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Ferroptosisi= & 9]+ 4 (iron-dependent)! A Z2F3}(lipid peroxidations)®ll
ol A= MEE cell death mechanism© &, cystine?] A|¥W o]%&
) 7}8k= system X & SAStE EZELS ferroptosisE Rt A
Atk 8= oA Ao A 2-deoxy-d-ribose (dRib)o] HEFA| E oA cystine?)
A ol sS Alete] AbstEAS ettt Haskqith oo dRibel gk
W EFA| 3 AFSEEAbo] ferroptosis§IA] &olH 7] 918 2 AFE Al st

RINSmF A} FH=¥E 23 islets& 30 mM  dRib¥ 100 uM
2-mercaptoethanol (2-ME), 100 uM deferoxamine (DFO) with or without 100
uM FeSO4, 20 uM Ferrostatin-1 (Fer-1), or 20 uM Liproxstatin-1 (Lip-1)&
EAlo A=Eke] st & xCT mRNA & protein expressions, 1-[MCleystine
uptake, intracellular GSH content, lipid peroxidation and cell viabilityE

43l th. Lipid peroxidation intracellular malondialdehyde (MDA) and
4-hydroxynonenal (4-HNE) levels 18] 3 C11-BODIPY stainingg ©] &3+ flow
cytometry® A3t tl. dRibol s AX FeEst4 wWslE=  transmission

electron microscope (TEM)o. & #za}]t}.

RINSmF A3 A dRib AL system Xc° mRNASF whifzs

f
o
o

FroEAoR  Z7HA7]al,  cystine uptake #F4, GSH depletion, lipid
peroxidation¥} cytotoxicityE 23t System Xe & F33F9] cystine9
MAEY olss FTVIAZIE Aoz 4 2-MEE dRibe® 2% cystine
uptake 72, GSH depletion, lipid peroxidation¥} cytotoxicitysS 7#¢ tiZE+*
TF+o 2 3 HAZY. Iron chelatord! DFO% Fer-1 & Lip-12 cystine
uptake®t GSH contentol] = <G&o] glAot dRibel &) FEE  lipid

peroxidation®} cytotoxicityE ¥ EAZH 3, DFO% &¥+= FeSO, F7I=E



AAE AT o3 FHELS  isolated isletsdl A E FLEA  BEHAC.
TEMOS = #zgSu dRib A= vEZ=go}e] 4=(shrinkage), §7] T2
7F 2 (reduced cristae)®t €99t (outer membrane rupture)S S O},

nucler integrity+= intacts} i th.

9l AYdES THE W, dRib2 HIERAEZ A system X & AT ZA
AEW GSH7F 2725 o] lipid peroxidationo] 2]3F A¥A}Sl  ferroptosis=
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ABSTRACT

Ferroptosis is a cell death mechanism caused by iron-dependent lipid
peroxidation. Substances that inhibit system X., which mediates the cellular
uptake of cystine, induce ferroptosis. 2-Deoxy-d-ribose (dRib) inhibits cellular
uptake of cystine in B-cells to cause oxidative damage. In this study, we
examined whether dRib-induced oxidative damage of B-cells is a type of

ferroptosis.

RINSmF cells and rat islets were co—stimulated with 30 mM dRib and 100 uM
2-mercaptoethanol, 100 uM deferoxamine with or without 100 uM FeSO, 20
UM ferrostatin—1, or 20 uM liproxstatin—1. After culture, the mRNA and protein
expression of xCT, 1-["C] cystine uptake, intracellular GSH content, lipid
peroxidation, and cell viability were measured. Lipid peroxidation was evaluated
by wusing flow cytometry with Cl11-BODIPY staining and measuring
intracellular ~ malondialdehyde and  4-hydroxynonenal levels. Cellular
morphological changes caused by dRib were observed using transmission

electron microscopy.

Stimulation of RINbmF cells by dRib increased the mRNA and protein
expressions of system X. 1n a concentration-dependent manner, decreased
cystine uptake, and induced GSH depletion, lipid peroxidation, and cytotoxicity.
2-Mercaptoethanol, which increases the cellular uptake of cystine via bypassing
system X, restored dRib-induced cystine uptake reduction, GSH depletion, lipid
peroxidation, and cytotoxicity to levels similar to those in the control. The iron
chelators deferoxamine, ferrostatin-1, and liproxstatin-1 did not influence

cystine uptake or the GSH content but restored dRib-induced lipid peroxidation



and cytotoxicity. Addition of FeSO, prevented the effects of deferoxamine.
These results were also observed in isolated islets. Transmission electron
microscopy revealed that stimulation by dRib caused mitochondrial shrinkage,
reduced cristae, and outer membrane rupture, whereas the nuclear integrity

remained intact.

Our results suggest that dRib inhibited the system X. in B-cells to deplete
GSH and induce ferroptosis via lipid peroxidation. dRib can be used to study

ferroptosis-related diseases.

Keywords: 2-Deoxy—d-ribose, Ferroptosis, System X., B-Cell
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I. INTRODUCTION

Ferroptosisi= 7|0 & # 2 necrosis, apoptosis, pyroptosis, autophagy % 2|
AFZAE= g2 2¢ 7149 programmed cell  death®4], #
o] &4 (iron-dependent) ¢! 2F3h=2) (oxidative damage) ¥} A A 2k} (lipid
peroxidation)& S o & 3t} [1,2]. Ferroptosis® 2012 Dixon % [3]o] *2
Pystac 1 52 TYEA RAS =AWl M AEF(oncogenic RAS mutant
cell lines)E ¥ oz Fol= A FAH(small molecule)$] erastino] A 3Ew9te]
system X. & <At FH oEH AsELES U oM ferroptosisE
Z#Y 3L o]  ferrostatin-19] &3] A ETGZ st Ferroptosisi
Fejstdg oz v EZ=golr} #tolX] 11 outer mitochondria membrane®] 3} 3}
mitochondrial cristac®] 424 F9o vEEZdol wWIE E5How &y,
necrosis®] cytoplasmic and organelle swelling, apoptosis®] chromatin

condensation “L#]3l autophagy®] double-membrane enclosed vesicles & 9

A2EL #EHA Fe=rh [34]l 4 By oy FI/AFAF
£k (ischemia/reperfusion injuries, IRD), Tkd 217 W2 A 2 (chronic

neurodegenerative diseases), 21°¢ % HA 3 T8ja ZF 95 2L WIA3) 5

ogsk A3k A ferroptosis’t L% HWolow wre X1 9low [56], FTFF
ferroptosis®] =4S F3a o3t d3=9 Aart 7t AoR 7Yt vt

[7,8].

System Xe = AlX9o)] 9 x]3Fe] A3EL] cystine?} AXEW glutamateE 1:11%
1.83F=  sodium-independent antiporter©]th [9]. System X. & heterodimer
TFx2 olFojx 9lom light chainQl solute carrier family 7 member 11
(SLC7A1l, xCTR2% <& A)E& catalytic subunit®A] transport® ©dslaL
heavy chain?!l solute carrier family 3 member 2 (SLC3A2, 4F2hc %+
CD98hcE %= ¢# )= chaperonel.®A SLC7A1lS F+xRZAo® <tAHA 3o}



[10]. System x.& %31 Eol cystine® AEHeA NADPHel <3
cysteineo. = ¥ o]  AXEW  cysteine ¥ GSH @ F449

A Al A (rate-limiting  factor)® g3ttt [11]. GSH

il

7] 4 (substrate) =
Ab-8-3h=  glutathione peroxidase 4 (GPX4)v= irong ZFw|& 3= Fenton
reaction®] 2] AEXXAZRE PFAH ferroptosise] A =2<2l phospholipid
hydroperoxides& lipid alcohol® 2HUA|7]= FL3E dAkstg ol [12,13].
w2k system ¢S A= SFEE (9, erastin [3], sulfasalazine [14], T+
sorafenib [15)& AZW GSHE 12Z4AA GPX4E H|EA3I A==
R Aarste]] o] HAEE ferroptosisE e 4 ol [16,17]. 3HH
Mercaptoethanol< system X. <#|E $-3]3}l9] cystine uptakeE F7HA| 7] 2=

system X A A o&] FitE = ferroptosisE olge 4= 9l [3,18].

2-Deoxy-d-ribose  (dRib)&= g3 39 capacity)& 7%

o]r
-~
D
(o
o
Q.
j=
Q

F(sugar) ©. & protein glycations &3 ASAEHAE fFasivia A gk
[19201. 2y £ AFHE dRibel AW WEAEZAAM  YEF
H] ¢] &7 © & (sodium-independently) intracellular cystine transport® <A 38}
AEW GSHE 22 A 4bskEdE 2detal, 2-ME A A B system Xe 9
715 A ¢k 9] (functional subunit)$! xCT FAxFEtd o] dRiboll 23k cystine
transport 1A, GSH 1%, 2~ Eg A9} MEALE osrs Qe =
dRibo] system X. =& %3 cystine uptakeZE At A2 WE £ IdAYt
[21]. o]el A7-%1& dRibel & AEAL ferroptosisg AS® Az}t ol &
gelstr] fs 2 AFE AFsAr. dRibel 21§ ferroptosis’t Y5 H A
A WA Ee] AbskER Rk obyet oFs HRE of2] Hgho wyeldT o
A5 A el dRibe] ol &2 F AS ow A7



II. MATERIALS AND METHODS

2.1. Materials

dRib, NaCl, NaHCOs;, KCl, MgSO, K2HPO,, Hepesi= Amresco (Solon, OH,
USA) A FY3FA . RPMI-1640 medium, penicillin, streptomycin, trypsin,
Dulbecco’s phosphate-buffered saline (DPBS), Hanks’ Balanced Salt Solution
(HBSS)&= Gibco Invitrogen (Grand Island, NY, USA)el A A3t . Fetal
bovine serum (FBS)= HyClone (Logan, UT, USA)elA A3 T
1-[*Clcystine®} scintillation cocktail PerkinElmer (Waltham, MA, USA)el 4]

A3tA . Polyacrylamide gel¥} nitrocellulose membrane Amersham
(Amersham, Buckinghamshire, UK)ollA Fdstdtt. 30% Acrylamide-bis
solution ¢} bovine serun albumin (BSA)< Biosesang (Seongnam City,
Gyeonggi, South Korea)?} Bovogen Biologicals (Keilor East, Victoria,
Australia)l A 242y Fdskd Y. SASP, HCA, 2-ME, CaCl,, d-glucose,
3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyl tetrazolium bromide (MTT),
dimethylsulfoxide (DMSO), polybrene, Triton-X 100, collagenase P,
deferoxamine (DFO), FeSO, Ferrostatin-1 (Fer-1), liproxstatin-1 (Lip-1) +
Sigma-Aldrich  (St. Louis, MO, USA)9IA  FYatgich. ®E wjdgAl el
5852 BD Biosciences (Franklin Lakes, NJ, USA)ol A -1 3%t}



2.2. Cell culture and islet isolation

Rat insulinoma cell line?] RINmSF A% Korean Cell Line Bank (Seoul,
Korea)®= H¥ FY3tA . 37°Cel 5% CO, and 95% 02 3ol Al 10% FBS, 100
mg/ml penicillin, and 100 mg/ml streptomycin®] $-F¥ RPMI 1640
medium .2 st ol Evity A 2E wigdom wmAsIP o, AEE]

confluence”} 70%°] =93d trypsin * 8 3to] subcultured} Sl t}.

Rat islets& Lacy & [22]°] 7]s=3h Wiol 718t #2lstaith. 6-8F% 9
47 Sprague Dawley rats2 OrientBio Corp. (Seongnam City, Gyeonggi,
South Korea) 2. 245E T4staitt. w3 5 AFEE= FAES 3AA7L
MESATE 28] A 9-10 mLY collagenase P (1 mg/mL in HBSS)Z bile
duct® Eal #AGo FAaATh BEE ALS FAZFE  E2l(remove)sto]
37°ColA 12 7+ A3H(digestion)A] 713,  Ficoll gradientE  ©]-8-3f
¢ (separation)3t it o] # A 8% islets2 20% FBS¢ 11.1 mM glucose’}
¥l RPMI-1640 wjFedel  24A1%F  Ff(suspension)AlZl & Ago
25tk o] A= Jeju National University ] Institutional Animal Care
d

Use Committeeol] 93] <<= At} (2022-0014).

2.3. RNA isolation and reverse transcription quantitative polymerase chain

reaction

Total RNA¥ TRIzol® (Gibco Invitrogen, Grand Island, NY, US.A.)& o] &3l
A ZAbe] A F e whep xR FE FEETE. RNA 8= RNase’t §l&
7oA APEACt. 2 mge] RNAE MMLV reverse transcriptase (MGmed



Corporation, Seoul, Korea), oligo (dT)15 primer, dNTP (10 mM) and 40
unit/ml.  RNase inhibitor =~ (MGmed Corporation)S  ©]-83]  reverse
transcriptions 8389t RT gPCRES KAPA SYBR® FAST ¢PCR Master
Mix (KAPA biosystems, MA, USA) and an iQTM 5 Multicolor Real Time
PCR Detection system (Bio Rad, Hercules, CA, USA)<S o]&3 33513t}
4 cDNAT specific primersE ©]-8-3] 40 cycles at 95°C for 3 sec, 60°C for
30 sec, and 72°C for 30 sec, with an initial cycle of 95°C for 1 min &<t
SHEA A, Specific primers®] @7IMES ©23 2 xCT  forward,
5-TCAAATCCTTGGCCATCTGC-3, and reverse,
5-GTGAGCTTGCCCCACTGTAT-3 and B actin forward, 5° TCC TGG
CCT CAC TGT CCAC 3, and reverse, 5 GGG CCG GAC TCA TCG

TACT 3'. E+& primers© Bioneer Corporation (Daejeon, Korea)ol i

CECT

2.4. Western blotting

o

Lysis buffer® M*2E& gsllsta, 2t + & s &3 @l ds 7tste] 10%
Sodium dodecyl sulphate polyacrylamide gel #H7]9d5o® E#31
nitrocellulose ~ membrane®. 2 ] A (transfer)dtqtf. @A o] o] dH
membrane 0.1%6 Tween¥} 3% BSAo] xX3% Tris-buffered saline®l
incubationd}¢] non-specific antibody binding< ZFH(blocking)3titl.  ©] o]
xCTell 5o9°]#&<2l primary antibody (1:5000 dilutions; Abcam #abl75186,
Boston, MA, USA)9} 4°C oAl 2A13F &9t vl 43t th. Loading control &4 &
b-actin (1:10,000 dilutions; Sigma #A2228)2 AFE-3Fth o] % 1:5000 H]& &
3] 4%t horseradish peroxidase - conjugated secondary anti-rabbit antibody 2}t

2A1 7k wf ka9 tl. Western LighteningTM Plus-ECL  (PerkinElmer, Waltham,



MA, USA)& 2t
2.5. Measurement of intracellular cystine transport
[23]8  ©<F3t
T

ZlEd W
24-well cell culture plate®] ZF wellol

AEG olFe olHo

715t

%9] isolated isletse ¥F3o] 10% FBS7F &¥ RPMI-1640 medium® &
g wFele wWelx 122 mM NaCl, 25 mM

1-[MCleystine?)
=
NaHCOs;, 3 mM KCI, 1.4 mM CaCl,, 1.2 mM MgSO,, 04 mM KyHPO, 10

=4l 7hes)
z:;l,

o0
o =

37°CAlA o5 F W%k
mM d-glucose, and 10 mM Hepes (pH 7.4)% A% 37°Ce] extracellular fluid
(ECF) buffer 500 mL#Z A #3gkt}. o]oj 4 30 mM dRib¥ 100 mM 2-ME, 100

mM DFO with or without 100 mM FeSO4, 20 mM Fer-1, or 20 mM Lip-1S
FAOl 3AZE A sk mhA e 1417 E9E 0.1 mCi 1-[MCleystine (1.7 mM)7}
gre 37°Ce] ECF buffer 500 mL& Z} wellell 3] o] 1-[“Cleystine Al ¥

AANSS st 283 A well W £94S 2% A ASHaL radioisotope”}

A FHRE SAAIZIH 750 mL2

&3t3lol Wallac MicroBeta Trilux 1450 LSC and
e =A%} 1-[MCleystine A3

= 27FS ECF buffer® A 2 ske] Al E U
1% Triton-X 100/DPBSZ A X & £-3fstal, AXE3fe) 500 mLE 5 mL9
Luminescence Counter (PerkinElmer, San Juan, PR, USA)® radioactivityS

scintillation cocktail®]]
T2 XHAZ cpm/mg protein® & EA] $FU},

sk}, Jold = AlEES oA bicinchoninic acid (BCA) protein assay kit
(Pierce, Rockford, IL, USA)ZE o] &3} whu
o]

=74
s

AL AE Fehuz



2.6. Measurement of intracellular GSH levels

A¥W GSH w%+ glutathione reductaseE ©]-83F enzymatic recycling

Wo]  7|Wkek Glutathione Assay Kit (Cayman, Ann Arbor, MI, USA)®

=439tk RINSmF AlXE 6-well cell culture plateo] welld 1710° cells
TR BF3e 10% FBS7F 599+ RPMI-1640 vt o s 7]9-31, 30 mM

dRib¥} 100 mM 2-ME, 100 mM DFO with or without 100 mM FeSO4, 20
mM Fer-1, or 20 mM Lip-1& &A]ol A=3te] 6A)17F F<F vjdatde}. e

sonication®. 2 A¥XE Iysta YAFEE ¢ ASAoZREH AFALY] wlwd

W&ol met GSH 4& 459tk AlXd GSH 42 Alxe] FTaidsez
B A3t nmol/mg-protein & & FE A5} T}

2.7. Assessment of cell viability

$-A  lactate dehydrogenase (LDH) assay® dRibel] <£]3%+ cytotoxicityE
ZA39 k. RINGmF A ZE 96-well cell culture plated] welld 1710° cells
FTEE B39, isolated isletse 96-well cell culture plate?] well®Ft}
L ANFE EobEE EFETh 10% FBS7E £l

gl o 7]9-5, 30 mM dRib?% 100 mM 2-ME, 100 mM DFO with or
without 100 mM FeS04, 20 mM Fer-1, or 20 mM Lip-1& &A]o A=314
24X 2 sk wiFe v 1Al vA &4 AlES] cytosol® HFE fE

LDHE colorimetric method® 743+ Cytotoxicity Detection KitPLUS

(i

RPMI-1640

(Roche, Mannheim, Germany)E& ©]-&3}%th Cytotoxicity (%) The3 22

ol

Ao AAEITE  (((experimental value — background control)-(low

control — background control))/((high control - background control)-(low



control -~ background control))) x 100. HF% o2 cell viability (% control):

100-cytotoxicity (%)Z 7Al2FsFS T}

2.8. Measurement of intracellular = malondialdehyde (MDA)  and
4-hydroxynonenal (4-HNE) levels

MDA<®} 4-HNE+ lipid peroxidation & A%+ secondary oxidation
productsE 33t aldehydeselt} [24]. wWakA S8l AEW lipid
peroxidationg %7} markers® MDA$ 4-HNEE A #3titl. RINOGmF
ANEZE 6-well cell culture plated] welld 1710° cells BE2 EF3to] 10%
FBS7} £°]3)+ RPMI-1640 #jol o= 43A7F 7] % 30 mM dRib¥ 100
mM 2-ME, 100 mM DFO with or without 100 mM FeSO4, 20 mM Fer-1, or
20 mM Lip-1& Aol 6417 Sk A=atdeh, 1e8lal WA cell lysate® H-E
thiobarbituric acid reactive substances (TBARS)E colorimetric method®
3 7}sk= EZ-Lipid peroxidation Assay Kit (DoGenBio, Seoul, South Korea)#®
MDAE =743}, Universal 4-Hydroxynonenal ELISA Kit (Novus, Centennial,
CO, USA)E co]&sted 4-HNEE SAsiAth. Al=xW MDA 4-HNE 42
Aol Fafdsrs HA

FAI8FA

ol

el 22 nmol/mg-protein® ng/mg-protein &. &

2.9. Assessment of lipid reactive oxygen species (ROS) levels

MW Lipid peroxide &%+ Cl11-BODIPY dye (Molecular Probes, Eugene,



OR, USA)E o] &3t flow cytometry® =43t th. RINGmF Al E£E 6-well cell
culture plated]l welld 1x106 cells &% wFole] 10% FBS7F E99U&
RPMI-1640 vjged ez 71931 30 mM dRib¥} 100 uM DFO with or without
100 uM FeSO4, 20 uM Fer-1, or 20 uM Lip-12 &Alel #A=3te] 643 &<t
st wpx e 30 I+ 4 uM Cl11-BODIPY A= % 0.05% trypsine
Aglste]l MAEE harveststArh A4 AEZES PBSOl #¢] FACScan
instrument (BD Bioscience, San Jose, CA, USA)E o]&3] A|¥XW lipid ROS
levelss A3tk A4l 9 10,00071e] MEE #4393, A3= mean
fluorescence intensityE Al4tste] obf A% AH3EA] ¥ dlFxdo] digh

H] & (fold) & %A 8}t

2.10. Transmission electron microscopy

RINSmF A2 Z 100 mm tissue culture dishel 1710° cells %2 ®F3a}o]
o Al
temperature)©] 0.1M phosphate bufferoll 5] 2% paraformaldehyde®} 2.5%

s & 30 mM  dRibe®  6A7F A

&
B

52 A(room

glutaraldehyde® 30%%F 34 (fix)stel, F Aoz 33 AFH + 1% osmium
tetroxide® 90%-7F 22 1Ak} 18] 3 ascending ethanol series® E-3}¢]
epon-812 &3 (OKEN, Japan)ol 3 ujs}il(embedded), ultramicrotome (UC6,
Leica, Germany)2 ©]-83}o] ¥} (thin section)ES 29] 5% uranyl acetate®}
lead citrate® @23k}, Transmission electron microscope (TEM) (H-7650,

Hitachi, Japan)® 80 kVollA A LE5L #Z3hc},



2.11. Statistical analysis

HE o] mean + SDE 7|8tk 1E 7+ Hl

(i

one-way analysis of
variance (ANOVA) followed by Duncan’s post hoc test® 7AAsgPct =E

22 SPSS  software (version 14.0; SPSS Inc., Chicago, IL, USA)E

13, p <0.05%1 7
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III. RESULTS

3.1. dRib& system X, 2dLS ZF7lA It}

—

2% system Xc o 7153 @990 xCT (SLC7A11)2] mRNA<%} vhulz
BAe A5 dRib BRI F

=sba =

N

xCTe] mRNA 2@o] wleste]
7kt en (Fig. 1A), xCT w9 dddAL dRib gk H#ste] A3
FA= 57kt (Fig. 1B and C).

=
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Fig. 1A
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Fig. 1B
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Fig. 1C
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3.2. Mercaptoethanol, iron chelator®} lipid radical scavengersi= dRibel] ¢]3+ GSH
depletion & cell deathE o*3kc}

dRib A= cystine®] AEZW HAHE @A FAAHoH, system X & 53]
intracellular cystine transportE &% Al7]= 2-MES] F7l= #4A % cystine uptake®
Aol hERT+ Feo® 3 EA#HY. 2y iron chelator?l DFO, lipid radical
scavengers?l Fer-13 Lip-1& cystine uptakeZ 3] & A)17]1A] HE3t} (Fig. 2A). Al XU
GSH &= 5U3 FdS wor dRib2> AW GSH &#8 dA3 #AaAH I,
2-ME+= #adl GSH %S ¢bd3] 3] &7 o DFO, Fer-13 Lip-1
Z3ch (Fig. 2B). Cell viability= dRib zt=ell o] fol3tA A= A3 2-ME$ DFO
F7E2 A9 giEzaol 7HA 3 &5 AT DFO €3] 3 &% cell viability™ iron
sulfate  (FeSO,) F7Fell <98l ©A] dRib-alone group¥ 79 A3} FFoz
oo nz dRiboll €3 cell viabilitye] 7HA= irondl 9&) wiZjE i & 4 Qloh
3k lipid radical scavengers?! Fer-1¥ Lip-1% dRibol 93} cell viability #4&Z
elskA B EAIZY (Fig 20).

rlo
foy
Jz
l
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Fig. 2A
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Fig. 2B
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Fig. 2C
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3.3. Mercaptoethanol, iron chelator®} lipid radical scavengers: dRibell <3+ lipid

peroxidationg ¢ Al gFt}

dRiboll 9] 3} lipid peroxidatione aldehyde-containing products®] MDA} 4-HNE<]
AED FE9 AEY lipid ROS levelse 43kl H7stdth. dRib A=l <&
MDA sXx+v @AASA F7FstlaL, o T7k= 2-MESF DFO F7tell o&f 71¢]

2 ZFaskgivh DFOCl o8] Hae MDA %% FeSOs AAel <3|
Al S7FsEA Y. Fer-13% Lip-1 A X% dRibol 93 MxEW MDA S7HE 98
FaAAY (Fig 3A). 4 HNEE MDA A9 U3 IS Btk dRibol 93|
HAaE 4-HNE 5%+ 2-ME9F DFO F71o 93] 743t o, DFO 9] 7
4-HNE &%+ FeSO0l olaf A=At Fer-1¥ Lip-1% dRibell €3+ 4-HNE
A Y (Fig 3B). C11-BODIPY dyeE ©]8-3F flow cytometric analysis® =
AIZW lipid ROS levels dRib A=l ]3] om| A F7Fst i (Fig. 4A and F),
2-ME F7}2 7452 (Fig. 4B and F). Iron chelator$l DFO¥ dRibel 9& Z=71%
lipid ROS levelsS ZAAIZ 3L, o] F7F= FeSO, F7Fol 93] vpA] S7Fskiv} (Fig. 4C
and F). Lipid radical scavengers®l Fer-1¢} Lip-12 dRibel <3 Z7F= lipid ROS

,d
it

i

e
M

olN
il

o
ol

levelsg 79 dx2+ FFo2 FaAHY (Fig. 4D, E and F).
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Fig. 3A
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Fig. 3B
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Fig. 4A
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Fig. 4B
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Fig. 4C
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Fig. 4D
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Fig. 4E
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Fig. 4F
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34. dRib< M EF=glo}e] stz WH3IE

i
PN
&
ot
i}

Ferroptosisi= 7]#  ¥yF oyt FHestd Wse o2& AxAEy FHdEy [3].
92l RINmSF AlE£E 6417 5¢F dRibo.2 A= F TEMO.2 #4238 %lth Necrosis
or apoptosis®t ¥ nuclear integrity®t plasma membrane©] Z H. 3| (preserved)
A3, chromatin condensation®] Y+ plasma membrane blebbing= #2% %] ¢kt
(Fig. 5C). WAl ferroptosis® EA< wEFZ=gole] wWslrt o] #zH T
mEZ=gole]  &9o]  Fbsta, FEHEHJSM  (shrunken), ¥l T AT
(round-shape). T3 H|E&E=glolo] §71E59 7} 7F48al(reduced cristae), & ™34

(outer membrane rupture) 7o) #&E At} (Fig. 5C-E).
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Fig. bA
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Fig. 5B
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3.5. Isolated isletsol 4] mercaptoethanol, iron chelator®} lipid radical scavengersi=

dRibol ¢]%+ GSH depletion & cell deathES o U3kc}

rob

el ARSEH 298 isletss Aol dRib, 2-ME, DFO, FeSOs, Fer-1 and
Lip-19 &3E XA}l Isolated isletsol 4] dRib& cystined AFEW AHHE
FaA 713, GSHE nzZAAow, 18]a cell deathE st glch. System Xe &
£-3]38lo] cystine uptakeE Z7FA7]E 2-ME+¥ dRiboll 93t cystine 4374, GSH
2z 283 cell deathES EF dYslgdth. DFOE dRibell 23k cystine A3 34}
GSH 1z 943 flde cell death= <8ttt DFO2] cell death o8& 3=
FeSOs0l ola) A= dth. Fer-19F Lip-1% dRibel 23k cystine #7449 GSH
o= gl o cell death= relshAl dWstAtt (Fig. 6A, B and C).
w#kA  RINmSF  AlE ¥k ol isletsoll Al ##E = dRiboll <3 AHEAE
=3

ferroptosis¥ Aoz A7z}

ro
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Fig. 6A
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Fig. 6B
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Fig. 6C
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IV. DISCUSSION

2 AFrell A dRib2 lipid peroxidatione S 7FA7131 GSHE 1ZA 7] H EFA| 39
S sl dRibel 98} =71E lipid peroxidation®} Zd® GSH 1d il

lo

==
‘:I_"

H

M| EAF= mercaptoethanol, iron chelator ~Z#] 3L lipid radical scavengers®] 2|3} & # 3|
AAE At o2 dh AdS WAl x2S B ofyet AAufEE isletsoll = #HEE S
T3k dAdARES Ed dRibel o3t FE FEASI wEIZ=gololA AR SS
glstArt. fEle= old AFelA system Xe o FEAo] cystine®] AEUolEE
FRAA dRibell ©JF GSH a3} AFstEds opdstvha Bk 8f lvd [21] whebA
2 A4S} old AFAFAES THE Wl dRibol o e HERAES] S50l
system X AR < GSH7F agxo] fEEs= ironol 98] wiZfE i lipid

peroxidationg 574 © & 3= ferroptosisZtil Z2E A& 4 At} (Fig. 7).

M =5o] ferroptosisthal ZAE U]l fside dubdoe® I =39 iron
chelator ¥3F o}y et Fer-13} Lip-1 52| lipophilic antioxidants®l] 2]d)| A= & A ] o] oF
st M EW lipid hydroperoxides® accumulation®] % & ojoF 3t} [531]. DFO:=
potent iron chelator® Z¥ 3<% (iron overload) #3+e] /ol da] 2o]m [28] ironel
o8 wi7/E = ferroptosisE At A Avk [29]. Fer-13 Lip-1&
Stockwell % [3]¥} Conrad % [30] ©] small molecule libraries®] high-throughput
screeningS E3 A3 ferroptosis A A Z lipid hydroperoxides®] accumulationg
WAt 4 A 9ok -8l dRiboll 9$ A|EEAFC] iron  chelatorg! DFOS}
lipophilic antioxidant¢! Fer-13 Lip-1o] 98] =¥ AP E =wstgda, lipid
peroxidation®] ¥ZL dRib Aol 23] lipid peroxidation®] secondary products®!
MDA<®} 4-HNE® A¥xV =7 F71eS dQ0gla =3 Cl11-BODIPY staining=
F3 AMAEY lipid peroxide 5X=7F dRibell 9&] S7FES g2l e 2 A9
tlo] Bl = ferroptosisell F&ettial & o Qluh. o Wk ofyel FAAAAWH S F 3
g1g dRib A=S W2 AEel e EH 542 shrunken mitochondria,
reduced/vanishing cristae, outer mitochondrial membrane rupture % WEFZ=g o}
W37t FH A7Ao|dar, WHH nuclear integrity’t # HFEH o] 9d%lal  chromatin

condensation or plasma membrane blebbing %2 4272 #ZE X o} tlE FH
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AZALES WA & A o2l AAAM A 4L dRibol €3 ferroptosisE
U5 sy (1,321,

Ferroptosis”7} iron-dependent mechanism < Ht} 243 1E37] 93] dRibel] <3+
A ZAReE A|FAkstE o Alsk= DFOC] 371 iron (FeSO,) A Aol o3 7= =4
ittt 2 AolA DFOE 98l dRiboll o3k A EALe} A A bslE oibebe] o
DFO? ol¥& &3t FeSOs F7F A Aol o3 719 Abebxlch. whebA iron-dependent
mechanisme] &3ttt g 4= ). System Xe inhibitor® 7} 2 2421 % erastinoll
ot AMEAME QY dron Fweol o8 Jks®Eva @tk [3]. Erastin-induced
ferroptosis®ll # °Fgt RAS oncogenes 73 FYAMEFELS AAAAEA vld] Al
iron el Boa 4EA doem [34], A2¥FF=ol AW iron storage S 7Fet
#H 3 [35,36] iron toxicityZ7} ¢l&¥d A FH|E AAZItE HIE [3537]
o] Welel A WERAI A ferroptosis®] &S AlAFEHTL

ol AFtellA $-#+= RINSmF A2E dRibOE A=3H¥ cystine®] AEW ol &&
FEAZIER XY GSH7E ndso] Axvt AstxEdgam A4 #Hi, xCTE
LA 7™ cystine®] MEW o]Fo] F7FE ] dRibell o3k GSH a1z Bl qhapEsdol

S

o kgitka skt [210. 2 AFA g xCT9 mRNAS protein &Ed &
A Y. ASskE dRib - ol Sl m et xCT9 mRNAS protein & 0]
FroEHow ZF7ES sttt dRibe] system X & Ao EHN ALY
AR E Y 27 F7HE A o] FE317] 913k compensatory transcriptional upregulation

of xCT o xCT Wdo] F7ld Zox AZbstt}, Dixon & [3]19] AFdAM=

e

erastin®} sulfasalazine %59 system X. SAAE©] xCT 2dHE F7HA| 714, oA
7 xCT A& AEY cystine °ol§s F7HA71= 2-MEl  ol&) zHAd ol
HREAJATG. AZW AstEEd 2Tt S7HEY olE 557 98] AlEW GSH Aihs
=271 9% system Xe 9 7154 ©@9IQl SLC7AL1l (xCT) &do] F7ks & A& o]v
A Aok [3839]. 1t} system X 9 FEZA @919l 4F2he (SLC3A2) 232
7 A Evar ko [38]. Stockwell 5 [6] 2 ferroptosis’F system X. A
TP FFst7] A= GSH7F #aEoloF kil system X & 7380
cystine®] A XU o]F5<LS F7FA]7]+= mercaptoethanolell 23] A XA} o A o] oF
gt stk -8l 2 Aol A RINGmE cells 2 isolated isletsS Ao 2 dRibell

i

93l cystine transport, GSH content and cell viabilitye] 72~%9°] mercaptoethanol®l
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& HA¥ dguESs gttt wEbA dRibol 93 ferroptosisy system Xeo 9 A
wiEoletar A& WE At T3 2 Ao A mercaptoethanol® 27 DFO, Fer-1

and Lip—12 dRibel ¢]3%t cytotoxicity= o3l o cystine transport®} GSH contenti=

4>

fo)&t A 3] EA7)A HE3FE o] DFO iron-chelator® Fenton reactions =3} lipid
peroxyl radicals AAS Ao ZH lipid peroxidations dl*slar [4041], Fer-1 &
Lip-12 radical-trapping antioxidant®4] lipid peroxyl radicalsS 2Ag S 24 lipid
peroxidationg o ¥s}7] wEolt} [342]. = DFO, Fer-1 and Lip-12 cystine uptakel
GSH synthesisoll = #ojslx] & 1 BHY 3FE-(distal) @Al #H83to] ferroptosis®

g% ATz ¥ & Ao} (Fig. 7).

L8 dAE HA Ze AFHES A Yrr. AA, ferroptosisel]l I A A
ATE 3 &k} Ferroptosisi= necrosis, apoptosis, autophagy, and necroptosis 5 2

& A ¥AFSZ morphologically, biochemically, and genetically ®®¥3] t}J& EAHAES
7EAT [56]. -8l B dAFol A ferroptosis® Y5 biochemical and morphological
approaches= A|&Z=3 o1} genetic study:= A3 3HA] 2ttt Ferroptosiste U E
AEALES 2] oy vEZE=dor FHA4EI CHACL, PTGS2, and ACSL4 &9
FFAAEY dddda SHA Qv (532 2y ol FHAES Wb
#A@AE = AL ofyga sk} [6]. wEkA $-8]+ °]¥ genetic study”} dRib-induced
ferroptosis Y5l I Fositta AZAsAE EAdvh EA, B AFE= slERA 2R
=gE A= HEAEFS RINGmFoF AAwjdet isletss o= 2 A&

(
'
2~

0

o

FPsAY. FF v TR AxER Tes dEeR 3 Ag dasid. AA,
opH A i WQlol A ferroptosis®] ge] e WEzl A fivk. §-2l= e

AL el lojA TP Fed AdE Sk WIERAIFE A dRib-induced
ferroptosisE ARt 1y oA ferroptosis & o] AR FHE vl gl
AFAAE o' A guE TP EA obd & F vk FF Gy HdloA
W EFA 2] ferroptosis A7+7F FBasicta Azbsity, ulA),  dRibeo] system X &
AAstE FAA 714S & F gl B Aol A3E = dRibo] system X & direct
inhibition 3}&=4], system X. 2 posttranslational modification®] #ojste] o A sh=4)
ol e ARVl EAe=A & ¢ glth B erastin 59 small molecule®s ¥}
system Xe & AAGE 7ol of9A vhE A opx HET FF AR g
F7 A7 Z skt
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22X 072 dRibe WERAFEA system Xe S JAISHS] cystinee] AEW o] F LS
Ao 2H  GSHE 12473 lipid peroxidations +23sle] ferroptosis&
ndlg o] 83k Aol A ferroptosisZt T E T
Foll o]lgE 4 k. =3 dRibe  ferroptosis’t Ho R
2b-g-sttla &4 R cancer, 318 /A#F <=4, chronic neurodegenerative diseases, 217

A= A= FE&stA 294 F glom,

al
ol A FF O HHe AE L BES o 3 FrdrEe Rast,
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Fig. 7
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VI. FIGURE LEGENDS

Fig. 1. Expression of xXCT mRNA and protein and in RINm5SF cells after treatment
with various concentrations of 2-deoxy-d-ribose (dRib). The cells were stimulated
with 0, 10, 20, 30, 40 or 50 mM dRib for 6 h in RPMI-1640 media containing 109
FBS. (A) The mRNA levels of xCT and b-actin were analyzed by real-time
guantitative reverse transcription quantitative polymerase chain reaction. Relative
expression of xCT mRNA was calculated using the 2 “**“T method. This experiment
was performed thrice, in triplicate. (B, C) Protein expression of xCT was evaluated
using Western blot, and b-actin was used as an internal control. This experiment
was performed four times. The presented blot is representative of four independent
experiments. The expression levels were normalized against 0 mM dRib group. Data
are presented as the mean + SD. *p < 0.05 and **p < 0.01, vs. 0 mM dRib group,

as determined by one-way analysis of variance and Duncan’s post-hoc test.

Fig. 2. Effects of 2-mercaptoethanol (2-ME), deferoxamine (DFO) with or without
FeSO,, ferrostatin-1 (Fer-1) and liproxstatin-1 (Lip-1) treatments on dRib-induced
decreases in 1-[*Clcystine uptake (A), intracellular GSH content (B), and cell viability
(C). (A) RINmbSF cells were co-stimulated with 100 mM 2-ME, 100 mM DFO with
or without 100 mM FeSO4, 20 mM Fer-1, or 20 mM Lip-1 and 30 mM dRib for 3 h
in the extracellular fluid buffer containing 1.7 mM 1-[**Cleystine (0.1 mCi/mL) at
37°C. The radioactivity incorporated into the cells was determined by a liquid
scintillation counter. (B) RINmSF cells were co-stimulated with 100 mM 2-ME, 100
mM DFO with or without 100 mM FeSO04, 20 mM Fer-1, or 20 mM Lip-1 and 30
mM dRib for 6 h in RPMI-1640 media containing 109 FBS. The intracellular GSH
concentration was measured using a glutathione assay kit. (C) RINmSF cells were
co—stimulated with 100 mM 2-ME, 100 mM DFO with or without 100 mM FeSO4,
20 mM Fer-1, or 20 mM Lip-1 and 30 mM dRib for 24 h in RPMI-1640 media
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containing 10% FBS. Cell viability was measured by LDH release assay. Data are
presented as the mean * SD. This experiment was performed thrice, in triplicate. “p
< 0.01 vs. control; M10 < 0.01 vs. 30 mM dRib-alone group ; ”p < 0.01 vs. 30 mM
dRib plus 100 mM DFO group, as determined by one way analysis of variance and
Duncan’s post hoc test. NS: no significant difference from 30 mM dRib-alone group.

ns: no significant difference from 30 mM dRib plus 100 mM DFO group.

Fig. 3. Effects of 2-mercaptoethanol (2-ME), deferoxamine (DFO) with or without
FeSO4  ferrostatin-1  (Fer-1) and  liproxstatin-1  (Lip-1) treatments on
2-deoxy-d-ribose (dRib)-induced lipid peroxidation. RINmbSF cells were co-stimulated
with 100 mM 2-ME, 100 mM DFO with or without 100 mM FeSO4, 20 mM Fer-1,
or 20 mM Lip-1 and 30 mM dRib for 6 h in RPMI-1640 media containing 10% FBS.
The intracellular levels of lipid peroxidation products malonyldialdehyde (MDA) and
4-hydroxynonenal (4-HNE) were measured by using MDA (A) and 4-HNE (B)
assay Kits, respectively. Data are presented as the mean = SD. This experiment was
performed thrice, in triplicate. “p < 0.01 vs. control; "'p < 001 vs. 30 mM
dRib-alone group; ”p < 001 vs. 30 mM dRib plus 100 uM DFO group, as

determined by one way analysis of variance and Duncan’s post hoc test.

Fig. 4. Effects of 2-mercaptoethanol (2-ME), deferoxamine (DFO) with or without
FeSO4  ferrostatin-1  (Fer-1), and liproxstatin-1  (Lip-1) treatments on
2-deoxy-d-ribose (dRib)-induced increase in intracellular levels of lipid reactive
oxygen species (ROS). RINmSF cells were co-stimulated with 100 mM 2-ME, 100
mM DFO with or without 100 mM FeS0O4, 20 mM Fer-1, or 20 mM Lip-1 and 30
mM dRib for 6 h in RPMI-1640 media containing 10% FBS. Intracellular lipid ROS
level was quantified by flow cytometry using the lipophilic fluorescent dye
C11-BODIPY. Cells were incubated with 4 mM C11-BODIPY during the final 30 min.

(A-E) The histogram is representative of four independent experiments. (F) Fold
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control of the mean fluorescence intensity of experimental groups. Data are presented
as the mean + SD. This experiment was performed four times. “p < 0.01 vs.
control; Mp < 0.01 vs. 30 mM dRib-alone group; ”p < 0.01 vs. 30 mM dRib plus
100 mM DFO group, as determined by one way analysis of variance and Duncan’s

post hoc test.

Fig. 5. 2-Deoxy-d-ribose (dRib)-induced changes in mitochondrial morphology.
RINmSF cells were stimulated with or without 30 mM dRib for 6 h in RPMI-1640
media containing 10% FBS. The mitochondrial changes were examined using a
transmission electron microscope (TEM). Representative TEM images of mitochondria
in the control (A, B) and dRib-treated (C-E) groups. (yellow arrowheads, classical
shrunken mitochondria; black arrowheads, reduced/vanishing cristae; red arrowheads,

outer membrane rupture).

Fig. 6. Effects of 2-mercaptoethanol (2-ME), deferoxamine (DFO) with or without
FeSO,,  ferrostatin-1  (Fer-1), and liproxstatin-1 (Lip-1) treatments on
2-deoxy-d-ribose (dRib)-induced decreases in 1-[**Clcystine uptake (A), intracellular
GSH content (B), and cell viability (C) in isolated islets. (A) Isolated islets were
co-stimulated with 100 mM 2-ME, 100 mM DFO with or without 100 mM FeSO4,
20 mM Fer-1, or 20 mM Lip-1 and 30 mM dRib for 3 h in the extracellular fluid
buffer containing 1.7 mM 1-["Clcystine (0.1 mCi/mL) at 37°C. The radioactivity
incorporated into the cells was determined by a liquid scintillation counter. (B) The
islets were co-stimulated with 100 mM 2-ME, 100 mM DFO with or without 100
mM FeS0O4, 20 mM Fer-1, or 20 mM Lip-1 and 30 mM dRib for 6 h in RPMI-1640
media containing 10% FBS. The intracellular GSH concentration was measured using
a glutathione assay Kkit. (C) The islets were co-stimulated with 100 mM 2-ME, 100
mM DFO with or without 100 mM FeSO4, 20 mM Fer-1, or 20 mM Lip-1 and 30
mM dRib for 24 h in RPMI-1640 media containing 10% FBS. Cell viability was
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measured by LDH release assay. Data are presented as the mean + SD. This
experiment was performed thrice, in triplicate. “p < 0.01 vs. control; T p < 0.01 vs.
30 mM dRib-alone group; BE p < 0.01 vs. 30 mM dRib plus 100 mM DFO group, as
determined by one way analysis of variance and Duncan’s post hoc test. NS: no
significant difference from 30 mM dRib-alone group. ns: no significant difference

from 30 mM dRib plus 100 mM DFO group.

Fig. 7. A schematic illustration summarizing the mechanism of dRib-induced
ferroptosis and its inhibition by 2-mercaptoethanol (2-ME), deferoxamine (DFO),

ferrostatin-1 (Fer—1), and liproxstatin-1 (Lip-1).
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