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Abstract

Ferroptosis, a non-apoptotic cell death driven by iron-
dependent phospholipid peroxidation, has been implicated in
various biological contexts. It is important to develop reliable
tools to detect and monitor ferroptosis in both in vitro and in vivo
systems. In this review, we highlight current biochemical and
immunodetection strategies used to identify ferroptosis and the
organelle-specific regulators. We also outline the emerging
technologies and future directions to advance ferroptosis
research and their therapeutic and diagnostic potentials.

1. Introduction

Ferroptosis is a distinct form of regulated cell death driven by
iron-dependent accumulation of peroxidized phospholipids,
particularly those containing polyunsaturated fatty acyl (PUFA)
tails”. Unlike apoptosis, necroptosis, or pyroptosis, ferroptosis is
triggered by the disruption of antioxidant defense systems, most
notably the glutathione peroxidase 4 (GPX4) axis, leading to
oxidative damage of cellular membranes and ultimately cell
death??9,

Over the past decade, ferroptosis has emerged as a critical
mechanism in both physiological and pathological contexts,
including cancers, immune disorders, neurodegeneration, and
aging®. The regulatory network underlying ferroptosis involves
the crosstalk among iron metabolism, lipid peroxidation, and
antioxidant defenses. Importantly, the discovery of small-
molecule or natural products regulating ferroptosis has unveiled
the therapeutic potential of targeting ferroptosis in disease
models®. For example, the ferroptosis inducer imidazole ketone
erastin (IKE), which selectively inhibits the cystine-glutamate
antiporter system Xc°, demonstrates anti-tumor effects in
lymphoma models®. In contrast, inhibition of ferroptosis using
radical-trapping antioxidant agents, such as liproxstatin-1,
significantly attenuates disease progression in mouse models of
disease, underscoring its potential in autoimmune and other
disease indications”.

Given the growing therapeutic relevance of ferroptosis, there
is a need for the development of robust, sensitive, and specific

tools to detect and monitor ferroptosis in both in vitro and in
vivo. Current methods include biochemical assays for lipid
peroxidation and labile iron accumulation, as well as
immunodetection of ferroptosis-associated proteins such as
GPX4, Acyl-CoA Synthetase Long Chain Family Member 4
(ACSL4), and transferrin receptor 1 (TfR1)®. Moreover, the
integration of nanotechnology and ferroptosis detection
strategies has opened avenues for the mechanistic investigation
of ferroptosis at the nanoscale and for clinical applications®.

Here, we provide a focused overview of current methodologies
for detecting ferroptosis. We highlight key tools, including
chemical probes, immunodetection strategies, and organelle-
specific approaches, and emerging biomarkers and their
applications in disease models. We also discuss how ferroptosis
can be detected in specific pathophysiological contexts and
conclude by addressing the limitations and opportunities for
standardizing ferroptosis detection in basic and translational
research.

2. Methods and Markers for Detecting
Ferroptosis

2.1. Biochemical Detection of Ferroptosis

Lipid peroxidation is a defining biochemical feature of
ferroptosis and plays a central role in modulating ferroptosis. The
accumulation of lipid-based reactive oxygen species (ROS),
particularly lipid hydroperoxides, is a key indicator of ferroptotic
cell death'. Several detection platforms have been developed to
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detect and quantify the extent of lipid peroxidation in cellular and
tissue systems undergoing ferroptosis.

One useful probe is C11-BODIPY®"%%" " g lipophilic fluorescent
dye that localizes into membranes and shifts its fluorescence
emission from red (598 nm) to green (520 nm) upon oxidation'.
This ratiometric change can be quantified by flow cytometry or
live-cell imaging, offering a real-time readout of lipid
peroxidation. However, C11-BODIPY%"%" has limited selectivity
to lipid hydroperoxides relevant to ferroptosis.

To address this limitation, Liperfluo, a recently developed lipid
hydroperoxide-selective probe, offers potentially improved
specificity for ferroptosis?. Unlike C11-BODIPY, Liperfluo reacts
directly with lipid hydroperoxides, while showing minimal cross-
reactivity with general ROS or hydrogen peroxide. Liperfluo is
complementary and potentially advantageous due to its
improved selectivity, lower background, and minimal interference
from other oxidative species. It can be used in both fixed and
live cells and is compatible with high-content and confocal
imaging'?.

For a more comprehensive assessment of oxidized lipid
species, oxidative lipidomics is a powerful technique. Mass
spectrometry-based approaches, such as liquid chromatography
with tandem mass spectrometry (LC-MS/MS), enable the
precise, high-resolution identification and quantification of
oxidized lipid species, particularly oxidized phosphatidylethanol-
amines (PEs), the major pro-ferroptotic lipid class™. These
approaches enable the detection of subtle lipidomic changes
associated with ferroptosis in both in vitro and in vivo models
and can be further extended to profile oxidative protein
modifications in parallel?.

Iron overload contributes to ferroptosis through the Fenton
reaction, which generates ROS that propagate lipid peroxida-
tion™. Labile iron pools can be detected using fluorescent
probes such as FerroOrange, a selective cytosolic Fe?* indicator.
This probe allows for flow cytometry, live-cell imaging and
quantification of intracellular iron levels. We treated SU-DHL-5
cells with a GPX4 inhibitor, RSL3, and measured labile Fe?*. We
observed that RSL3 treatment significantly increased the
accumulation of labile Fe?* level, evidenced by a marked increase
in FerroOrange fluorescence in flow cytometry measurement
(Figure 1). An alternative method using Calcein-AM fluorescence
guenching can also measure the labile iron pool'™. This method
relies on the principle that Fe?* quenches calcein fluorescence,
allowing quantification of the labile iron pool. These complemen-
tary techniques provide critical insight into the iron driving lipid
peroxidation and ferroptosis.

2.2. Organelles Specific Observations in Ferroptosis

Ferroptosis is a multifaceted process involving lipid
metabolism, redox balance, and iron homeostasis across
multiple subcellular compartments. Rather than occurring in
isolation, ferroptosis involves dynamic interactions among
organelles that collectively shape the cell's vulnerability to lipid
peroxidation.

Mitochondria contribute to ferroptosis, including metabolic
reactions, iron handling, stress response, and the biosynthesis of
coenzyme Q10 (CoQuo), a critical antioxidant and electron
carrier'®. Morphological hallmarks such as cristae shrinkage and
outer membrane rupture are commonly detectable by
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Figure 1. RSL3 treatment increases the labile Fe** level

Labile Fe2* measured by FerroOrange in SU-DHL-5 cells treated with vehicle or 10 pM
RSL3 for 6 hr.

transmission electron microscopy (TEM)".

The endoplasmic reticulum (ER) serves as a central hub for
lipid biosynthesis, including lipid desaturation, phospholipid
synthesis, and lipid remodelling. Key lipid metabolic enzymes
ACSL4 and lysophosphatidylcholine acyltransferase 3 (LPCATS3),
localized to the ER, enable the incorporation of PUFAs into
phospholipids, which are key substrates for lipid peroxidation'®.
In addition, the ER membrane is a key site of lipid peroxidation,
and initially accumulates membrane peroxidation, which can
then propagate to the plasma membrane'.

Lipid droplets (LDs), which are derived from the ER, regulate
ferroptosis through lipid storage and trafficking. LDs have the
unique ability to sequester excess PUFAs by esterifying them
into triacylglycerols (TAGs), thereby protecting cells against lipid
toxicity and ferroptosis™. Moreover, the sequestration of
autophagy-derived FAs in LDs also enables a precise regulation
of FA-delivery to mitochondria through the lipolytic activity of
adipose triglyceride lipase (ATGL)'". Dysregulation of this ATGL-
dependent lipolytic pathway sensitizes cells to ferroptosis by
enhancing the release of peroxidation-prone lipids.

Together, these organelle-specific events highlight the spatial
complexity of ferroptosis regulation and offer insights for
targeted detection and intervention strategies.

2.3. Inmunodetection for Ferroptosis Markers

In addition to biochemical assays, immunodetection
techniques offer essential tools for ferroptosis detection by
targeting key protein markers involved in its regulation and
execution. These techniques, including immunoblotting,
immunofluorescence (IF), and immunohistochemistry (IHC), allow
for the spatial and quantitative analysis of ferroptosis-associated
protein markers in cells and tissues.

The enzyme GPX4, which reduces phospholipid hydroper-
oxides to non-lethal lipid alcohols using glutathione (GSH) as a
cofactor, acts as an important protector against ferroptosis®.
Therefore, loss or functional impairment of GPX4 can drive
ferroptosis. Antibodies targeting GPX4 have been used for
western blotting, IF, and IHC staining to quantify the level of the
protein®". Moreover, since the expression and activity of GPX4 in
ferroptosis rely on the system Xc-mediated supply of the
cysteine/cystine pool and subsequent GSH biosynthesis,
regulation of SLC7A11, a component of the system Xc-
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antiporter, has been used as a ferroptosis marker in some
models??,

ACSL4 is a critical protein implicated in ferroptosis sensitivity.
ACSLA4 facilitates the incorporation of PUFAs into phospholipids,
thereby enriching cells with substrates for lipid peroxidation.
Upregulation of ACSL4 promotes ferroptosis, while reduction of
ACSL4 abundance confers resistance®. Antibodies against
ACSL4 have been used in immunoblotting and immunostaining
to assess ferroptosis susceptibility.

In addition, TfR1, an iron import protein, is frequently
upregulated during ferroptosis due to increased iron demand
and altered iron homeostasis. A recent study validated that an
antibody targeting TfR1 is effective as a selective ferroptosis-
staining reagent®?.

Other immunodetection markers include hyperoxidized
peroxiredoxin 3 (PRDX3), a mitochondrial peroxidase whose
oxidation may reflect mitochondrial oxidative injury during
ferroptosis®, and malondialdehyde (MDA), a reactive aldehyde
byproduct of lipid peroxidation, can be detected in ferroptotic
cells using IF, IHC, or ELISA®.

These immunodetection strategies provide complementary
evidence for ferroptosis, particularly in in vivo studies and clinical
samples, where lipid peroxidation probes may be limited by
tissue penetration or specificity.

We summarize key ferroptosis detection methods, including
biochemical detection, immunodetection, and other imaging
methods, in Table 1. This overview serves as a practical guide
for selecting appropriate tools in various experimental and
translational contexts.

3. Disease Contexts and Translational
Applications
Ferroptosis plays diverse roles in different pathological
contexts, particularly in diseases characterized by dysregulated
lipid metabolism, redox imbalance, and iron overload?”. In

cancer treatment approaches, particularly for therapy-resistant
cancer types and diffuse large B-cell lymphoma, ferroptosis
represents a potential therapeutic vulnerability®. In contrast,
excessive ferroptosis contributes to cell death in neurodegenera-
tive diseases such as Alzheimer’s, Parkinson's, and Huntington’s
disease with iron overload?®. Ferroptosis is also involved in acute
injuries like ischemia-reperfusion injury (IRIl) in the heart, liver,
and kidney, where Wnt signaling-mediated oxidative stress
bursts upon reperfusion?.

Ferroptosis offers novel therapeutic and diagnostic
opportunities. Ferroptosis inducers, such as IKE and cystine/
methionine deprivation, show antitumor effects in animal models,
while inhibitors protect against neurodegeneration and IRI?:30,
Diagnostic applications are also improving, whereby
immunostaining for ferroptosis markers, including TfR1, MDA,
and hyperoxidized PRDX3, aids in tissue-based diagnostics;
radiological tools, such as MRI-based iron imaging, can detect
iron accumulation in organs®V. Additionally, ferroptosis-related
lipidomic signatures and protein markers hold promise as
prognostic and predictive biomarkers®. Together, these
therapeutic and diagnostic strategies highlight the clinical
relevance of ferroptosis in diverse pathological settings.

4. Challenges and Future Directions

We have witnessed the development of techniques in
understanding ferroptosis and their potential in clinical
applications. However, there are limitations in the specificity and
sensitivity of current methods. For example, lipid peroxidation
byproducts and antioxidant proteins overlap with other oxidative
stress pathways®. Also, since redox conditions vary between
cell-based cultures and in vivo conditions, there is a lack of
reliable ferroptosis-detecting tools for in vivo and tissue
samples'. Moreover, heterogeneity of ferroptosis regulation
across cell types and disease contexts complicates therapeutic
targeting, suggesting the necessity of personalized approaches.

Category Method/Tool Target/Marker Readout Advantages Limitations
. Fluorescence
I(;lpld g?ﬁgggﬁ;s\( Libid peroxides intensity (flow Sensitive, real-time Limited tissue
Li.ge.;'fluo) ’ pidp cytometry, detection penetration
P microscopy)
Biochemical Iron probes Fluorescence Iron-specific Can be influenced
Detection (e.g., .FerroOrange, Labile iron pool absorbance detection by other iron-related
calcein-AM) changes
Requires
Oxidative Oxidized lipid Mass spectrometry High sensitivity, specialized
lipidomics species (LC-MS/MS) high resolution equipment and
expertise
GPX4, ACSL4, ) ) e Requires good
Immunodetection m%sjel? blot / SLC7A11, TfR1, ler:;:g\nlevel / :Agdhsse(legstlit\ll\i/tﬂy antibodies, not
PRDX3, MDA Y quantitative
High resolution,
TEM Mitochondrial Cristae loss, direct observation Requires expertise,
morphology membrane rupture of subcellular low-throughput
Others damage
Signal intensity in Non-invasive, Low resolution
MRI Iron overload 9 y applicable for in ’

T2* images indirect

vivo and clinical use

Table 1. Ferroptosis detection tools and markers
Note: ROS: reactive oxygen species; LC-MS/MS: liquid chromatography with tandem mass spectrometry; IHC: immunohistochemistry; IF: immunofluorescence;

TEM: transmission electron microscopy; MRI: magnetic resonance imaging.



®
DOJ/IN NEWS No.194 (2025)

Integrating multi-omic profiling, advanced imaging modalities,
and organelle-specific markers will enhance the understanding
of ferroptosis. Developing selective probes and therapeutics that
target key ferroptosis regulators with high efficacy and low
toxicity is critical. Finally, interdisciplinary efforts combining
systems biology, nanotechnology, and clinical expertise will be
essential to utilize ferroptosis as a diagnostic and therapeutic
avenue in cancer and other acute settings.
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Z=HR:2025F 11 B3H (B) ~58 (K =15 BURHERR
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FerroOrange

HIIEFANTRESL BRI DIEBEBRTECHY . BABEEEMERI ZENBESINTNET, BE. F U/ VEFEFEER
DHA7F (BEH) ELTOBEEMNFEINTSY . ZOS0RICEISHHEECHERILICEES LTSI ENRBEINTINE
o EMBRICHNT, HERNETHRIE. KA. N UVAR—Y—DEESEERBIDEHUN AT Fe*) KU EEU) 17>
(Fe?) DEFHZMDIENEETHDEZEZONTINET,

AEEIS, BABMBESSLOTL— NI —ICTHERNO_M#$EBEICKRETDIIENTEEY, AELESHEBRIIANT S
T CHREEZEBL. MREAD Fe* SBIRMICKISLBNEXEELETT. (Ax=543 M. Aem = 580 nm)

FerroOrange (CI33+ L — MEEIS A V) £ B Ao FerroOrange & Fe?* [SFERIEMICRET D70, Fluo3 DXSHE NIV DO LAF T
O—JDOREEREEIIRRY FT,

<BABEMBICKDA A= TH>

HelLa fif3ZF (\T. MRERNICAET D Fe* BXUHF L — MEAEE Bpy (2,2'-Bipyridine. #%BE : 100 umol/l) &8 (REE7 £
ZOLEAN . FRE 100 ymol/l) DORMBEEICK Y. HIREAD Fe* DZ1t% FerroOrange ICKWHER Lz, #FL — MAEER
M2 ETERBOMBBICIENBHBENMBT LI ENS, HIEBRNICISHNEMD Fe h'ERT DI ENERTET .,

<IRHFEMG>
Ex =561 nm. Em =570-620 nm
24 —JL/N— 120 um

XARBII, BEEMAZRCZAAE KEFFRE. FILREEDTIREDT. #atLE L.

I MOV RUT7ABIEHEALAE

Mito-FerroGreen

Mito-FerroGreen |$. FeS 75X WOALEHRDIBELTHSND I MOV R TZRDE W) 1 7 > (Fe?) EBIRMIC/RIG L3S
H (Aex =505 nm, Aem =535nm) ZRKTDHEETHY. HERKU) A FoDSATRIVA A=V IICHBT DI ENFEETT,

Mito-FerroGreen [ZI3F L — MEEISZH Y £ Ao Mito-FerroGreen & Fe IZFEREMICRIST D=, Fluo3 DXDIBHIL T LA
Fo7O0—TDREEBEISEREYFT,

<BHBEMBICKDA A= T6>

HeLa fif@ZF\. I O RUTRIZHNET D Fe** BXUHFL — FHZFE DFO (Deferoxamine, 10 mmol/l) & (100 pmol/l &
B7EZOLBW))DORMEEICEY,. I NIV RUTARD Fe? MZL% 5 pmol/l Mito-FerroGreen (C & W HESR L T=. ZDHER.
IROVRUTICRET D8 (ER) (3. BZ2RMLUIBESICIEEYENEY (RRR) AAROh. #hFL— MEREBZERML
BTl Mito-FerroGreen DEX (AR) IXIFEAERONIEN DT,

MRS >
Ex = 488 nm. Em = 500-565 nm

XEHRBIT, REENAZRCZMAE KEFFEE. FILHEEDTHIDOT. BALL I L,

mE B8 HEMAME(¥)  A=A—2-F
1 tube™ 18,100
FerroOrange F374
3 tubes 40,800
Mito-FerroGreen 50 ug X 2%2 32,000 M489

<{EREEDBEZE > % 1) 1tube /=), p-Slide 8 well 20 # % 2) 50 ug &7="J). u-Slide 8 well 6 12
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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

B&:

%) Rotenone FiNE% ) stEs
/) Rotenone 7M1 90 731 T) fItAEE
&) Rotenone 71N 180 73

XARMIIEAAZEZE BREESICKIBESNLRETT,

=) 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 BE L BE 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
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Liperfluo

Liperfluo (3. BILIEORMESIVUBHEENERE (A =524 nm, Aen=535nm) ThDH. BAERXBRANDKICEDY X =
HEBROBRBADEEERRTEET, BILEISKPTIIEIEAEEAELHY FEAN. HIRESOEAREOSNEBATIIE
HEEBDZEND, BHEMBICEIDEMROBBLIEEDA A—200%7O—H A1 MA KN —ICLDHMBOERILEEEEDS
WICHERIT DI ENTEFET, F/=. Liperfluo [FHRBEANZILD—DE L TEEEEHD VIO M AMRICH T, #HKE
HOREEBREYORHBEA TO—TELTERINTNET,

< L929 HREA L /o iR i >

L929 fHRRICARBmE S THFT L LMEZ R GORE 1 umol/l) L7z (37 C. 30 73), 1HEthFRETE. t-BHP (tert-Butylhydroperoxide)
EESUH L OEZ R REE : 250 umol/l) L. 2 BB ICHESL ——BEMEBEZHTEEL.

\\\\\\\\\

FIELE © Zeiss LSM510META
TAIE—ty

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

EHEZROBRIIEEDHERIAMIEA A -2 2T
TORM  ABERFRZE SHIEZELE, RORISKE

k= B8 FEMAMR(Y)  X=AH—T—F
Liperfluo 1 set(50 ug X 5) 27,200 L248

<ERAE#MOER> 50 ug H7='). 5-50 [@ (FREFEARH)
N U (|
FERR

YO IOT7ILTE RAEFY b

MDA Assay Kit

<HER>
- HREvEBTROYO 7 IVTE RENERRE (X /Lhe)
AEOHENRBLROBRARNGE
-4 o07L— MAEICHIS

MDA Assay Kit |, FA/NLEY—)LEE (TBA) &VvOV27ILTE R (MDA) DRISICEWERT DILEVMDRAE F/-I3EH
ZRAETDIET, ABMADMDARBEEZTEETEE T, BH. A+ MITAEBRICSITDEBDOBILZLS T=DICBR1EFHIEH
MIBLTWET,

<HHRaX#EMY > TILTRIEFTRE >

MEEZNERNETDIBE(3. HAETHETEET, ARZAEENETDHBEIE. YT ILE8PTFEEND MDAREELY
AERZE EHEL LSRR Z8IRTEEY,

L | ek WEHTIE BIERTAE MDA JEEEEH
#BAa O X 1-3 X 107 cells 1-10 pmol
, % 1 10-30 mg BYSE © 1-10 uymol
e © © Ho &% © 20-50 mg Ho85% © 1-50 pmol
AEFPBEXHIZZESNS
MDA E= i EA
@& 58 FEMAMIRE(¥) X—A—1—FK

MDA Assay Kit 100 tests 34,900 M496




®
DOJ/INNEWS No.194 (2025)

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]

https://youtu.be/SME10sR3ZOs
BRADCERRF DL

(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§
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Lyso-FerroRed
<HE>

)YV —LZBHDS A TRIVA A=V T hiEEE
- BATEME. A TL— M) —F— JO—YA M A—H—THERHTHE
- ZEgSADELER Y

ZfEgkA 7 (Fe*) ITRFLBEEBRMOBERICIUSISEISNDMAEE (70— X) H' Stockwell SICRIEENT
NS0 EMERBBL., CNETICTIOM -2 RCEIDHRALHAANBLENTNET, BRELL Fe* AT T2 b URIBICEKIE
MBRERLESE. BEM’BLESNDIEND. JIO M2 XIHREHEOHERETECTHD I ENPEOMNHEOTETNET, T
RIATIE, BRERICKY. UVYY—LDERMEEL. VYV —LROBNRET DI EICKOT. MOHR/INSEENEERAL
HOTNK ZEDRESNTNET Vo FERISXEBEMARZT I NWIVN\AFAOD—ARE FIUHEETEEDT. BEHRTT,

1) K. Yamada et al., Nat. Commun., 2025, 16, 2554.
<FEE>

Lyso-FerroRed [S#RAAD ) VY — LOBE _M#FERH 4 = 4 oy &
TDIENTEZY, AELBEBMPIFTMT dEMpEZ TG 1 Foi- C Loy
EBL. UYY—LDFe* EEBRMICREL THNENE @" &% Y
%L &9, Lyso-FerroRed |Z I3+ L — MEEIS A <. Lyso-
FerroRed & Fe* (IIERIEMIICRIG T D7/, Fluo3 DLD

BANOLBATO-TDRERIEBEIIERLEI T, Lyso-FerroRed (DERIE

< ZfEEANDFLVER M >

[RERSRMF] 200
ERA A IRE 20 pmol/l
Lyso-FerroRed 2 : 2 umol/l
Buffer : 50 mmol/l HEPES (pH 7.2)
RIGHSR © 1 557

F/Fo (580 nm)
o o a
o o o
|
o, I
[ |
|
|
|

[ ]
1%iHes - AT L— K1) —%— M200PRO (TECAN) [ — — _
Bx =550 nm, Em = 380 nm o°°\@ & FE ¢ mx;zﬁ* @ F o TP

QQ'
< EE&fI : HT-1080 MRAAN Y)YV Y — L Z Egk D& EH >
WEE 7 > =D L8 (1) <K A& AT HT-1080 MR IC M= MR FE. FHEATY VY —LDZffi#EaRELEZ LIz, Z
DFER. WTNORERICHNTE. DO RAAIIL > THEEOEABEN LA . ZfM#kD+ L — M Bpy (2,2 -Bipyridyl)
EDOHBICKUMBRDBENBENTHD I EAERINE L,

o MEM/FBS (- 100 pmol/l Fe(NH,),(SO ), * 6H,0 HBSS 1 pmol/I Lyso-FerroRed/ HBSS
SR 1 mmol/l Bpy
[:-.ﬂ:s] > > ———>» > ——— @t
T wash X2 30 min incubate wash X2 30 min incubate wash X2
HT-1080 cells
S BEMER BATL—N)—F— JO0-YA bA-5H—
Fe2+: +
Lyso-FerroRed: + | Lyso-FerroRed: +
Bf)syo 79"’0 {1 B)';Syo 79"0 =] 1400 - I:I Ce"@g}
2 1200
2 Fe?+: +
g 1000 - Lyso-FerroRed: +
@ 800 " Bpy: +
Fe2+: — Fe2+: + g 600 i Fe2+: —
Lyso-FerroRed: + Lyso-FerroRed: + 5] - 3
Boy: + Boy: + 2o . = Iéyst.)-FerroRed. +
% I I py:
w20 Fe?*: +
0 " - Lyso-FerroRed: +
Fe>* — 4+ 4+ - 4+ + o o v W W W Bpy: -
Lyso-FerroRed - - — + + 4+ LyiFprihed b
Boy - - + - - +
[R5 (fRHSH] [R5 HF]
LSM800 (Zeiss) infinite M200 PRO (TECAN) SA3800 (SONY)
Ex = 564 nm, Em = 570-620 nm Ex = 550 nm, Em = 580 nm Ex =561 nm, Em = 565-617 nm
Scale bar : 20 pm
mE B8 REMMERE(¥) A—AH—J—F
Lyso-FerroRed 35 nmol 39,800 L270
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Whole-Organ |ZiE A A BEGBESRIEME 3D VU E 2 I H{iT DR HE

RIS EBBEEDREICS N\ TEELBEAZEBO>THY., ZF0D
BERITIFIFHRBIIBESITZZENMONTID, =&£x(1F
TR M= ZBEDH /=1 3SFMERMBEEELIFD SA-B-Gal 5F
MRE, BREUZATE  IRLTDZEITRELEEZN O
2DEMERDDOXATHOHTHRATHD, TE. BEEEE]A
FEIREHDICSHELAELTO-THERIN. LL<FBEATH
éo

R L NI TOBEREEAA -V TIILEBNES THD—
. HBEL NI TIZESHDETICDONTEHAL LT FILASER L.
BEHNVRHMICED, COBEETIRY D/-OICTHFHEMBEEY
AERAEALTO-THERINTELD, BHLEEBEET D/
H—IEOARETISEAN L, T/, BEERRESL RS
INTDH. ERLBIEDRAELIER & TEXETO—TH% 0
AREINTLESENWOEEN D,

ZFITYiLlE, RTFI—EEEOSREEID Y YEYT
AABEE I D TO—T&HBETL. Z0O—7 EBERbHi &R
HEHTDZET. £EES (whole-organ) LX) TORTFH—
TEMID VYV YETICRINLIE Y YibIERTFI—EDRR
HELTTP I/ RTFEF—EN (APN) ZEIRL =, APN (X
TF ROMKDERICES L. Hb. #lRS I FIVRE. RERS
BERAWVERBEEZIBS S 2. MEBEHMECHAMBOEE - &
BERETDIETHAETICEESTREMESNTIND 2,

B ERRIETE TO—THSR VRS NA LS. APNSE
MICRLTEBRY vINVBEREREETKR T D/ O0—T %545
Lico BIARICIZ2- F/2ld4- I AOXFILT ) EEBAL.
SEMRENICEERESETER T 2 uE LTRALE, ZORSE
EEEAIE. APN EORIST I AOXFIVT ) UEER L.
BT T VILYRBER IS 2R CERIGERREE 7S+ / o AF R
EERT D, ERLIEHBERAEESY VN VBERBRET D
ET. BREUAHDEMICTO-TH5%ET D, JDRER
ICBEDE, PILFVEEZFID4BEDTO—-T28K LT
FPINFUEEBATDHIET, PUOREZRFOEABREDY
Uy ORISICE DRI BEA e gEE 12D,

B LIE7TO—T7% APN 25%IE 95 HT1080 MAIEM L.
7R -BODIPY &0 woRIBSHI=&EZ S, ANA-o 7O—7
PEEITBENEXITFILERL . BEH (50 umol/
Phebestin) FE R CTIET T FILAKRBICE D L. 15R2MH TR
TNz, ZOMOTO—TTIIBEEBMPIHEBFERICICEEN
Dol

APNIZIB BRI
o]
i o (i HHy F =
e __.-]-H ‘T-,_:.F‘-‘-
[ - ""I H _ ?~ /-LI H e
st L T S ML
Y 1A Y
AMA -0

HAZHECCEMFER 8O =th

ANA-0-BODIPY

2 ANA-o0-BODIPY

BMNTVYOREBEMEBIAICANA-oZERLILE Z 2,
ANA-0 HZED L T FIVHERE S . APN RBEREDIERE—
Lizo oMU APN BEZIZNE L ZHE#ETIE S JHILAK
IRICIDEIE 1. ANA-0 WP APN SEMRERICHEBREL TS
EhRENT,

Tl U1) v I RIET BODIPY ##55& L 7= ANA-0-BODIPY
ZER L. ZOREECERCLIETHEZ#EBLIZ DA TY IR
NERIES Uz, BEERICHRE - BRERIEZT . 54 h2—
hEIIEMET IDBBELLER. RESIUANBEEICENEN
DO FIVHERREI N, BESMADILERNE APN SEED HZE S
T&Ezo DI APNPEEH| (Phebestin, Actinonin) ZRB (Vo &
25, BERICEICZBRNICELDIFI/NS —UhESREn. &
FEEFIDIRIT - K35 - EEBEBHDERERIEL TS AEEMEA
RBEN,

MELY, BRRICHENISAETRERS T2 /O0—JLH
HERLIEZEASHED I LT, RE#THOEMERL
NIVDBREEAA—D VI TEERD I ENREN. T
O—JHEEZEITNITAPN UADERICEHERAEETH Y.
BHEREHZEFICZEA A—2 0T TEDNRMDS Ll
EEZOND, AEMICKZBWBATAATREE LD LT,
SIS CRIERECRBRANDICANEFEND,
v
1) Bo Yi et al., “Imaging Heterogeneous Patterns of Aminopeptidase N

Activity in Hierarchical Tissue Structures Through High-Resolution Whole-

Organ 3D Mapping”, Angew. Chem. Int. Ed., 2025, 64, €202504668.

2) M. Wickstrém, R. Larsson, P. Nygren, J. Gullbo, “Aminopeptidase N

(CD13) as a target for cancer chemotherapy”, Cancer Sci., 2011, 102(3),

501-508.
NH :h‘l-"’. NHE /
'y 'rﬁ J_-h ,N\lh

L —
— H " ] =
™, Lﬁ’ly”v? {J\P;h‘ s

1 APN 70O0—7 (ANA-0) ZfER LIcA X — DV JREB
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Exploiting Acquired Vulnerability to Develop Novel Treatments for Cholangiocarcinoma
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Cancer’s adaptive capacity under therapeutic pressure constitutes a fundamental challenge in oncology, frequently culminating in
treatment failure due to acquired resistance. Drug-induced adaptation plays a critical role in various malignancies, including
colorectal, liver, glioma, and cholangiocarcinoma (CCA). A comprehensive characterization of cancer adaptation trajectories in
response to specific therapeutic interventions enables the preemptive circumvention of resistance via rational drug combinations or
the strategic exploitation of acquired vulnerabilities through synthetic lethality. Our laboratory is at the forefront of advancing this
paradigm, particularly in the context of CCA — a highly lethal malignancy with significant prevalence in Thailand and East Asian
countries. Through rigorous screening methodologies, we have systematically identified emergent vulnerabilities in drug-resistant
CCA and validated these findings using tumoroid models and in vivo systems. Additionally, we have delineated key resistance
trajectories under diverse treatment regimens, providing a mechanistic foundation for the development of novel therapeutic
strategies. Our ongoing research program remains committed to elucidating the molecular determinants that govern CCA’s
response to pharmacological interventions. By integrating experimental insights with translational applications, we aim to contribute
clinically actionable solutions that enhance therapeutic efficacy and improve patient outcomes in the management of this disease.

Overview of CCA as a Therapeutic Challenge

CCA is the second most common primary hepatic malignancy.
Known for its extensive heterogeneity, silent clinical
manifestations, and frequent late diagnosis, most patients are
diagnosed with unresectable tumors. Current treatment options
rely primarily on pharmacological approaches rather than
surgery. Standard first-line therapies such as the gemcitabine/
cisplatin (GEM/CIS) combination yield only modest

12

improvements in overall survival (OS). Although efforts to
enhance these results with additional agents (e.g., TS-1, nab-
paclitaxel, or immune checkpoint inhibitors) have been made,
the benefits remain limited. Second-line regimens, including
FOLFOX (fluorouracil, oxaliplatin, and leucovorin), also only
marginally extend survival, and targeted therapies addressing
genetic mutations (e.g., FGFR2, IDH1/2) are applicable in only a
small subset of patients”.
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The concept of acquired vulnerability. Drug-naive cancer cells can develop resistance to drug A upon exposure. This resistance is accompanied by targetable molecular/pathway
alterations, known as acquired vulnerabilities. These vulnerabilities may be exploited as novel therapies for the drug-resistance cancer in two ways: (1) by targeting acquired
dependencies on survival mechanisms induced by drug A or (2) by targeting acquired decompensations where cancer cells cannot fully mitigate drug A-induced damage

The Need for Novel Strategies

Due to CCA’s adaptability and rapid development of treatment
resistance, there is an urgent need for alternative therapeutic
paradigm. Instead of solely focusing on directly inhibiting
oncogenic drivers or conventional survival pathways, we are
exploring the concept of “acquired vulnerability.”® This approach
turns the cancer’'s adaptive resistance into a therapeutic
opportunity by targeting the weaknesses the cells acquire while
evolving resistance®. These insights may lead to designing
combination regimens capable of achieving markedly improved
clinical outcomes.

Defining Acquired Vulnerability

When cancer cells are exposed to initial drug treatments, they
undergo significant molecular reprogramming to counteract
therapeutic pressure. In doing so, the cells “pay a price” for their
resistance by developing new weaknesses — referred to as
acquired vulnerabilities or collateral sensitivities®. Essentially,
while resistant cells evade the effects of the primary drug, they
become more susceptible to a secondary intervention that
targets the reprogrammed survival mechanism (Figure 1).

Historical Context and Early Observations

Early studies dating back to the 1950s noted that resistance to
one drug could lead to increased sensitivity to another. Initial
work in leukemia models and subsequent microbial studies, like
those by Szybalski and colleagues, established the principle of
“collateral sensitivity.”” We expand upon these early
observations by applying the concept of acquired vulnerability to
cholangiocarcinoma, demonstrating how treatment-induced
adaptations create new targetable weaknesses.

Mechanistic Underpinnings®

Unlike classic genetic resistance mechanisms, which can be
detected by DNA sequencing, acquired vulnerability typically
arises from non-genetic adaptations — including altered gene
expression, posttranslational modifications, and reorganization
of cellular signaling networks. These changes force the cancer
cells to become “addicted” to the alternative survival pathways
they establish under treatment pressure, thereby opening a
window for targeted secondary therapies.

Diverse Mechanistic Categories which cancer acquired
vulnerabilities manifest:
1. Apoptotic Pathway Dysregulation:

Resistant cells may downregulate pro-apoptosis or exhibit
upregulation of inhibitors of apoptosis proteins (IAPs). Such
reprogramming can be exploited with agents like TRAIL receptor
agonists or SMAC mimetics that induce apoptosis.

2. Cell Cycle Dysregulation:

Alterations such as the loss of CDKN2A or the overexpression
of cyclins (e.g., cyclin D1) force cells to depend on compensatory
cell cycle pathways. Combining CDK inhibitors with agents
targeting these compensatory mechanisms has been shown to
induce effective cell death.

3. Growth Signaling Rewiring:

When cells inhibit their primary survival pathways (e.qg.,
receptor tyrosine kinases or MAPK pathways), they often
become reliant on alternative pathways such as the PI3K/AKT/
mTOR axis. This dependency can be targeted using specific
inhibitors.

4. Oxidative and Metabolic Stress:

Many resistant cancer cells modulate their levels of reactive
oxygen species (ROS) by altering antioxidant responses or
metabolic pathways. Agents that either further disrupt this
balance or force a metabolic shift (e.g., from glycolysis to
mitochondrial oxidative phosphorylation) can trigger lethal
oxidative damage.

5. Protein Synthesis and Ribosomal Stress:

In response to certain inhibitors (e.g., CDK4/6 inhibitors),
resistant cholangiocarcinoma cells may increase ribosomal
biogenesis factors, making them particularly vulnerable to drugs
that impair nucleolar function (e.g., oxaliplatin).

6. Hypoxic and DNA Repair Stress:

Prolonged treatment can induce dependencies on specific
DNA repair mechanisms (such as the ATR/CHK1 pathway) or
lead to intracellular hypoxia. Inhibiting these pathways can result
in catastrophic DNA damage and cell death.

Identification Strategies and Combination Therapeutic
Approaches®

The identification of these vulnerabilities relies on a
combination of comparative drug screening and high-throughput
molecular analyses:
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e Comparative Drug Screening:
Researchers generate resistant cell clones by exposing CCA
cell lines to primary drugs (e.g., GEM/CIS). These resistant
clones are then compared alongside drug-naive cells using a
broad library of compounds. Agents that selectively impair
the resistant cells are flagged as potential secondary
treatments.

e Omics and Molecular Analyses:
Techniques such as proteomics, transcriptomics, and
chromatin accessibility assays help elucidate the
reprogrammed signaling networks. This process not only
identifies critical pathways but also aids in discovering
surrogate biomarkers that could be used clinically for patient
stratification.

Validation Using Advanced Models

For clinical translation, findings from in vitro screens are
validated using patient-derived organoids (PDOs) and patient-
derived xenografts (PDXs), which serve as “avatar” models.
These models capture the unique heterogeneity of individual
tumors, enabling personalized validation of drug combinations
and adjustments for each patient’s specific tumor biology.

Combination Strategies and Regimen Scheduling

A key insight is that exploiting acquired vulnerabilities is most
effective when secondary treatments are combined with the
primary therapy rather than being used alone. Different
scheduling approaches are considered:

e Sequential Dosing: Secondary agents are introduced only
after resistance develops.

e Preconcomitant Dosing: Secondary agents are administrated
at the outset alongside the primary drug to preempt
resistance.

e Postconcomitant Dosing: Combination therapy is initiated
only after the resistance phenotype is observed.

Continuous exposure to the primary therapy may be necessary
to maintain the vulnerability, as intermittent dosing or prolonged
drug holidays might allow cancer cells to revert to their original
state.

Discoveries of the acquired vulnerability-targeting
therapy in CCA

We have demonstrated distinguish targeting strategies for the
CCA that developed drug resistance to the first-line treatment
gemcitabine + cisplatin (GEM/CIS) and the CDK4/6 inhibitor.

SMAC Mimetic and GEM/CIS in CCAY

We examined CCA cells that had acquired resistance to the
standard GEM/CIS regimen. We observed that prolonged
chemotherapy exposure led to upregulation of the anti-apoptotic
protein clAP2 — a key regulator in the inhibition of apoptosis.
This reprogramming, while conferring resistance to GEM/CIS,
simultaneously created a susceptibility to agents targeting
clAP2. Treatment with the SMAC mimetic LCL161 effectively
downregulated clAP2 levels. When combined with GEM/CIS,
LCL161 not only restored sensitivity in resistant CCA cell lines
but also produced a strong synergistic effect in both in vitro
experiments and in vivo xenograft models. This combination
inhibited the emergence of further multidrug resistance,
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suggesting that exploiting the cancer’'s compensatory
upregulation of anti-apoptotic proteins may enhance the efficacy
of standard chemotherapy.

CDK4/6 Inhibition — Induced Vulnerability Exploited by
Oxaliplatin/Palbociclib combination®

The second study focused on an alternative approach:
inducing an acquired vulnerability by inhibiting CDK4/6.
Treatment of CCA cells with a CDK4/6 inhibitor (palbociclib)
resulted in adaptive reprogramming characterized by significant
overexpression of the ribosomal protein RPL29. This elevation of
RPL29 is associated with the resistance to CDK4/6 inhibition.
However, this same reprogramming creates a dependency on
the ribosomal biogenesis pathway — a vulnerability that can be
exploited. When oxaliplatin, an agent known to disrupt nucleolar
function and protein synthesis, was combined with palbociclib,
the treatment induced RPL29 suppression. This triggered a
cascade involving RPL5/11-mediated inhibition of MDM2,
stabilization of p53, and ultimately, cancer cell apoptosis. The
combination of oxaliplatin with palbociclib cleared resistant cells
more effectively than when the drugs were used separately,
highlighting the potential of leveraging an induced ribosomal
stress vulnerability to overcome drug resistance.

Both of our studies highlighted a conceptual shift in cancer
treatment strategies. They illustrate that the very adaptations
cancer cells use to evade therapies can be exploited as
weaknesses.vThese complementary approaches support the
concept of “acquired vulnerability” as a means of designing
combination regimens. Rather than considering drug resistance
as an insurmountable barrier, these findings suggest that it
represents an opportunity to intervene with secondary agents
that specifically target the reprogrammed survival mechanisms in
resistant cells. Both investigations relied on comprehensive in
vitro assays, xenograft models, and — where available — patient-
derived tumoroids/organoids to validate their observations. Their
preclinical success paves the way for future clinical trials which
might incorporate these drug combinations into treatment
protocols for patients with CCA.

Challenges and Future Directions

Although the concept of acquired vulnerability is both
innovative and promising, several challenges must be addressed
before such strategies can be widely implemented in the clinic:
Biomarker Development:

Acquired vulnerabilities often arise from non-genetic changes.
Therefore, conventional genomic tests may be insufficient, and
the discovery of reliable biomarkers is essential for proper
patient selection and treatment monitoring. Tumor
Heterogeneity:

Inherent variability within and between tumors makes the
application of a single strategy difficult. Personalized approaches
using PDOs or PDXs are necessary to tailor treatments, although
this can complicate clinical trial designs. Optimization of Drug
Combinations:

While preclinical studies have identified promising
combinations that demonstrate synergy, translating these
findings into the clinical setting requires careful balancing to
reduce toxicity while maximizing efficacy. Dynamic Nature of
Vulnerability: Acquired vulnerability is not a permanent trait; it
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can fluctuate or disappear if the selective pressure of the primary
therapy is removed. Maintaining this vulnerability through
continuous or appropriately scheduled dosing is critical.

We envision an integrated strategy where innovative
technologies — such as single-cell sequencing and cellular
barcoding — are used to further elucidate and track acquired
vulnerabilities over time. Expanding research into additional
aspects of tumor biology, including epigenetic modifications and
microenvironment interactions, may unlock new therapeutic
targets. Well-designed clinical trials that incorporate adaptive
treatment approaches based on these evolving vulnerabilities
hold the potential for significantly improved patient outcomes.

Conclusion

We redefine drug resistance in CCA by demonstrating that the
very process of acquiring resistance leads to the emergence of
exploitable weaknesses. By classifying acquired vulnerabilities
— from apoptotic and cell cycle dysregulation to metabolic
reprogramming and ribosomal stress — and outlining robust
strategies for their detection and exploitation, the paper sets a
comprehensive framework for developing novel, adaptive
combination therapies. Although challenges remain, the potential
to transform management not only for CCA but for other
treatment-resistant cancers is compelling, heralding a promising
new direction in personalized oncology.

This paradigm shift — moving from a singular focus on genetic
mutations to dynamically targeting adaptive cellular changes —
could revolutionize how we treat various cancers. With
continuous monitoring and adaptive drug scheduling, the
approach of exploiting acquired vulnerability may lead to more
durable responses and improved survival outcomes for patients
facing aggressive and heterogeneous malignancies.
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