
FAEY, L, [FIRE B A R e 22 1 R

L A5E B 12, MDA FIl 4-HNE A~ f& £ 2R B T
T HRORE S AR R O AL, e AT AE A
FMEA N BCRES TR RE A . B, B EAIEN



BR PHIBUME A B AT T 2 B A I 7 vk R e I FH PR T 3 S - 1549 -

C11-BODIPY*!*

B ?\/\F\/MN\)M\]HE

Click-iT LAA (linoleamide alkyne)

Liperfluo

_____

oxidized C11-BODIPY*!#

oxidized Liperfluo

Figure 2 Most commonly applied fluorescence probes for lipid peroxidation associated with ferroptosis. A: C11-BODIPY®"**; B: Click-iT

LAA (linoleamide alkyne); C: Liperfluo
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ST F 2, LC-MS 77 VA7 Bk 48 T AH 8 AL A AL B s &%
HCATAEIR R I 25 8 M TAEh RAEE EEAE .

B A, — 8 L T 5 1 T e R PR I A D R R A
T U8 FF R RN S TR R AR dl (0 g o R 28 S A5 4k
B, oA, G R B AR (mass spectrometry imaging,
MSI) 52 2]z ik HOR Rl . MSIHE AR LU 1%
FEA, 8 5 R AR YR AT BRI R R, SEE
XTAE A 2R v v A4 IR BT LE N S 5 g1 1) )
TR S A AR T N E e IS S R 1 S| DEE R N
HRE S 1 R — 0B 7 i BB R (GCIB-SIMS), i
2 R BE T 0 LM P B St i 8 9 A R o ) B R
Ih 4 28 0 Hp SR A TR TR e 2 B ) 2 TR) 4 A B . MISI
FEAR LA W 1 R AR v, ROk O R
BRAE T IR T A SR 43 T HL P AT VR R
4 HEETHENTTE

BB T AE DK B A i o R oo A A SRR R SR T
AT 2 A AN T B R4 S, DRI, 4 gk 7 B e
Fe? 55 Fe* [ LLAE (1 I 5 W] R 9 8k B T2 et W ) 28 22 45
Fro EAT, SRS B0 75 FE R GRS
(Calcein-AM) b 22 e Wik (5 & - W6 e (i) A HL K
FE A %5 B 7445 3% 9% (inductively coupled plasma mass
spectrometry, ICP-MS) £& . Fe? e S kG ) 75 v 32 3
W R — 5% 6 % 41 W RhoNox-1. FerroOrange. FRET
iron probe 1 (FIP-1) £ 3 ] .

ICP-MS {2y —Fft DA L g & 55 B8 114 O B8 1 U,
KBS AT RO B TS L2 T R AT RO, 2 H AT H
TEMAEMEANSSGE T SRR NERTER L —,
BA RGBSR HAT, X —HR 8 75 2k
BET [ A 9 WF 58, W Yoshida 2% iz A ICP-MS #1
Calcein-AM ZESEIRERTIN 1 4 i A Rk & ==, R 4 I
TH %5 2 8 S5 25 38 I 40 P HR Bk T AR R 1 R AH DR
T A% 32 4K 3 0% K7 4 (nuclear receptor coactivator
4, NCOAA4) fie fig 10 i 7 JIH I 55 2 i 51 7S 1 40 g 2k 2R
BLOEH T5HEWZSE T HREEE NPT TR
28R, XTI VR AT AE — A I R PR 1, G0 44 A Ak
PO RE e ARSI SRR A . e L G

k2 o HR A = BRI — Rl U I R 48
Ji%, Yu SR B0 1, R I R S T B e ik R
2 51 I R AR R 2, ki BG n 7 R T
B0 JFF A 0 1) B Bt o AR 7 AN I T e 3 ) 2H 21
HSEHRESSRERRSGNSE &8, ANEH
T AR B R B o R G HRE MR A Ik 25
O R4 AR, Calcein-AM il Phen Green
SKAFIX K B A BB+ 8 & B I IR B E IR 1
BN B WS B MUR 7 AR BRI O, T SRS TR e
W5 A5 B 1 ¢ S R K, R e AR Ak 1 ) S R
S PR I B AR IET (8 3A) . 1 R
AT, AL 12 BT S A e A X 58, XA ]
R AT RIEHEMEZE, ol ge 5 R — e E s
FHEAT M. N T AR Calcein-AM 28R £ A 2 2
Ak, BEFEN GO R T — FR B TR Al Fe &
BRROGIREE . b, — RO R AL I PO
PREF a1 RhoNox-1®Y 58 % 5 Fe® K 57 [ B, M T i F £
I 5 S REB ORISR e G R AR [P 548 (1 3B). JH i Xf
D¢ 5 FE FEAT A I, T SE IR VE A M B UK R AL 2R D)
b Fe® AT e b . Kremer ZEE F1Z R %!
or Wl 4 LR B 1 1) B, R T i R A IR B
% B e 0 I8 0E R B8 1 HORE T, 5 3 M 4 i O A Bk
BLT-. FerroOrange 1 Mito-FerroGreen %5 4R £t 1] LA
F T4 AR AR E Fe® & & . IXBREF A2
AR A A A T R 0 2 S Bk R AR OB, RT DATE Fe
BCHA A &R AR E N, B SR 6RE AR AR
b, B EA &2 E VEAC A M 25 M AR A, BRI, EAT
AN T AT A0 Fe® 1 g %0, S Ah, —2K D
FIP-1 A AR 3 T P i S8 A e L 1Y) 2 D't L 4R e &
% F% (fluorescence resonance energy transfer, FRET) &
B, W4T R A TR S M R B T o R R R S
AR FIP-1 4R T 8 Jeb o 4 5% 2 T A 7 Ol 5 A
(Bt 6 RO, 2R 58N Cy3), Fe* REfE i
M B R AR TR, T RIS T AR R (B 5 32 A Rk 14
Z TA) B FRET R08E, A5 15 43 A Tk 1] 11 ¢ e S5k 35 42 o™
(E13C). U4k, Gao S5t B T 5 Y IR g = 4 B 12
ARYETE T —F e A T DBk A0 T 4t i A F e Fe® AR
I 2% JE PR ST DRhFe. 2, X Uk S ME PR A i il
BT BB T AR AR R R T AR .
5 A RBtHEBAACHIE B AR XA A

4 W H BE (glutathione, GSH) #E 3 J2& 41 il $h AT £k
BT 1) E B R 22— G GSH i #E R b 2 1R B X
SEtebR o] H T IR IE T R
5.1 GSHBIHM  GSH el /7% 3= 2457 &
HILC-MS ik, H e i) G ar il v # 4F i (5 L R &%, /2 H
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Figure 3 Representative fluorescence probes for iron detection associated with ferroptosis. A: Calcein-AM; B: RhoNox-1; C: FRET iron probe 1

B TR0 GSH KV d f i B — P ik . B I
D3N GSH BEW 5 B AR A FE R R S R, 7= AE
—FRTEUE KN 412 nm Ab A e R GRS B ), T
i b B ik AT GSH 1 /K P 3E AT i &l a2 - Jang 2P
R HZIT AR T 40 X kLA ) GSH & =, 35 B 1)
BT 28R4k GSH 76 O UL LBk AR T AR o — 2828
Y644t 1 Thiol Fluorescent Probe 1V (3R 5 K A1 & 5
B S 2 400 F1 465 nmy) A B 5 S B AR S AR
A LUR T GSH I & & I, S50 4H i Y GSH 1 T #E AL
Ay B, H R IX R AR X GSH I & — AN . M EL A%
Si ) GSH K& 5 v, LC-MS L B A & R B FE, iR
S 00 BRI 5 A A AR A, H AT, LC-MS ] S B Bk AE
T FE ) GSH J2 % 4L A GSH (glutathione disulfide,
GSSG) F e H A W, T e 1 J= PR 7 T Il A
BRI AR BRI o T TR R A, LA TR
FiC 45 5 R R 45 AN B b3 N B

52 BERBRBBUEMHMRN ARk
R4t (system X)) S HAH ¢ ¥ & AR ST
R BAEFHC, DR, B R EGE PR AR AE system
X PR RS I i b 4 )32 N FH TR BB T R AH G 7

I 57 28 A 102 H A T e e 2 R 4 DU 1t A
R T73% . G Zhang R B O M 1R 47 2= C Fnic
R, KIL T SLCTALL A T I 2 IR 5% HUE 2 1 GPX4
M8 A A . Jiang ZEUSR I MC bR id R R AT &
PR B S B, i Bk B 1 p53 a4 il SLCTALL 1) 3%
T T 90 o) PO 2 B, MG 5 T A I B A T ) A
JEME . X Fh T IR RE SR Dt = R HEAT R B, SR AR TR
T & 1T PRI RS DA 88 B Sof SI2 38 2% A1 1) 2 SRR N 7 %
FyAh, — e B RNt n] A Tk bk SR 1 A5 B
P, 1 Mukhopadhyay %5:7 % H] BioTracker Cystine-
FITC i 4 i %€ 6 2R & 5 b 22 B8 1 £8 B3 1k gk 47 A
I, 4 BhAE B T OE W 25 R 5 SLCTALL i 5 1)
e JbAh, —HeRF TN A TR T TR b A
T 5 TG M B O 4 1) U7 3%, 0 Shimomura 2 V37T &
TP TR AR P I R R ¢ E 0,0 N M IR I
10 52 v Sk 0 B X M ) 7 i, e 8 S BN % ol 4 i
HH ) S TR e EC T 1 R ) X R A R
HEATVEAN
6 FRFETHEXIFSFIFE S FRIZAIEN

BRIC T R A o4z i R R B ARE VIR o g A
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SR 2 e H IR AR 55 22 2545 5 0 R 11 28 XM 4%,
I, K A Western blot. % 9% %¢ 5 e i 2H 2340 5 L SR
P € i PCR AR 55 75 v I 58 BRAE 1215 5 A 4% 43
T FRAK KT T S 40 Bk A8 TS T B AR
6.1 HKETHXFSMAES FEEREKFENE
S A g2 A I A HE Western blot 432 2¢ Sl Fl e i 41
S A5, R E R I A 45 R A T I AR 2 A 18 i Y
A2y T 1 SLCTALL.GPX4 . TFR1 &5 [ ik Kk %
HERRFE T R . i Jiang 2577z i Western blot 3 AR
WFFE T p53 1#% SLCTALLTEIRBNERIET R A H IMTE R
Friedmann 50712 F % 45 R A6 01 GPX4 [ 5 4 R ik K
P, R T GPX4TE B e . AR
N G AR FHAZA AR I T Bk B T3 B v ) FE At 425 2
1t TER1ME, ALOX12M. iPLA ™), Keapl-NRF2I",
ACSLA™ | ALOX15M [y 3Rk, SR HIF 70k B8 T 11 95 22
RERE RN AL . 1% 7R I A AR I R A A
ML — MR, AR AR DR E 2, S i fE
BH R EM ML R . JFH, TR d R
WRME A TR, A B 55 2 E k2 A Bk
FETI R O, H 4G HAb 1 B R F BRI R R AE
BRAET .
6.2 HKETHXFSMAES FEERREKFENE
M %2 F PCR J5 i il ik A R A T 5 43 1 1)
R RIE K RBIERIC T IR A BT AL g ik
FET-SRBER IS (SR IR, gatd al S iR 2 Wl Sk &
FSCI 2 1R 5 (K] PTGS2 A JBE T IR S A -2 2 T 2k 2R
F R 113 R CHACL R RIK /K AR R AE T
PIAEIRRICRAT L, FET 32 S AE R BB AR G ¥ 44 A
BN Fe ARk B AR PTGS2 A CHAC ) 3 (K 55
KPR Z R ERBE TR 35308 B, (H e A IR AR AT
A bR EWUR BA — € R R, a1 PTGS2 Al
CHACL JEA & HAE AU T2 5 B L o i i Rk,
TEFC At — oS A vt BB S A 2 e
7 RESRE

BAET M KR A0 SRR ENLH, 2805508
M5 NREEESE, K ERIE T (B 707 VR A 5

W B 2R (R 3). WA IRAE TR S AG I 5 VA B EE
LDH %A1 P1.SYTOX Green 25 H AR AN L AT Bk AE T K6
S, (IR B 7 v g A R A0 T T H A I, R
SEPUN R AE AT A IR Ik KA iR BT S TR
TR P T 25 2 A6 W0 ¥ DU S 68 030 R B0 T B o LWL F 7
2 AH T R R, B S, R AR Dy F A
W70 Rl o BT ERBE T B R R o i AR T A
DU, T CHRES A 22 R G 3% o0 BT S5 7 1 BRARAE S 1k
HITE B BT AR DR it o S A IR B AL R AR
K JR BRAE, (R EAT R 5258 2 SR A T R 0 i T Ak
W HEENHEARTFB . T LC-MS [ & LR i 4
5 Be A E 5 RS DU 77 24 FH ) SRtk b, s PRGN v
iff 7 8 43 AT Bk A0 T 4 Bl R S TR 28 B 1 s o S A,
I H e 88 SN I o S8 WA T 2 S R AB I A R
(oA o EEXTER B T B SRR, ICP-MS Re % Skt
BB T R I MERI G, (H L S R, B AN [
FAVRES TAG I A RE S E AN . IR EHE I 2 B AT
S = TRk B T o R I s, T SEEIRT Bk
B8 B R R AT B AR . R A
JOR AR 3 40 PR RS U, 3K 7 A v 2 E A T AR
GSH ¢ A F #1715, LC-MS ¥ i T B A HE i 1t =
RE S R R S AL E, B SEI GSH J¢ GSSG
(RS R S B o T ST 12 ()7 3% EE R X430 8 ARSI 6 1) 2
SRAE T, (' RERS X GSH A Rl 2 ) 5% B S 3L R ok 2
BRI B OE M REAT BN AS B o T XHERFE T 4 T 1
oL, G5 43 T ik B SN ¢ ) € PCRE 1T LA S B 6]
PAUT R B R O RIE K T e &, UL
XAV R BRBE T AT FE 0 B PR AR T v, 39 %
H IR ARA R 2 Ab o 7552 Fr N I 72 RS0 s 58
H 1R S AN R 1) S 36 7 1%, IR R B T 1A
[, 45618 2 Pl D 37 B, IXFE A e 47 Ktk
AT 22 G5 A SR AE TS ATAS R L WA S L B 9
bt BRI AN T R Fe BTk 0N 575 R B8 TR 2R 1R A W
RN, AHAE KRR 2 5 20 57 v 9 (0 s 77 vk
W Hciz F, 5 B 98 3 58 4 1 e W Bk A0 1 A R AL
il S HAEVR T T IR

Table 3 Summary of the common detection methods in ferroptosis. PI: Propidium iodide; TEM: Transmission electron microscope; ROS:

Reactive oxygen species; 4-HNE: 4-Hydroxynonenal; MDA: Malondialdehyde

Assay and tool Method

Advantage Disadvantage

LDH assay Detects cell death based on Easy to operate and Not specific for detecting ferroptosis
chemiluminescence reaction low equipment requirements

Pl A fluorescent probe for detecting cell Easy to operate and achieve quantitative Not specific for detecting ferroptosis
death and visual analysis of cell death

SYTOX Green A fluorescent probe for detecting cell Easier to operate and achieve quantitative  Not specific for detecting ferroptosis

death and visual analysis of cell death than PI
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Continued

Assay and tool

Method

Advantage

Disadvantage

TEM
C11-BODIPY®&t
Click-iT LAA

Liperfluo

TBARS assay

DNPH assay
Immunoassays for lipid
peroxidation

products

Oxidative lipidomic
based on LC-MS
ICP-MS

Prussian blue staining
Calcein-AM

RhoNox-1

FerrOrrange
Mito-FerroGreen
FRET iron probe 1
GSH assay kit

LC-MS

BioTracker cystine-FITC
Radioisotope labeled
cystine

Immunoassays for key
regulators of ferroptosis

PCR analysis for key
regulators of ferroptosis

Detects morphological feature of
ferroptosis

Lipid sensor for detecting lipid ROS
in living cells

Detects lipid peroxidation-derived
protein modifications in fixed cells
A fluorescent probe for relatively
specific detecting lipid peroxidation
in living cells

Detects MDA product of lipid
peroxidation

Detects 4-HNE product of lipid
peroxidation

Detects MDA- and 4-HNE-protein
adduct

Identification and structural
characterization of oxidatively
modified lipids

Detects total iron level

Detects the distribution and
amount of iron deposits in tissues
A fluorescent probe detects

iron level based on iron chelation
A fluorescent probe detects

Fe? level in living cells

A fluorescent probe detects

Fe®* level in living cells

A fluorescent probe detects

Fe?* level in mitochondria
Detects Fe*" level based on FRET

Detects GSH content
Detects GSH/GSSG content
Detects cystine uptake

Detects cystine uptake

Detects key regulators of ferroptosis

Detects key regulators of ferroptosis

Directly observe the morphological
features of ferroptosis

Highly lipophilic, easy for

membrane entry, low toxicity
Localizes and quantifies lipid
peroxidation in cell membranes
Specifically detects and quantifies lipid
peroxidation in the membrane of living
cells

Easy to operate and low equipment
requirements

Easy to operate and low equipment
requirements

Easy to operate, strong specific

for the detection of MDA- and 4-HNE-
protein adduct

High specificity, sensitivity,

accuracy for detecting ferroptosis
related lipid peroxidation

Accurate determination of

iron levels

Good stability

Sensitive
Sensitive, high specificity for Fe**

Sensitive, high specificity for
Fe®*, low toxicity

Sensitive, high specificity for
Fe?, low toxicity

High specificity for Fe*"

Sensitive, easy to operate and

low equipment requirements

High specificity, sensitivity,

accuracy for detecting GSH/GSSG
Achieve quantitative and visual
analysis of cystine uptake

High specificity, achieve

tracking the cystine

Sensitive, strong specific for detecting
key regulators of ferroptosis
Sensitive, easy to operate, specific for
detecting key regulators of ferroptosis

Subjectivity, complex to operate

Not specific for detecting

lipid peroxidation

Linoleic acid dependence, not specific
for detecting lipid peroxidation
Unable to distinguish different types
of lipid peroxides

Less specific for detecting lipid
peroxidation, prone to false positives
Less specific for detecting lipid
peroxidation, unable to distinguish
different types of aldehydes

Unable to distinguish the specific
modification of MDA- and 4-HNE-
protein adduct

Complex to operate, require

special equipment and technician

Only for the total iron level detection

Not suitable for the detection of
free iron levels in living cells
Not specific

Not suitable for fixed cell and
paraffin slices

Not suitable for fixed cell and
paraffin slices

Not suitable for fixed cell and
paraffin slices

Not suitable for fixed cell and
paraffin slices

Unable to visualize the content of GSH

Complex to operate, require special
equipment and technician
Prone to false positives

Complex to operate, require special
equipment

Subjectivity, prone to false positives

Relative expensive

TE& TTmk: T B N R AL 2R IA
S WK B UM 52 BRSCHR I 78 D) BEEE L $58 5 ik SR A0 T
AT R BRI A B M Rty A
L E

FHANE &
BB BT 78 %

FERSE: PrA1EE L AR 2R
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