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Astract

2-Deoxy-D-Ribose Induces Oxidative Damage Through Inhibition of

system y.. in Renal Tubular Epithelial Cells

Background: Oxidative stress in renal tubular cells is one of the etiologies of diabetic
nephropathy and acute kidney injury. 2-Deoxy-D-ribose (dRib) causes oxidative damage by
depleting GSH in cells, including beta cells. system y.. is a membrane transporter that
moves extracellular cystine into cells independent of sodium, and cystine uptake through
system y.- is a rate-limiting step for intracellular GSH synthesis, which is important for
protecting cells from oxidative stress. | conducted this study to determine whether dRib
causes oxidative damage in renal tubular cells and, specifically, investigate the mechanism

through which dRib increases oxidative stress.



Methods: L-["C]cystine uptake, GSH content, reactive oxygen species (ROS) levels, and cell

viability were measured in NRK-52E cells, a renal tubular cell line, and the mRNA and

protein expression of xCT, the functional unit of system y., were investigated. The xCT

gene was then overexpressed in NRK-52E cells using lentivirus. L-["C]cystine uptake, GSH,

and cell viability were also measured in primary renal tubular epithelial cells isolated from

rats.

Results: When NRK-52E cells were stimulated with various concentrations of dRib, L-

[“Clcystine uptake decreased, mRNA and protein expression of xCT increased, and

intracellular GSH and ROS levels and cell viability were significantly decreased in a dose-

dependent manner. L-["*C]cystine uptake, intracellular GSH and ROS levels, and cell viability

reduced by dRib were all significantly recovered by xCT overexpression. In primary renal

tubular epithelial cells, dRiB also significantly reduced L-[*C]cystine uptake, GSH content,

and cell viability, and these were almost completely recovered by pretreatment with 2-

mercaptoethanol, a cystine uptake enhancer.



Conclusion: In renal tubular epithelial cells, dRib depletes GSH by reducing cystine uptake

through inhibition of xCT. The resulting oxidative damage can be prevented by

overexpressing xCT. Therefore, it is thought that oxidative damage in renal tubular cells

can be prevented through system y.. regulation.

Key words: cystine, oxidative stress, acute kidney injury
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2—Deoxy—D-ribose, 3—[4,5—dimethylthiazol-2—yl]-2 5—diphenyl tetrazolium bromide

(MTT), dichlorodihydrofluorescein diacetate (H,DCF—DA), dimethylsulfoxide, Triton X-—

100 & (Sigma—Aldrich St Louis, MO)9J|A] F43}3ich

% xCT FA| (Abcam, abl175186), & f —actin ¥ (sigma, A2228), Streptomycin sulfate,

HEPES, trichloroacetic acid (TCA), guanidine hydrochloride, potassium phosphate

monobasic, potassium phosphate dibasic (Amresco, Solon, OH), Hydrochloric acid (HCI)

30% Acrylamide—bis solution (Biosesang, A2004-1), ethanol ( Merck Millipore , Darmstadt,

Germany). Dulbecco phosphate—buffered saline (DPBS), trypsin, penicillin, streptomycin

(Gibco Life Technologies, Carlsbad, CA, USA). Fetal bovine serum (FBS) (GE Healthcare

Life Sciences, Logan, UT, USA). DMEM (Dulbecco's Modified Eagle Medium) (gibco, 11995—

065), Collagenase P (sigma, C7657), HBSS (Hank’s Balanced Sail Solution) (gibico, 14065—

056), Deoxyribonuclease I (sigma, DN25), Tissue culture Flask, collagen type I coated (SPL,

75075), bovine serum albumin (Bovogen Biologicals, BSA050)
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A Zlo)Eo)A] 1709 A 1x10° 7HQ] AE W= wjokslaith 0, 10, 30, 50 mM dRib& 2447
ok Aejelglth. MES AFela 58 ok 0.4% =Y 2w QU AdE A7 2472
gy 2o AES) QAEZ 9L AE AER eIt 100% AEES Uehjs
RE AHo| HREOR dlo] AT AR YEEE AT 5 s
2759t
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gt o

i

#2|sfaL o

penicillin, 100 mg/ml streptomycing 23 HiA]
v FE] Qlek Al vk 2 F HjA]
1,3 6, 12 A3t

Korea)=

otk AlZE DMEMOA 37°C, 5% CO, 7oA wjofsilen] 10% FBS, 100 mg/ml
43
WA s}
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ok el
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713, 0, 10, 30, 50 mM dRiby} 24A|ZF FoF wjekshgich 1gla A £AME Alaz9
colorimetric method® =%3}= Cytotoxicity Detection KitPLUS
Lot e gAom

NZAZ2HE f2l¥ LDH
Mannheim, Germany)E ©]€3}9tl Cytotoxicity (%)=

(Roche,
HAFSFA T} (experimental value — negative control)/(positive control — negative control)

X 100

3) M= M=1 AMEE FE715H7] I8t Calcein-AM/PI &
10% FBS7} 3% DMEM HjA|S A&3Fo] 24A17F wjofw| Qe oj )

q2lsktt, A€ AN|lZZ+= Calcein —AM 9
&

o

ol
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4) ML FROS)S MZL == H7t
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/A0 WEg F93 AEZL 0, 50 mM dRibE 6A17F B¢F Hejstgom wjoF 28 305 Ao

& 10 4 M H,DCF-DAE Al kol F7psiqich 1 AlZ5s PBSE & W AAEHL,

o
0.05%0) EFAE Astelet 1 F, AZES YA B F PBSE th HEshy, ROSS Al

Y 42|+ FACScan instrument (BD Bioscience)S ARR3lY] 243}t Alg o £ 1x10Y719]

AES st dolet W §Y R ANSIon tx? Azt vmstel ulp Aol
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5) 2 FElX|2(glutathione; GSH)2| M= L =& HE7}

M2ZEY] GSH $Al= SRERA|L Hass o] 83 enzymatic recycling methodE 7|%3H
Glutathione Assay Kit (Cayman Chemical Company, Ann Arbor, MI, USA)E A}E5}o]
S5 AlEe A ujef Eelol B 5x10° Ali2/Ae] WEw sl Al2es d3o® AR
DPBSE A3l 281t A3t & A 4mo]A] 158 7F 10,000 g2 YA Bajslict AyAH
FeE GSH Y GSSG SAS SAI Aldskqity Ao & Al o o2 BCA ol #4

7= (Pierce) 2 AMR3I 245190tk § A A% (1 g/mL)o] TS Al U GSH ¥ GSSG

TFe B nmol/mg THAR EHFGIC
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Na' 2lEHE 2AL
AF 2 (uptake assay)e sl dRib -FFollA]
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A ABFL 122 mM NaCl, 25 mM NaHCO,; 3 mM KCI, 1,4 mM CaCl,, 1.2 mM MgSO,, 0.4 mM
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73 UEES
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o
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A<
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&gl
o)

A7VE AlR3sHoiT.
2 AZE T ¥ AA T 2859 29 g 100 pL 1% Triton—X 100/DPBS ol A]
Z ZH Y

52 liquid scintillation counter (PerkinElmer) ¥+ Wallac
4= R i B

stqlch. 7183 ME 50 4 LE 150 pL Al

A

1z

Wik, §Y
15 4 L aliquot®]] thall bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL, USA)
H+= cpm/p g A E= pmol/mg

A2l
MicroBeta Trilux 1450 LSC and Luminescence Counter (PerkinElmer) = 221
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7) M=Z €& =2 (Cell transduction)

SLC7All(cat. RR208495L4V) E: TR (cat. PS100093V)o2 <¢l:gs algjulolgs
2HOriGene, Rockville, MD, USA)& ARE3IICEH ARALS] A3 whel AS $35kqlct
NRK-52E A|2Z= 24 < ufokgo] wiey 3 24709] <A wjefatol] U813, 8 u g/ml polybrene

(Sigma, St. Louis, MO) 7} & MOI 10014 zlERoj2 QS FAAZTE L4y g/ml

Puromycin (Sigma)S ARE3le] A o7 A GHAAZF =YW AEZ vhe AEHs}¢ T}
8) RNA =2 ;U AT HTFH Feas A #Hs

(reverse transcription quantitative polymerase chain reaction, RT qPCR)

TRIzol®E AHgdte] AlxAF A)4o] wat § RNAE ¥fstglch. RNA #2]& RNase’} it
oA FHEJTE = 2ug® RNAE MMLV reverse transcriptase (MGmed Corporation,
Seoul, Korea), oligo (dT)15 primer, dNTP (10 mM)%} 40 unit/pl RNase inhibitor (MGmed
Corporation)E 0]&3Fo] AHALS $=35}9 1L, RT-qPCRE KAPA SYBR® FAST qPCR Master
Mix (KAPA biosystems, MA, USA), iQ™ 5 Multicolor Real-Time PCR Detection system

(Bio—Rad Laboratories, Inc.)& AREste] 4~335}¢ct PCRY E£% Zgto|Ho] & 3lojA

A

M cDNAE FEZA|7]7] Y8l 95 CollA 3% IF 60 CollA] 30 ZF 72 ColA 30% It 40

11



ApolE AAJsIlen, 7] Afe]Z2 1w ¢ 95CHTh PCR WHEE $J8]l Zafolm:= cDNA
sequences:  xCT  forward, 5 —-TCAAATCCTTGGCCATCTGC-3’, reverse, 5~
GTGAGCTTGCCCCACTGTAT-3’, § —actin forward, 5'-TCC TGG CCT CAC TGT CCAC-3
and reverse, 5’ ~GGG CCG GAC TCA TCG TACT-3'. Bioneer Corporation (Daejeon, Korea)

7 AHgEIgic

9) $IAE =% (Western blot)

xCT P& =% NRK-52E A|aZof|A ©Thial WS BA617] Qs A% S5t 3= ik
2237} xCT IP&E o] dRib 0, 10, 20, 30, 40, 50 mM =& 3 A7 B 6 A7 X & 9

28 BIE A%

],

of
2

o} xCT YA} A (55KDa, 1:5000), beta actin YA} &A| (42kDa,
1:10,000)F 2 AIRF Agsqlal, &F npe-A o234 (1:5000-1:10,000)E 2 AlXF A 2jsto] FEGA]

o

10) YX M= Hf(primary cell culture)

NRK-52E AlZofA] e A Aake] A ERle Sl #lE 2ot Az At wief

.l

W AR st 10 F @ A% =L AUEBLAA A0 w0k F g



Hanks' balanced salt solution (HBSS, GIBCO Laboratories, Grand Island, NY)
oAl dojui it

2ejsigla
AASD, 49 2o e, WY 2
o B34 Helg Behram ¢

oz AF & A% W&
e FIES

o]% HBSSE A|Askal, A7k PBSE A& skith
20 ml deoxyribonuclease (DNAse, 1 mg/ml)—collagenase(2 mg/ml) Type I (Sigma Chemical

MO) solution (in regular HBSS containing calcium and magnesium
-7 7

23kd| ThE A719) A (sieve)S BIAA A At AA

Co., St. Louis,
GIBCO)& AgstqlaL, o] &
AlzE A o= A AT, HBSSo| 23 29 Al AZ 45H 1023 228 g (1000
rpm) HA B8] A3 I rat tail collagen (Sigma) coated plastic surfaces (SPL, 75075)°] =7
2 91 7 3TCOI Mjakg Aleln, Werle aAlslion], Y § AEE HASst )% o
10, 30 mM dRib, 0,1mM 2-mercaptoethanol (2—ME)& #|&] Zo1A AAE AF (-
[ Clcystine uptake), A|l2ZZ W GSH % =74, LDH assayg A5ttt
23. SHEAM
S dolele Wast #E WAR AL 1§ T vlLE AP 2O BAANOVATL
Q0] A 43S 3o BRI,
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Figure 1. Enforced expression of xCT in NRK-52E cells. xCT transduction was confirmed

by GFP fluorescence (A). Real-time reverse transcription quantitative polymerase chain

reaction (RT-qPCR) (B) and western blot (C) analyses of xCT mRNA and protein

expressions in NRK-52E cells cells transducted with xCT-expressing or empty viral vector.

AT method. The expression

Relative expression of the mRNA was calculated using the 2

levels were normalized against the control group. Data are presented as the mean + SD.

This experiment was performed thrice, in triplicate. **p < 0.01, vs. empty vector as

17



determined by one-way analysis of variance and Duncan's post hoc test. The western

blot is representative of four independent experiments. Control; uninfected NRK-52E

cells, Empty vector; empty viral vector-transducted clone, xCT1 and xCT2; two xCT-

expressing vector transducted clones.
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20| ojxj= 3

3.2, xCT at&E M=ZOM L-[14C] A2E HF &

NRK-52E AZE dRib9 ciokst = 37ColA 143 59 1.7m L-[14CIA2A® (0.1

p Ci/mL)E FH3 AZ o gFdoz wjersigict Alzo] FIE WARs2 HA A%
JZ FoJA dRib ¥EZ 0, 10, 30, 50mM = 273}
wlE FelE 2ol ua)

otk RE A

Aol A28 AH7H RISl BAsET, x0T I 22

T A" Ao Ha7E Eoledh (Fig. 2).
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Figure 2. Effects of enforced expression of xCT on the dRib induced decreases in L-
[14C]cystine uptake. NRK-52E cells were incubated with extracellular fluid buffer
containing 1.7 puM L-[14C]cystine (0.1 pCi/mL) at 37 °C for 1 hour with the various
concentrations of dRib. The radioactivity incorporated into the cells was determined
using a liquid scintillation counter. Data are presented as the mean + SD. This
experiment was performed in triplicate, thrice. **p < 0.01 vs 0 mM dRib group; tp < 0.05
and ttp < 0.01 vs control and empty vector groups, as determined by one-way analysis

of variance and Duncan's post-hoc test. Control; uninfected NRK-52E cells, Empty vector;
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empty viral vector-transducted clone, xCT1 and xCT2; two xCT-expressing vector

transducted clones.
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3.3. xCT ot & MZEO XM dRib7} MZW GSH #40 01X g

NRK-52E A|ZE 0, 10, 20, 30 mM dRibo|A] 10% FBS7} &35 DMEM HiA|E AR&sto] 6A]7F

Zob vjoksloith A2 W GSH =X FFERL B4 7]E (glutathione assay kit) S AR&3}o]

alw)

oty HE AE oA dRib s=F 0, 10, 30, 50mM 2 F7Fsto] A2JA] ti2ata) HIHE

A T dRib FE7F F7H ROl AZY GSHAE FAstgon x0T wpEE 22

H

N

FoJsHAl A2 GSH oFo] fA=SITt (Fig. 3).
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Figure 3. Effects of enforced expression of XCT on 2dRib-induced decreases in intracellular

GSH content. NRK-52E cells were incubated with DMEM media containing 10% FBS in O,

10, 20 and 30 mM dRib for 6 hours. The intracellular GSH concentration was measured

using a glutathione assay kit. Data are presented as the mean + SD. This experiment was

performed in triplicate, thrice. **p < 0.01 vs 0 mM dRib group; tp < 0.05 and 1o < 0.01 vs

control and empty vector groups, as determined by one-way analysis of variance and

Duncan's post-hoc test. Control; uninfected NRK-52E cells, Empty vector; empty viral
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vector-transducted clone, xCT1 and xCT2; two xCT-expressing vector transducted clones
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3.4. xCT IPEHE MZHAM dRibZl MZS’d(cytotoxicity) 70l O|X|= AT

NRK-52E ANJZX 10% FBS7} 385 DMEM v #ol|A] 24A]7F B<F 0, 10, 20, 30, 40, 50 mM
dRibZ ASE T AlZ FEHE MTIT BAo= A3 tixvyt WIME TS dRib F%7}

30mM oJfo] =W FoJsA Ml =/do] WASIITh o] whell xCT MAAFS dRib §X=7}

50mM o] Eojk= {olsHA| A2 AEo] fAEE ol FHUh(Fig. 4).
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Figure 4. Effects of enforced expression of xCT on dRib-induced increases in cytotoxicity.

NRK-52E cells were stimulated with 0, 10, 20, 30, 40 and 50 mM dRib for 24 hours in

DMEM media containing 10% FBS. Cell viability was determined by an MTT assay. Data

are presented as the mean = SD. This experiment was performed in triplicate, thrice. **p

< 0.01 vs 0 mM dRib group; ¥ < 0.01 vs control and empty vector groups, as determined

by one-way analysis of variance and Duncan's post-hoc test. Control; uninfected NRK-52E

cells, Empty vector; empty viral vector transducted clone, xCT1 and xCT2; two xCT-

expressing vector transducted clones.
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Control Empty vector xCT1 xCT2

0 mM dRib

50 mM dRib

Figure 5. Cell viability was examined by calcein-AM/PI staining. NRK-52E cells were

incubated with DMEM media containing 10% FBS for 24 hours with or without 50 mM

dRib. The living and dead cells were stained with calcein-AM (green fluorescence) and PI

(red fluorescence), respectively. Scale bar = 200 pum. The photographs shown are

representative of four independent experiments. Control, untransducted NRK-52E cells;

Empty vector, empty viral vector-transducted clone; xCT1 and xCT2, two xCT-expressing

vector transducted clones
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Figure. 6. Flow cytometric analysis for intracellular reactive oxygen species (ROS) levels in
NRK-52E cells transducted with xCT-expressing or empty viral vector. The cells were
incubated with DMEM media containing 10% FBS for 6 hours with or without 50 mM
dRib. Relative ROS levels were quantified by flow cytometry using the ROS-sensitive dye
H2DCF-DA. The histogram is representative of four independent experiments. (A) Control,
untransducted NRK-52E cells; (B) Empty vector, empty viral vector-transducted clone; (C

and D) xCT1 and xCT2, two xCT-expressing vector transducted clones.
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MO M ZM M dRib 3t 2-ME (Mercaptoethanol)2|

oH

EZE L7 ¢ ML-[14CIAI2R0.1 ¢ C) 2 e AlZ Y &5

ok 0, 10, 30 mM dRib ¥} 27}2 7} 29 0.1mM 9] 2-ME 22 Aa)5}9i}

IR )

1T

dRib FE7t Z713ko] uleh GolshAl AlAw A Aastgo 2-ME 2 ol =sl= glct

(Fig.TA).

Al W) GSH $o] M2ks 2els)7] 9o ANLPATINEE 10% FBS S 343 DMEM o

A 3 AZF B¢F 0, 10, 30 mM dRib I} 3712 7+ 25} 0.1mM 9] 2-ME 0 & Aa)stglct o]%

FE 23T dRib SEot F730l wte felabA AT GSH e PAshy

o
T

o 2-ME &2 Agd A= GSH o] frAlds o

skt (Fig. 7B).

Al G T A 2= 10% FBS & -3t DMEM 9|4 3 ARt 5¢F 0, 10,

30 mM dRib ¥} 27}2 7+ 59 0.1mM ©] 2-ME & XT3tych HE AL 2ibekiah
(LDH) W& &4l ¢Jsf ZA=%lch dRib w27} F7Fgel wheh §2l51A] LDH o= 2w+

NE =42 7Ry 2-ME 2 Aed LollAe AR 2 2ol vlsl FosHl WA &

= A ch(Fig. 70).
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Figure 7. Effects of dRib and 2-mercaptoethanol (2-ME) treatments in isolated rat renal

tubular epithelial cells on L-[MC]cystine uptake (A), intracellular GSH content (B), and
cytotoxicity (C). (A) Isolated renal tubular epithelial cells were stimulated with 0, 10 and

30 mM dRib with or without 0.1 mM 2-ME for 3 hours in the extracellular fluid buffer

containing 1.7 uM L-[MC]cystine (0.1 pCi/mL) at 37°C. The radioactivity incorporated into

the cells was determined by a liquid scintillation counter. (B) Isolated renal tubular
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epithelial cells were co-stimulated with 0, 10 and 30 mM dRib with or without 0.1 mM 2-

ME for 3 hours in DMEM containing 10% FBS. The intracellular GSH concentration was

measured using a glutathione assay kit. The data are presented as the mean + SD. (C)

Isolated renal tubular epithelial cells were co-stimulated with 0, 10 and 30 mM dRib with

or without 0.1 mM 2-ME for 24 hours in DMEM media containing 10% FBS. The

cytotoxicity was determined by lactate dehydrogenase (LDH) release assay. This

experiment was performed thrice, in triplicate. **p < 0.01 vs. control; tp < 0.05 and ttp

< 0.01 vs. 10 mM dRib alone; #p < 0.01 vs. 30 mM dRib alone, as determined by one

way analysis of variance and Duncan's post hoc test.
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Figure 8. Schematic diagram of the action of dRib and 2-ME on system y.-
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