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Abstract

The expanding applications of molecular dyes in fluorescence
imaging, OLEDs, and photocatalysis demand theoretical tools
capable of reliably predicting absorption and emission spectra
and excited-state dynamics. This review outlines current
computational approaches to dye photophysics, focusing on
quantum chemical calculations based on density functional
theory (DFT) and its time-dependent extension (TD-DFT) for
analyzing excited states and transition processes. We showcase
our recent research on fluorescence quantum yields of
phosphorus-bridged stilbenes, energy-transfer analysis of
photosynthetic antenna complexes, in silico exploration of novel
n-frameworks, and spin-orbit-coupling-driven dynamics
simulations. These examples demonstrate how quantum
chemical calculations can quantitatively uncover mechanisms
inaccessible to experiment, advancing theory-experiment
interplay in dye-molecule research.
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Development of N-oxide chemistry-based ferrous ion fluorescent probes
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Abstract

Iron is vital yet toxic in excess, triggering ferroptosis via
reactive oxygen species generation”. To visualize labile Fe*
dynamics, we developed reaction-based turn-on fluorescent
probes utilizing N-oxide chemistry, where Fe? selectively
reduces a non-fluorescent N-oxide moiety. The N-oxide
chemistry, initiated with RhoNox-1, was expanded to target
specific organelles, revealing significant Fe** accumulation in the
endoplasmic reticulum (ER) and lysosomes during ferroptosis.
We also established the highly sensitive probe RhoNox-4
(FerroOrange), which has enabled high-throughput screening for
iron-modulating compounds. Notably, because the N-oxides
selectively oxidize Fe?* to Fe®*, probes localizing to the ER and
lysosomes were found to effectively inhibit ferroptosis,
highlighting their utility as both imaging tools and biological
modulators.

1. (FL®HIC
BHISIZIZITRTOEBKICEDTHEDTETHY . EMNIH
WCTIIREZBLBEEIIERESERECH D, BIRER LIV
F—EERE, WBADREEEBIDDE., BREILESAF 3. B
ERRNLZRZHSTZEN D, ZOREIFERICHEIN T
V(). ZDieH. BRHERBIIZLDEEZXBEDRHEEN
HESINTHY 2, IHC2012 FITIIHMENMARI (7O
A=) Evore, S EREBDHRETARSINTIND Y,
“ffigkis. 7 h&IS : Fell) + H0. (or L-OOH, L (3AEE)
— Fe(lll) + HO® (L-O°) + HO™ [C &Y. EEICBERISHEDOE KO
FUNSUHIPERBES DIV EERT DI ENMSNTEY.
ARIEHEIEZ ML RIS ITDHMBESORBEELOTINDY
(B 1), F=. MBAICHITDEHA 7 VERISMEXDIRETIT
HNTHY ., FHEPICHSNTMkamt D2 &3, HEN
BAHIZITTHL, BIEZA ML RADBRAZRDHD L CEHEELR
BHDO—DOTHholzo ARTIT. EEOHNHHEL CE-TM&IED
BEX7O—TJICD\T. ZORBECAFICDNTIENT D,

BN AALRIYAR=I=
/.. ™

ik
—
@ TNFFA B

i

o) \

: ‘OH

& | € @
! By

1. MR EREDHE

EMBRETIIS M S Y RR—5 —D# v ROVY VNV BEISZE#ERH T D, &
foo HBEADETHRIETH D I EASERORLIIZMH TH D, BIFIC. 7T
FURIBICEWBIER L 2EE LS B D2DOEZE#HTH D,

ZMZ;DFK$EEDE§EZMﬁE%7
D_

2.1 FIDEKIFAR —figkd ¥ 7’0 — 7 RhoNox-1

PA T UNBOBEINEREREE DI END, FL— MR
ICEDLLBATO—T T3, BRICEFXICHALR LD A
BISNENY (H2.1), 2 THERBEE DD FHRIAER
BI5Z&IC . tERBEOEXTO—TI3. EHRERE
F. RISHEOEFERIEZEDRHICE LS EHhN TS (K 2.2) A
ERAAVEDFERISEFEB L LEATO—TIILBERE
MTHo 9, BlrdREB4IIO-MSERNICETIT DR
THBEIE. QBEANERTDEDTHDZ & QMRS (K
B CRIGHEIZZEDIDTHD, BEFEOLHER
BEFIEMICEETDIEDD. LD 3E#ERBLTEDE
BHEMONTL D, EEIF. E=MPIN-FF2 K (UTF.
N-7F 2 R) EWSEEMED. BICKUEBTHNICER7 IV
ICEBRENDREN. KERFTEEFTEILICBERL. In
ZENE (O—4 32 B) ISHEAAATRILEY RhoNox-1 ZEBL

21 ¥L—+2FO-7

e
| —
nez 3

®ILON HHEOFF

22 k¥ EEMIO-T

S -

WHOFF StEoN
2. BAFVERTO-TOHE

21 FL—hEBEATO-TIEHAF o EFL— NERRT DT ETEHAH OFF IZ7
%, & LT Calcein ¥° PhenGreen-SK h'd 2,

22 bZRIGTO—TTld, XN OFFICKDEDICRBEEZEA L. ZNH Mk
ERET DI EICIIBRES N, HEAHNONIZED,



®
DOJ/INNEWS No.196 (2026)

3.1, wyoFF NAFDE _ H¥ON
. ad . (
S M, N
Fe2+
. e
g BREER{E

32 RhoMNox-1 A—4=vB

s00

£ 500

gm

c 300

£ 200

5

o 8

3.4

3. N-FF I REZHEEOHAERBE _MigEATO0—-7
RhoNox-1

3-1. RhoNox-1 DS EEAHF, —M#kICKW N- 7+ RENBRBRIEET T, &
HHYON T,

3-2. RhoNox-1 (CZffi# % 7RI L 72 BRDEK 2R M IVE{L, FhifeEE @ 540 nmo

3-3. RhoNox-1 DERBA 7 V& IRMHER, —MkZEMNx BEOAEXBEAEKT D,

3-4. RhoNox-1 Z {8 D fo R — ik X —2 > T Dl

L7z (B3.1), RhoNox-1 |3, KERFRICT ZMEGEIRAIICEHE
BEOEXRZRL (K32, 33), /o, £l A—-D2JI1C
SNWTEMBICHET DI EN DA Dz (B34), REEW
(3. ERDO_MEGBIRM A DHAEABEDHEATO—TELT
HWELIZY

22N-FF2 FMEZ2ODOER : SBESHEEL

O—4 2 BOEAMEIS. BERXREFEOMIAETHINIESHE
fELienEEBERICEWUEZSEIND, N-FF RMEICEIZD
EBELEINEEZEIND L. BHEEAREHG L. ZMkICK R
FHRIDEEANOETDENDHHEAICKEDTIND, ZD
Z ENS. RhoNox-1 ME Y OFF/ON RIBISFEUDMEEZFD
FH T URBEDT I/ OV URERBRICHIKRTE S,
BE513. O—FIUBEAKIC. BEERF 2SO0 HEREHE
DoY) OR=Ib. TA4ZO—F I EN-FF REL T
tEMEGHKR L (F 1 F . CoNox-1. FluNox-1. & &K U
SiRhoNox-1) (K 4.1), Z#EADEALBEHERL /-5,
NS TO—TJEIFTNRT, KERHP. EHRNTNICENTE
“figkic L cCBEAEBRERLE (K42, 2OHRT
SiRhoNox-1 WWRRBEHX TCOHEENTETHD I EE2FIAL
T. 2704 RHLETITEBRIRREICK ZMBEEN LR
LTWdZEERESMCLIE? (4.3),
EESIITOREDBHEELDFE LT, MRER/NBREBELIC
DWTHEEI LTz RE. =T VT4 2 IICRIILTIND/NEE
lF. S hOVRYTO UY=L PNRED . TJILIE 0,
PIUHRBREYTHD (K5, 2M>55, I MaAVRU7. U
UV =LA, NREEENELEEXATO—-T (FNEN. Mito-
FluNox. Lyso-RhoNox. SiRhoNox-1) (&, EHHXIGEMEAE L X
IWTHY . D, Bt - EXRENENNIELDZEND, &
BEHEHERICCABICERI D I ENTE, LE3D0HEXTS
O—THhoTINaEoEREEA A—20JICTER/NEETD

4.1. 3 :
e S S
o H.'"n
CoMox-1 FluMox-1 SiRhoNox-1
{Blue) {Green) (Deep red)
4.2, (=0l

4.3.

Scaby bar = 100 pm
4. N-#FF RETlH##HEE TO—-TDZB1L

4-1. BB, Be. FREe"M#ELTO—TOBELmME - HARR, chos70—
713 RhoNox-1 EEEN Z N EDBEHXISEZERT .

4-2. SiRhoNox-1 Z £ > 7= B — ik 1 X — 2 > T DR,

4-3. 27T OA FIEE L /- HepG2 MIRBD M HENL A XA —2 0T, —FEDRESPL
EDZTTOA RTRADEHNBERRRBICEOTNDIEAMONT D, B
RREQRNVBMIICTMEREN ERELTND I EADD DI,

“EgkIEHICRINLTIND P, T O M= (BIKEFEHHEE
) ICHNTIE. —ME#HEN ERITDZEF. DT —ThoS
WESNTW 20D, NEELANITOZMBEIREIIARIET
HDofce FIT. BAA=DUTFET IO M= ZNEGRAL
&30 UY=L, NRICTZEEN ERLTWNDZ EN
BSMCHEDIZ?(H6), 7TO M= TIIFEBIBRRY - 1B
HHARRTEICEER ORI THDH. DT IL—Th S E/NaE
WEIOUYY—LDICENTEIBRIEIETLTNDIE
NHEIN, FEBODBERRERBK—HLTHY., BEIEIIN
SONEENTIOMN - RIBITDBBILEEREDIETHD
ZENTRBEINTIVD,
INFTOEATO-—TEHDLELDZMEEERT DN IRFER
gty 70— 7 Mem-RhoNox TH 3 W, Z7O— T3, B8
TR IDEDHDINIVI MAIIVED, O—F I -N-FF2
REBEOEIBICBASINTIND (B5), 7RNSFUBAERIC
BOZ ETRSEBICKDMIEARBITARE. kgL ERas'
BEOHEIZE EDICHRETLTHD (R7.1), KEEWIT.
NSURTITUNIKDHBRYAHZE) IV A LTHELTD
ZEL BEU. BHEVIAZBRRICHNT, TRY—-LAT=
A —MEKIOBTIND I EEBESHICT DR, BE - R
L7z 7O—TTHIEL - HepG2 #B2 (& MEFA'AMERE) (2 b
SURTDIYUENEBLEEZ S, BES DURICENEDRE
AR LICHIRLE (H7.2) RBERISTVRYA A= 2D
FAEZ (oMb MJUDA) TV RY—LABMBEEE (181t
FPUEIZDL), #FL—NE (ZF7zOFS I DFO) T
I, =olc. YAV ZTT) Y (Z@EEoRhyY I
AV HVDREELEED) TIEEA T IO LR ISFESRS
nEM27ZEND. NSURTT Y VICKDHEN) AHRFIC
3. TV RY—LRTORTRICICEY AN ERTDIEE
BSMITDIENTE R, EBIC. R TO—T2HRIBEER
MBS L. BRRICANS VR TT VEREDAA—VTD



DO_[‘In NEWS No.196 (2026)

M Y r:ﬁ‘
N R
“PPh, L]
™l
= Gy~ g H
Milo-FluNox e Gol-5iRhoMox (Golgi)

(ZRAVEUT)

Aasfham = BIONEE0 nm
Aawfham = 510/535 nm

Lyso-RhoMox
(V=L
Mawfham = S50/575 nm

SiRhoMox-1 ({\Ea¢k)
Aaefam = BIO/EED nm

u- ,-'H a..-"'-‘rk j:. 2

e Mem-RhoNox (IEEE)

M5 /NBREBER_MixELTO—T

i '\-\r-'"\.rj'\- 'I:-‘.-ﬁ\ft

L] - L ||

IRAVRUT JIVDE,
D\BE L - HXER.

VY=L N BEUBRESEREXTO—T

Mito-FluMox
Lyso-RhoNox
IZAFY SikhoMNox-1
I snm 1 30min g&%ﬁ]ﬁd
HT1080 NP A=
Mito-FluNox  Lyso-RhoNox  5iRhoMNox-1
(ERAXFUFP) (YYY—L4) (JvBa1E)

Control

Scale bar = 25 gm
Me. 7IOM—2RICHBITDZ2/NEEOMBENA A—D 2T

IZAFY

ISRFUICEUT7IOM-2REFEE L. Mito-FluNox (3 Y KU 7). Lyso-
RhoNox (') —/). SiRhoNox-1 (/)\B3{k) ZBEBFICERAL. ZEERFHIC Mk
A=V TBRME LT,

7.1. kSR T (T
Ferr—gi . TrERH® 2 .o
10, l 4-"'
“‘ Tk =23 . @
HATHE ‘[:}
Mem-RhoNox

7.2, 1 min

Scale bar = 25 ym

i#: GFP
## : Mem-RhoNox

7. REEECMHEATO—TICLDHMUALA X—D0 T

7-1. NS TTYY (T I
BERIGL TEAERT,

FDHENRAHIEEEE . Mem-RhoNox DIER#F. 7O—TH IV KA =2 RTEW T CEBICRYRAEN, TV RV —LANTELD Ml

7-2. HepG2 #if3(C Mem-RhoNox ZER S . T &AMR BN A LS TRA A= T, 5 HEICISHERNIERNZ<EELTNDEFIHHL D,

7-3. 77 Z?ﬂf‘ct"ﬁﬁl%ﬁmﬁa Mem- RhoNox %;vﬂEFﬁétL Tf ZM 7= 30 5
RIIFBENY /OB (GFP) IZT (€530

5. BIEBIETIIZ/NNA VEROBEERICS O TEHRER RSN TTE
LTWhaZeprmEansz (®7.3),

2.3. BE R E —Mi#k &5 70— 7 RhoNox-4 DEIF
RhoNox-1 (37O b5 A4 7E LTI+ MEREERIBEL TUVE
HEDD. ZOEARENE. FICHRA A -2V IICHITDIES
IZIFREDFRMA H DIz 22T, SHWEELEBRIC. SREL
ICEERWHBAL, N-7FF2 RMEZDIRICONWTREI LTINS
B RR7 I UBEEFDOO—F I VREBRDN- A+ REE

YEDAA—D VTG, & PRI, A ZEGONAMEILALCED, HFRROMER
TO-T DI IFIVFEBICTHEB. SRREICADTERNERSIND (KM,

H. LEBREXICEMI’RLLEDEEZREL TV, £I T,
BABBIRT7 IV N-7FF2 RigEE AT D58 KE (RhoNox-2
~ RhoNox-8) #&H (K8.1) L. ThoD ks E %K
BRAPIOEMRICTEMAL /= IRTORR7 I B TO—
713 RhoNox-1 ($8A 7 = V&) (CHB LU CRISRE. SHiHEE
BREESICELE L AL 4512 RhoNox-4. RhoNox-7. & U
RhoNox-8 ©*15 3 ARIC 100 &A= B X DENABED EFEAERL
INOSHERBBRBILEMEL DIz, M X—2 VA
L7c&Z 3. RhoNox-4 hifthz=EFIMIOEET DEAICEERL



®
DOJ/INNEWS No.196 (2026)

8.1.

N o[
Lo
LI

@

0

8.2.

X

N-COOBu
M-Ac

CH: RhoMNox-2
(8] RhoNox-3

RhoNox-4
(FerroCrange)

RhoNox-5
M-COPyr RhoNox-&
M-CO:Et RhoNox-7
M-CO'Bu RhoNox-8

RhoNox-N

= ] 2 3 4 5 ] 7 8

-

Scale bar = 25 ym

8. BRE_fM#ErTO0—7

8-1. BREICEIBEEEEBCS TO0—T D&,
8-2. FTO—T&ME O/ EMBI k1 X —2 > T DHER, RhoNox-4 A EEMICRIFEHBEERLI,

7= ™ (X 8.2), RhoNox-4 &fED/=ZflighA A — > TIIRHER
SNIZIIARERLLNILTHY . ZORBHDOBELIGEMEEFA
L. EEBSd. MATRUEETL TV, T#EEEEY] &R
DI=DDNA ZN—TY " RO =222 (HTS) ZEMLT,
HRAZRIFEEEL W HES V=720V 8399 EEMICDINT., 3
BDORT)—_27 - WREEZZ'RLIHER. lomofungin
HEREHUC, FLEERAKEBRATOERTHD A, lomofungin D
WIBIZKVHBERAO T FUENRATDIEADNDTH
W, $EPEY v INOBTHD I T UFUORBIRESNDI &
IC&Y . EBOZE#A ERLIEEDEEZOND, JDEBHR
& —fMi#k885¢ 7 10— RhoNox-4 |3, FerroOrange & L\ 5 Z#5IC
TACAZLUBRBEINTSY . 72O IMROEREL H
WEDT. INHTIC2000 FHZBADHAARBIICEML TS
(2025 £ 11 B. Google Scholar FAN) .

24N-AF FREEXTO-707 10— RBEEEA
N-7FHF RMEZEEOEATO—TI3. MEERISE] TH
. g LDBRBRARICTIE. TO-TANOBERT
HRBREINDH. BRINDIEIIKED, 2D EMND, A
HMIB TN TLDEFEEIND, I T, BA 7T OB
REZRTE 9 /X< . X-ray absorption near edge structure (XANES)
AR MVERELEEZ S, FRBY. N-FF2 REDRE
%, ZffisklI=MgkCBILInTWD I EMbMD®, 7T
O h—2RUIHNTIS, BREEEE —M#ORISICLY. T2
DIVEERISHETT DI &N BRI HESED N H—E R
% (K9.1), N- A+ REEXTO—-TOMHKBIREDS S
EEERITDE. IS TO-TE#IT. HERNICSNTM#E=
ASENECEIRTE DML HD, EE. AMKZOME DI,
Mito-FerroGreen (Ac-Mito-FluNox) A%, RFVIILEL (LW
FERINDINIVRUTFEEREOT7 IO RXZEETDM
REHDZEEREL TN T, ZITEEDII. INETH
RLUTCEE—EDN-AF RBEEATO—-TIZDNNT, 710
F— ZEEFEMZFFMLUIE. TZAFICTTIION— %
FEL.E7O-TODREAEZATHESIELEZ B,
RhoNox-1. SiRhoNox-1. RhoNox-4. kU Lyso-RhoNox 7',

10

1 UM BIED IC BICT 7 TO M= REBEET D2 EN DA D
= (B9.2), Zhnld. #F+L—rEF7zOFY I (DFO)
ICEBEEMNREAE. HDIIPPEONRTH D/, TR
FUNITZAFU NS RIR—5— (System Xc™) AZEETD&
TI7IOM—2REFEITDLN EFARDERDTJION—2X
FA=ZZE RSL-8 (JILFFAURIVAFT—F 4, GPx4HE).
FIN56 (GPx4 PAZE). FINO: (Zffifki_ &2 = P HILRIGEML)
IS L TCEBEEMRERLIZ, —A T, AYTAOARRY E, 7
RE—=2Z - 20— ZDOFERICIIE2<MRERN G, 720
= ZEIRMGEEERIERIN G, SOICEKRRNZ &
(Z. Mito-FerroGreen ¥, H-FluNox (N- #FF > R&EE D=L
B|HTO—T). Mem-RhoNox |7 =0 h— 3 XEERBHE
<, BROADEFEEDENHDZ EN DN DTz RhoNox-1.
SiRhoNox-1. RhoNox-4. & & U Lyso-RhoNox (. /NaiEdH 2
NIV —=LICBELRONDZENEHTHY .. BHDES
Do MR E Y — AT IO M= RBERF ISV T e
DEBHIEONZ/NBRECTHD, Fe. BHOEBY, 2hoo
NBRETISEEBRLASTTELTNDIENRESNTHSY., H
FNBEANDBEREZE D TTO—TENANRNTH /=2 &I,
FEOANABIRRN, Foo N-FF D RMEZEROAT, Mgk
BATO-—THEICERINDI Y R/N—FF 2 RMEZIG,
FINO: CROHNDEDICT7 IO M- ZFEEANHD I EN D
NoOTD ", BEELEMBEDREEEZEITDEDD,
TJIOM =TI DMENERT THD, BIE. ZDEED
EIIDNWTIEEL A2 TLVENWD . HIIRROBEYPRIGT D=
DRI HBEDEDEHEIND,

3. BbUIC

ARBTIE, SESHERL TS MBEN TO—T & 200
BAICDWTHESHRS B TULV =20, <70 M= 2D
£ (2012%5H) EHON-#AF RBE_fAgaxt 0—7
RhoNox-1 M#RsE (2012 £ 12 B) A ERETH D=2 EIERE
ZHBERLD (BEN—ANICRLTWDEITTHD), F-.
SEBNSETCW V=8 TO—-T0550\ < DI TFED
BMMICTHREINTLNDDT, BFICAFFTREICK DTS



®
DOQJ/INNEWS No.196 (2026)

F Gysiine {EF

LIpId—OOH —> Lipid-O'®p 7zAh—22
ﬁﬂ:
Llpld

g

GSSG
9.2

.7‘

60

Cell viability (%scontrol)

N-AF 2 REEY
Fe3+

[Inhibitor]
(uM)
[10.2
Jos
ma32
128

O
ﬁ&“ fokw*@@g@

9. N-FFI RBEATO-TJICELD 70N XBEER

9-1. EE T IO M- AFGREAMEBHWF, GSH: JILYFFH . GSSG: BILE T Y FFH . GPxd : VI FAUNIAFLF—E 4, DFO: F7TOFH I
Fer-1: Ferrostatin-1, B2XF + 28 JTO M- 2FEE, GXFEM : 71O = IBAEE

9-2. EN-FAF L MLEYDO 7O M- AEEEH. TOXF U EBRIC
Lyso-RhoNox I[CCHEEMRN RSN/,

(RhoNox-4: FerroOrange. Mito-FluNox: Mito-FerroGreen.
Lyso-RhoNox: Lyso-FerroRed. SiRhoNox-1: FerroFarRed), IR
HEITARL NILDA A=V TR ERTH DN, YVIZAZIFLH
ETDEBADEANTEDHcATO—THEN’EDIE. T
Oh—2REEOCHOBSTDEMRZOERNK U REDEH
FEnd,

BEIC. AR TRALLESSOMRIE. CHEERHE. RE
hEHR (REEMAZEYERIWRE). IPEHERE (.,
REAZF iCeMS) . HEERNAEHE (BT RIF—IRFATHE
B) COHBMADERTHY . BB TRBHHAL £
R

[*%S{ﬁﬂ

Y. Shiro et al., “Iron in Biology: Molecular Structures, Cellular Processes
and Living Systems”, Royal Society of Chemistry, 2025.
2) B. Galy et al., Nat. Rev. Mol. Cell Biol., 2024, 25, 133-155.
3) S.J. Dixon et al., Cell, 2012, 149, 1060-1072.
4) B.R. Stockwell et al., Cell, 2017, 171, 273-285.
5) T. Hirayama, Free Radic. Biol. Med., 2019, 133, 38-45.
6) T. Hirayama et al., Chem. Sci., 2013, 4, 1250-1256.
7) T. Hirayama et al., Chem. Sci., 2017, 8, 4858-4866.
8) T. Hirayama et al., Metallomics, 2018, 10, 794-801.
9) M. Niwa et al., Org. Biomol. Chem., 2014, 12, 6590-6597.
0) T. Hirayama et al., Chem. Sci., 2019, 10, 1514-1521.
) M. Niwa et al., ACS Chem. Biol., 2018, 13, 1853-1861.
2) T. Hirayama et al., Metallomics, 2019, 11, 111-117.
3) A. N. von Krusenstiern et al., Nat. Chem. Biol., 2023, 19, 719-730.
14) Y. Saimoto et al., Nat. Commun., 2025, 16, 3554.
5) T. Hirayama et al., ACS Sens., 2020, 5, 2950-2958.
6) T. Tadokoro et al., JCI Insight, 2020, 5, 132747.
7) M. M. Gaschler et al., Nat. Chem. Biol., 2018, 14, 507-515.
8) Y.-C. Chen J. et al., J. Am. Chem. Soc., 2020, 142, 19085-19093.

BRENDT/O—-T%&HB5 L. MEHEREAE L& 23, RhoNox-1. RhoNox-4. SiRhoNox-1.

(EEZ7O7 -]
K& : I %5 (Tasuku Hirayama)
FiE @ IRRERKZ BIRCFZREBEE 7 I WA FOD—MRE
T 501-1196
IR E K78 1-25-4
Tel: 058-230-8112
E-mail: hirayamat@gifu-pu.ac.jp
HEFR  RARFAERAE - RIRFHAFTH
24 BE (AE - RIES)
EMPKH oI AFOD—
REDOHRT—~ DT I HILNNAFOD—HF

DIEF—T—HATREDIERN

2025 F 11 B13AB L U20HICHES N THRXHEE
Dojindo YT EF—2025 7—HA 7 : 7TxO M= ZBARD
BEIE] OF7—hHATBREDIERNTY . (EEEEIRIL. 2026
E5H31BFTEREDTHY i@‘o BH. REBEHBRTEIT
FERLLPBERTTDEBEHNTINET,
-., [l

LY « y
:/Z*E}f:n.(ﬂ H= H Uu‘f-‘g

o e, | i, L

?IDh

https://dojindo.co.jp/products/contents/
ferroptosis-webinar-archive-2025-view.html

11




®
DOJ/INNEWS No.196 (2026)

FEZRMR

TR EX 1 7 2RI E B 3

FerroOrange

BIIEENTREZEHITDIEBEBRTRTHY . BRABEEEYERT LM RESINTNET, FF. YU/ UBEHBSE
DAY (BEH) ELTOEFEEMNFEESNTSY . ZO80WREMEISHBESECHERBEICEESLCWWBZEARBENTNE
T, EHREAICHSNT., HIERNETHRIE., KEME., NSUVAR—F—DEESEERIDEH U A F 2 (Fe) KW EHSA) 174>
(Fe?) DEFHZNDIENEETHDEZEZONTNET,

AEBIT, BABEBMESSOTL— N —F—ICTHRAD_MBEBEICEHTDIENTERT, AELEHMRISFMT D
FEVTCHREEZZBL . MR Fe* &BIRMICKICLENEXLZHELE T (Aa=543 M. Aem =580 nm)

FerroOrange (CI3F L — MNEEIIH W) £t Ao FerroOrange & Fe* IIFERTHERIICKIS T Bz, Fluo3 DESBHIN O LAF T
O—7DREFREEISERUET,

<BABEHBICKDA A= TH>

Hela #ifaZA LT, MRENICNET D Fe* SXUBF L — MAE Bpy (2,2'-Bipyridine. #E[E : 100 umol/l) & & (M7 €
ZOLERA) ., $RIEE D100 ymol/l) DFMBEICKY . HEAD Fe* DZb% FerroOrange IC K WHER LTz, #FL — MNAEER
Mg 52 ETERBOMBICLENEHEENMBET L2 ENS, MBERICITREED Fe> h'ErT D2 Eh R TE .

IR >
Ex =561 nm. Em =570-620 nm
247 —)U/N— 120 um

KRB, REEMAZRCZMAE KEFFRE. FILHEEDOTREDT. BALLE L.

I MOV R 7HEREH B R

Mito-FerroGreen

Mito-FerroGreen |d. FeS 75X OALEHRDIBELTHOSND I NIV R TZRADE ) 1 7 > (Fe?) EBIRMIC /G LR VE
H* (Aex=505nm, Aem =535 nm) ZFHTDEAETHY . HBERBA) A ADSA TRIVA A=V IIZFHBT 22 ENFEETY,

Mito-FerroGreen (I3 L — MEEISd W) FH Ao Mito-FerroGreen & Fe?* [SFERIEMIICRIG S B/, Fluo3 DEDHKAIL D LA
Fo7O0—-TDBREEBEISERYFT,

<EABAMBICEDA A= T61>

HeLa #if@ZFL\. I bIV RUTPRICHNET D Fe* BXUBHFL— FHFE DFO (Deferoxamine, 10 mmol/l) & & (100 pmol/l &
B7OEZOLBN))DOFMEEICEY. I NIV RUTFTRD Fe?* MZ1L%E 5 umol/l Mito-FerroGreen (C & W HESR L 7=, EDIER.
IMAVRYTICRETDH (ER) (3. BZAFNMLBEICIEIYENEY (FRR) ARSKH. #FL— MNEEEHERMLE
HRETI3. Mito-FerroGreen D&Y (HR) ZIFEAERONENL DT,

<IRHFEMA>
Ex = 488 nm. Em = 500-565 nm

XEHMIT, RRERAZRCEMAE BB FEE, FLHRAEDTEIDOT. BEALLE L.

mE 58 HEMAME(¥)  A=AH—20-F
1 tube™! 18,100
FerroOrange F374
3 tubes 40,800
Mito-FerroGreen 50 pug X 2%2 32,000 M489

<fEARFDEZ > % 1) 1tube Hi="). p-Slide 8 well 20 #1 % 2) 50 ug #7="J. p-Slide 8 well 6 14

12



®
DOQJ/INNEWS No.196 (2026)

I hOV R VEBRMEER &I
MitoPeDPP

MitoPeDPP (3. #ifEEZZBL TI bV RUPICERL. RAPDEBEEREDICI OTHENICRILSNENXZRE LT T, B
ILAEDRES LUEERENRER (Ax =452 nm, Aen =470 nm) THDch. MEHBNDKICL DT A —IPRHBBARDBERH
HOXEZEHTEDIEND. BEABEMBZANVCI bV MY POREBEBRIEIDA X -2 THERET T,

<Rotenone Z A \/-iEA M BEE LY DIE LG >
Hela iR IC AR EZ AN L /=%, Rotenone ARZNMA. BHBEMIEZRA\TEHRL /=, Rotenone FMICKWHBERNICEET S
IOV RUTOREAEERBRENERET DI EERER LT,

120 min

MitoPeDPP

5

BE:

%) Rotenone FRNMNE% ) ExEH
/) Rotenone 71 90 %% T) (EEEE
&) Rotenone 71N 180 7

XARISEEAAZEZE BRAZIROICKBESNILRETT,

=) B8 FEMAMER(¥)  X=H—T—F
MitoPeDPP 5pug X 3 24,500 M466

<EARFDEZ> 5ug H7=). 96 well plate 1-5 ¥, 35mm dish 5-25 &

Lipid Peroxidation Probe -BDP 581/591 C11-

<HR>
- EEAREEZSBEICHRETED
-BMIE. v/oO07L—h)—F— TJO—HYA b A—F—TIRHATEE

KRBT, BILEITERABOEXEELTWETA. BBEREIBD ROS (Reactive Qxygen Species) [CKDTHBIELEIND I LT
BREOHEAICELLEY, FELRED 2 BOBMHEEZEHRTDHIET. BEOBRIIEREZSREICRETDIENTEETT,
Fre. TL— M= —TORENARETH DD, BHAOHEPZ ) —Z > JICBANAEETT,

<TFTFLRHBTREATEE
HepG2 #fif2% 200 umol/l tert-butyl hydroperoxide (t-BHP) T 2 FFRIEZ ICAE S TREEERILRERZ®RE L1,
ZORER, BME. TL—MJ—F— JO—HYA M A=—F—DNTNDEHBTERETEDZENDA DI,

. [FE TR B L A M 3R]
Green Red Green:

Ex = 450-490 nm Em = 500-550 nm

g Red:
E Ex = 540-580 nm Em = 593-667 nm
[

Control

FITC 71L& —

(Ex = 488 nm Em = 515-545 nm)
[TL—hrU—=5-]

Green: Ex = 490 nm Em =530 nm

Red: Ex=570nm Em =610 nm

count

% (ZO—H4 hA—H—]

{-BHP-
treated

Scale bar: 50 pm Contmd DR

mE B5E HEMAME(¥)  A=AH—2-F
Lipid Peroxidation Probe -BDP 581/591 C11- 200 tests 33,500 L267

13



®
DOJ/INNEWS No.196 (2026)

EpEELL

B EAEE R H B 5

Liperfluo

Liperfluo (3. BLIEDORES IVBHERENERE (A =524 nM, Aen =535 nm) THD/=H. HERXBANDKICED T A=
ABAROEREXDFEERFTEE T, BILEIIKPTIITIEAEEBAENHY FHAN, HRESOEAMEOS MU TIIE
HMEEBDZEND, EHAEMBICEDEMPEOBRILIEEDA A—20I0 70— A AN —(ICXDHBEOBBILIEEEEDS
MICERTDIENTEZY, F/-. Liperfluo [JHRRFEA NI LD—DELTEEEZEDD 7 IO M= AMRICH VT, $#HIKE
MOEREBRIEYOBREBAENX TO—-—TELTERINTNHET,

< L929 R L =R HH B >
L929 R CARMAESOH L LMEHZ R GREE 1 pmol/l) L7z (37 C. 30 7). 1&HERER. t-BHP (tert-Butylhydroperoxide)
HEETH L WEZERN REE : 250 umol/l) L. 2 BBRICHESL —Y—BEHEZRNTHREL

LB © Zeiss LSM510META
TA4IE—tY

FITC (GFP, Alexa488) wide filter HFT UV/488,
NFT490, BP505-550

SR ER O OBRCIEEDHERBMER A A -2
TORM ABERZRFE SHIEZSLE, RAB%LE

=] B8 FEMME®(¥)  X—=AH—3—FK
Liperfluo 1 set(50 ug X 5) 27,200 1248

<EREHMDOEZE> 50 ug H7=). 5-50 [@ (REFARH)

EEZRm

YO IOTILTE RAEFY b

MDA Assay Kit

<HE>
ETEEROYOL SPLTE FENNETE (8 he)
 HEORENFEALHERARME
-0 L— NUEISHG

MDA Assay Kit |d. FA/NILEY—)LEE (TBA) &vOYI7ILTFE R (MDA) DRIGICKVERTDILEMDRIALEE /- ISENK
ZRAETDHIET, ABMPADMDAREEZEETEE T, AH. A+ Y MITAEBRICS T DEBDERIL A < T=DICBR1BEH LEH
MIBLTILNET,

<HHRaXCHEBY > TIVTRIE T RE >
MIEENERANET2IB5(F. BAETHETEEZT, EBEZAERNETDHBEIE. Yo TILBPFREIND MDAZEELY
AERSZE (EHFLLLER) Z2BRTSEI.

B|HE | hEE WEYTIVE SZEFTAE MDA SEEEHE

ki) O X 1-3 X 107 cells 1-10 pmol

' 2% 1 10-30 mg BYE5% 0 1-10 pmol
L © O FEE3%  20-50 mg FEE5% : 1-50 pmol

AEFPSEIZE SN D
MDA B UEEA
& BE FEMAMIE(E)  A=H—-2-F
MDA Assay Kit 100 tests 34,900 M496

14



®
DOQJ/INNEWS No.196 (2026)

FEXRMR

MM b —5 )L ROS &+
ROS Assay Kit -Photo-oxidation Resistant DCFH-DA-

<EER>
- BEXRSICSSBEREZER
- RBEDEELCRERELEDOHREH
- BFEOBEELARLBRICENSHE

<BEEEDLEE>

WG G REARR ICLDBEHRILOEFZ, ARAITCISHFERTRELC Hela il THREL L, Z0HER. BEex
TIIEBBLICKWUEXDOLEENBOONDDICHL T, ARETIIEXADLEEMMZONE LI, DI ELY. NV ITTIIY
FESRZR/NNRICHABHOBRET DI ENTREELU T,

GALTTRA A= VI DEFITEDEE) »ohH>SRIBITET,

[(FALSTRA A—D Y JENE]

(=154 =
u

A
(=] .

https://youtu.be/SME10sR3ZOs
BALERIREI D LB
(12 EIf851%%)
& B8 HEMAMIR(E) X—H—3—FR
ROS Assay Kit -Photo-oxidation Resistant DCFH-DA- 100 tests 40,500 R253

<{EREEDBEZ > 96 well plate 1 1

BERM
h—%)l ROS &Y b
ROS Assay Kit -Highly Sensitive DCFH-DA-

AEFIE ROS (Reactive Oxygen Species) ZHA T L — M) —45— BXBEME. HLIFT7O—HA MA—F—EFEO>THEHL
FEICKWUIRETDF Y FTY, —MRMIICROS ICKWUBEEIND T & THEEN Y D DCFH-DA AMERAEINEZITHL A+ Y MIEEND
HEAEDGIIHRBEERMENS <. DCFH-DA LR L THLUSREEICROS #i&E 252 EATEF I, £/=. DCFH-DA EFEDE
HEREZBEITDI END DCFH-DA EEURHEB Y VA I —%2FR T2 ENTEET,

SATEMIR TL—hr)—F— TJA—HA M X—5—
ChCFHi- 0 gy Somstw DEFH DA . coeTin s 100 pnold HOD DCFHAOA Highiy Semsiiss DOFH-O&
i conlraby b bl
E ‘o
k -
; : 1 = J
. 5 . -5
o4 . _ -
DCF -0 el BEI DCEH-04 Highly Sensinm y . | ...'v._ 23 N [k of e 5 5 gt
iy B # DCF - D h
HelLa #lif2 , 1 X 104 cells/well, AERM>
100 umol/I-H202/HBSS 1% HABEMIE (GFP 71 )L5—)
37C, 30 min. 1 >F a1~ | TR 0.13s
24 —)l/N— 1 50 ym YA oa7L— k=%~ Ex =490 nm, Em = 530 nm
70— k X—%— FITC Filter
m& B8 REMMER(¥) X—H—J—F
ROS Assay Kit -Highly Sensitive DCFH-DA 100 tests 21,800 R252

<EFARIDOEZ> 96 well plate 1 1§

15



®
DOJ/INNEWS No.196 (2026)

=
4R FEDRBIAR
~F 1 EFERREDRIZEN S~ O
IEDTIT BEAICHDRARFE ) \— b — ) THEEBA T\ D5 1 DAZHRABICESHS A T9 1 T AHHOEH (4E)
EBRITLET,

Targeting DNA Repair Mechanisms: Exploiting Acquired Vulnerabilities to Overcome Resistance
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Current therapeutic strategies for Cholangiocarcinoma (CCA) are frequently constrained by the rapid onset of chemoresistance,
rendering standard-of-care regimens like gemcitabine and cisplatin (GEM/CIS) ineffective over time. Recent advances in genomic
profiling have revealed that CCA possesses a high frequency of alterations in DNA Damage Response (DDR) genes, providing a
landscape for targeted intervention. This article explores the transition from traditional cytotoxic approaches to the strategic
inhibition of DNA repair enzymes, such as PARP and ATR. We argue that the adaptive reprogramming of CCA cells during treatment
creates specific acquired vulnerabilities — molecular dependencies that do not exist in drug-naive cells. By mapping these
resistance trajectories, our research demonstrates that combinations of PARP and ATR inhibitors can effectively exploit the genomic
instability inherent in CCA. This approach transforms the challenge of drug resistance into a therapeutic opportunity, offering a
blueprint for more durable and personalized clinical interventions.

The Crisis of Resistance in Cholangiocarcinoma

Cholangiocarcinoma (CCA) represents a heterogeneous group
of malignancies arising from the biliary epithelia ". Despite its
relatively low global incidence compared to other gastrointestinal
cancers, its mortality rate remains alarmingly high, largely due to
late-stage diagnosis and a lack of effective long-term therapies.
For decades, the combination of gemcitabine and cisplatin
(GEM/CIS) has remained the frontline standard; however, the
median progression-free survival remains measured in months
rather than years.

The primary obstacle to clinical success is the inherent and
acquired resistance to DNA-damaging agents. CCA tumors often
exhibit a “plastic” phenotype, allowing them to circumvent the
DNA lesions induced by cisplatin through the upregulation of
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bypass repair mechanisms. Recent large-scale genomic
analyses have identified that approximately 20-30% of CCA
cases harbor mutations or epigenetic silencing in DDR-related
genes, including BAP1, ARID1A, and PBRM1 2-3. This genomic
landscape suggests that CCA cells may be “prime” for a collapse
in genomic integrity if their compensatory repair pathways are
strategically blocked.

Mechanism of Targeting DNA Repair

The maintenance of genomic stability is governed by a
complex, coordinated network of DNA repair pathways,
collectively termed the DNA Damage Response (DDR). In
malignant cells, these pathways are often co-opted or selectively
inactivated, creating unique therapeutic vulnerabilities relatively
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Figure 1: The concept of acquired vulnerability in DDR

Drug-naive cells develop resistance to "Drug A" (e.g., a PARP inhibitor) by upregulating compensatory repair pathways or adaptive responses to replicative
stress (e.g., the ATR/CHK1 axis). This adaptation creates a novel, targetable dependency for "Drug B" (an ATR inhibitor).

specific to cancer cells 4.

PARP Inhibitors and the “Trapping” Phenomenon

PARP1 is an essential enzyme for the detection and repair
of single-strand breaks (SSBs) via the Base Excision Repair
(BER) pathway. When PARP1 is inhibited, SSBs persist and
are converted into lethal double-strand breaks (DSBs) during
the S-phase of the cell cycle when they encounter
replication forks .

Modern PARP inhibitors (PARPI) such as olaparib, rucaparib,
and talazoparib act not only through catalytic inhibition but
also through “PARP trapping” ®. This mechanism involves
the stabilization of PARP-DNA complexes, which act as
physical barriers to replication machinery. In cells with
Homologous Recombination (HR) deficiency — such as
those with BRCA1/2 mutations — these DSBs cannot be
repaired accurately, leading to “synthetic lethality.” Among
clinical inhibitors, talazoparib is identified as a significantly
more potent trapper, showing higher cytotoxic potency in
various models.

The ATR/ATM Axis: Master Regulators of DDR

While ATM (Ataxia-Telangiectasia Mutated) is the primary
transducer for DSBs, ATR (Ataxia Telangiectasia and Rad3-
related) is the apical kinase responding to replication stress
and SSBs. In the context of cancer, ATR is often
upregulated to protect the cell from the high levels of
replication stress induced by oncogenes or exogenous DNA
damage 7-9.

o ATM Function: ATM responds primarily to DSBs by

phosphorylating targets like H2AX (creating yH2AX) and
recruiting high-fidelity repair machinery.

o ATR Function: ATR stabilizes stalled replication forks,

preventing their collapse into DSBs. By inhibiting ATR, we
force the cell to continue through the cell cycle with
damaged or incomplete DNA. This leads to “mitotic

catastrophe”, where the cell attempts to divide with
fragmented chromosomes.

¢ NHEJ Inhibitors: Modulating Error-Prone Repair

Non-homologous end joining (NHEJ) is a predominant, yet
error-prone, repair pathway for DSBs that operates
throughout the cell cycle. Research using biosensors, such
as 53BP1 fluorescent tagging, has identified compounds
that modulate this pathway. By inhibiting NHEJ, we can
sensitize tumors that have become reliant on this “quick-fix”
pathway when their high-fidelity HR pathways are
compromised or therapeutically blocked °.

Current Usage and Limitations in Clinical
Practice

While DNA repair inhibitors have significantly advanced
oncology, their application in solid tumors faces substantial
hurdles that necessitate new combinatorial strategies.

e Breast Cancer: PARPi are approved for BRCA-mutated
cases, but acquired resistance frequently emerges through
“reversion mutations” that restore the BRCA reading frame
or the restoration of HR activity via the loss of end-resection
antagonists 0",

e Pancreatic Cancer: Despite clinical benefits in BRCA-
mutated metastatic cases, the aggressive nature of the
disease and the dense stroma often lead to the rapid bypass
of repair protein dependency 2.

e Prostate Cancer: While effective in metastatic castration-
resistant models (MCRPC) harboring DDR mutations, tumor
heterogeneity necessitates the identification of robust
biomarkers beyond simple mutation status to predict long-
term responses 9.

The Concept of Acquired Vulnerability in
DNA Repair

Rather than focusing solely on primary oncogenic drivers, we
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investigate “acquired vulnerability”. When CCA cells are exposed
to primary therapeutic agents, they undergo molecular
reprogramming to facilitate survival '®. In doing so, they manifest
a fundamental biological trade-off by developing new
weaknesses — specifically, a heightened dependency on
alternative DNA repair pathways or stress response axes .

Finding the Right Combination: PARP +
ATR Inhibition

A key insight from our research is that exploiting these
vulnerabilities is most effective when secondary treatments
are combined with primary therapy to induce a concerted

multifaceted disruption of the cancer cell’'s genomic integrity
10), 16-18)

Synergy of PARP and ATR Inhibitors

Our laboratory has demonstrated that the combination of
PARP and ATR inhibitors (e.g., olaparib and AZD6738) provides
a powerful synergistic effect. In CCA cell lines and TK6 models,
we observed that ATR inhibition prevents the compensatory

survival mechanisms that cells use to bypass PARP inhibition '
20)

This combination results in:

1. Increased Replication Stress: Simultaneous inhibition
leads to an accumulation of unrepaired DNA lesions.

2. Exhaustion of Repair Capacity: The cell is forced into a
“checkpoint collapse”. ATR inhibition prevents the G2/M
arrest that would normally allow the cell to repair damage.
Instead, the cell enters mitosis prematurely, leading to
apoptosis even in cells that were previously resistant to
PARPi monotherapy.

3. Genomic Instability: We observed significant increases in
micronuclei formation and yH2AX foci in treated cells,
markers of catastrophic DNA fragmentation.

Validation and Future Directions

For clinical translation, we need to validate these findings
using patient-derived organoids (PDOs), capture the unique
heterogeneity of CCA more accurately than traditional 2D
cultures. However, several challenges remain:

¢ Biomarker Development

o Functional HRD Assays: Measuring the actual repair
capacity of the tumor rather than just the presence of
mutations.

o Liquid Biopsies: Monitoring circulating tumor DNA
(ctDNA) to track the “reversion” of phenotypes or the
emergence of new DDR mutations in real-time.

e Scheduling and Toxicity Management

o Determining whether sequential or concomitant
administration of DDR inhibitors best prevents
resistance is critical. Because both PARPi and ATRi can
cause myelosuppression, research is focused on
“pulsatile” dosing schedules that allow the bone marrow
to recover while maintaining selective pressure on the
tumor.

Conclusion
We redefine drug resistance in CCA not as an insurmountable
barrier, but as a window of opportunity. By targeting specific
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DNA repair adaptations — such as the dependency on the
replicative stress following PARP inhibition — we can design
sophisticated, adaptive combination therapies. This paradigm
shift from static genetic targeting to dynamic adaptation
targeting holds the potential to significantly improve survival
outcomes for patients with aggressive malignancies like CCA.
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